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ELECTROCHEMICAL 
SCIENCE 

The Sulfur Cathode in Liquid Ammonia 

M. H. Miles* 
Department of Chemistry, Middle Tennessee State University, Murfreesboro, Tennessee 37130 

and W. S. Harris*,' 
Naval Weapons Center, Corona Laboratories, Corona, California 91 720 

ABSTRACT 

Electrochemical studies of sulfur-H2S solutions in acid liquid ammonia 
electrolytes on silver and platinum surfaces over the temperature range of 
+ 2 0 9 0  -50°C show that sulfur is a useful cathode for low-temperature 
fuel cells and batteries. The maximum theoretical coulombic efficiency of two 
electrons per sulfur atom can be obtained. The potentiostatic reduction of 
the sulfur species in stirred solutions shows that even at subzero tempera- 
tures the reactions achieve rates limited only by mass transport. The re- 
action on platinum apparently involves physical adsorption of the reacting 
sulfur species, while the reaction on silver involves chemical bonding of the 
sulfur species and formation of Ag.2S. Insoluble, electronically conducting 
AgoS should prove useful as a rechargeable cathode in batteries and fuel 
cells. 

Solutions of elemental sulfur in liquid ammonia have Results 
been proposed for use as cathodes in low-temperature 
batteries (1-3). The actual species present when sulfur Rate of solutio?h.-~lthough sulfur is soluble in am- 
is dissolved in ammonia is still in question, especially monia solutions in excess of 30% by weight (IOM), the 
since recent work has refuted the existence of s4iqr rate of solution is often slow; for example, in at- 
to any appreciable extent (4-8). The high solubility of tempting to Prepare a 0.1M sulfur solution in concen- 
sulfur in ammonia (5, 7 )  makes this inexpensive ele- trated NHs-LiNO8 a dichroic blue-red solution formed 
ment attractive for use as the oxidant in low-tern- which changed gradually to a yellow solution, but 
perature fuel cells and batteries using liquid ammonia some of the sulfur remained undissolved even after 
electrolytes. A fuel cell consisting of liquid lithium ten days. During potentiostatic reduction, the color of 
ammoniate as the fuel and sulfur as the oxidant gives this solution changed to a deep brownish red, and the 
a theoretical energy density comparable to that of the excess sulfur dissolved. When HYS is present even in 
H2/O:, fuel cell and, furthermore, shows promise of low concentrations, however, the rate of solution of 
operation at subzero temperatures. Studies on the liq- Sulfur in xnmonia is very rapid. 
uid lithium anode are in Progress; results presented Electrocata1ysts.-The electrochemical oxidation or 
here are restricted to electrochemical investigations of reduction reactions of the sulfur-H2S solution in acid 
sulfur solutions in liquid ammonia. liquid ammonia depend markedly on the nature of the 

Experimental metal electrode used. The platinum metals tested (Pt, 
Pd, Ir, Rh) along with Re, Au, W, Mo, and V show a 

The chemicals used include Matheson N.F. sublimed large (over 0.3V) difference in the potentials at which 
powder sulfur, Baker reagent NHaN03 and LiNOs, and significant electrode oxidation and reduction of the 
Matheson anhydrous ammonia (99.99%), each used sulfur solution occur. For Ag, Hg, Cu, Pb, and Sn  the 
without further purification. oxidation reactions of the sulfur-HzS solution are ob- 

Potentiostatic measurements were made in liquid served at potentials considerably more negative than 
ammonia solutions stirred by a stream of ammonia gas. for the P t  metals, and the reduction occurs at poten- 
The current between the working and counterelec- tials close to those of oxidation. Results for Co and Ni 
trades was recorded us. time and usually appeared to are intermediate to those for Ag and Pt. For Fe, a 
be fairly constant after several minutes. Measurements large oxidation peak is observed, but no subsequent 
were made in the direction of both increasing and de- reduction peak could be detected. 
creasing potentials, and the average value is reported. The metals Ti, Zr, Hf, Th, Nb, Ta, Al, Ga, and In 

Solution preparation, electrochemical cells, reference are completely inert toward any electrochemical re- 
electrodes, temperature control, and electronic equip- action of the sulfur solution. 
ment is described elsewhere (9-10). The results for the various metals are summarized 

Electrocliemica1 Society Active Member. in Table I by listing the metal at the potential (to the 
IPresent address: Mare Island Naval Shipyard, Vallejo, Cali- nearest 0.1V) where the oxidation and reduction cur- 

fornia. 
Key words: ammonia, cathode, elecbrocatalysts, platinum, polysul- due to Or H2S attain a Of mA/cm2 

fides, silver, silver sulfide, reduction, sulfur. when the sweep rate is 125 ~ V / S ~ C .  Oxidation is repre- 

1225 
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Table I. Sulfur reactivity on various metals in NH3-NH4N03 
a t  20" from cyclic voltammetric experiments 

Inactive: Ti, Zr, Hf, Th, Nb. Ta, 
Al, Ga, In 

i 1 j j '1 ItedGtion i i j 
-0.8 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 

Potential vs. Pb/Pb(NOs)o, V* 

Oxidation 
v 

'The potential where the current density for the sulfur reaction 
is 2 mA/cmr at a sweep rate of 125 mV/sec (0.02M S + HsS). 

Cu Ag 

sented above and reduction below the center horizontal 
line. 

M O  

W 
Re 
Rh 
Ir 
Pd 
Pt 

Cyclic voltammetric experiments.-Figures 1-3 show 
cyclic voltammograms of sulfur-HzS solutions in acid 
liquid ammonia. Figure 1 shows a typical cyclic volt- 
ammetric trace for sulfur on a platinum electrode with 
the dashed line indicating the background current of 
the NH3-NH4N03 solution alone. 

Figure 2 shows the effect of the potential sweep rate 
on the oxidation and reduction peaks when a silver 
electrode is used. Making repeated sweeps with no 
wait time between successive sweeps gave very re- 
producible results. The anodic and cathodic peak cur- 
rents are proportional to the square root of the sweep 
rate. The displacement of the peak potentials with in- 
creasing scan rates suggests uncompensated iR effects 
(11,12) due to the large currents obtained. From Fig. 
2, this effect is about 1.5 V/A, suggesting that the un- 
compensated resistance between the reference and 
working electrodes is a reasonable value of about 1.5 
ohms. Figure 3 shows the sulfur reactions on the silver 

Sn Pb Fe Hg Co Ni AU 

I ---RESIDUAL CURRENT I 

I I I I I I I 
-0.4 -0.2 0 0.2 0.4 0.6 0.8 I!O 

POTENTIAL vs Pb/PbiN03)2,V 

Fig. 1. Cyclic voltammogram for 0.1M sulfur, HzS solution in 
NHs-NH4N03 a t  15'C using platinum wire electrode with geomet- 
rical area = 0.3 cm? Potential sweep began a t  O.OV and swept 
first in the anodic direction. Sweep rate = 100 mV/sec. 

w -  
-200 I I I I I 

-06 -04 -02 0 02 
POTENTllL v. PLI/PI INOIll.V 

Fig. 2. Effect of potential sweep rate on cyclic voltammograms 
for 0.1M sulfur, HzS solution in NH3-NH4NO3 a t  1S"C using silver 
wire electrode with geometrical area = 0.3 cmz. 

RESIDUAL CURRENT 

- - 0  I 
30 

6 
2 0  7 

I l I I I I I l I I  
-1.0 - 0 8  - 0 6  -0.4 - 0 2  0 0 2 0.4 

POTENTIAL vs Pb/Pb (Nod2 .V 

Fig. 3. Cyclic voltammograms for 0.1M sulfur, HzS solution in 
NH3-1M NH4N03 a t  -5O0C on the silver wire electrode as a 
function of the anodic potential sweep limit. 

electrode at -50" as a function of the anodic sweep 
range limit during continuous potential sweeps. 

Constant current experiments.-Typical curves for 
the constant current reduction of sulfur in stirred acid 
ammonia solutions at 15°C on silver and platinum 
electrodes are shown in Fig. 4. A sharp inflection in 
potential is observed when 2 electrons are consumed in 
the reaction per atom of sulfur initially present. A 
similar study at -10°C on silver also gave nearly 2 
electrons per sulfur atom. Constant current studies on 
nickel show evidence for sulfur reduction but gave no 
clear inflection, while tantalum showed complete inac- 
tivity toward any sulfur reduction. 

Potentiostatic experiments.-Potentiostatic studies 
of the electrochemical reduction of sulfur solutions 
on silver and platinum surfaces in stirred acid liquid 
ammonia solutions at 15" and -35°C are presented in 
Fig. 5-6. The residual current shown is the current ob- 
tained before sulfur and Has were added and results 
mainly from the reduction of NH4+ to hydrogen gas. 
The rest potential in the 0.1M sulfur, H,S solution was 
-0.15V with the silver electrode and O.OV for the 
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I I I 
0 0.5 1 .O 1.5 2.0 2 5 

Y I E L D .  ELECTRONS/ATOM 

Fig. 4. Constant current reduction of sulfur, H2S solutions in 
stirred NHa-NH4N03 on platinum and silver electrodes of about 
50 cm2 geometrical area. I = 1.00 mA; T = 15". 

16-:7 - 0 6  - 0 5  - 0 4  - 0 3  - 0 2  - 0 1  0  
POTENTIAL v s  Pb/PblN0,12~V 

Fig. 5. Potentiostatic reduction of 0.1M sulfur, HYS solutions in 
NHs-NH~NO~ on silver and platinum electrodes. T = 15°C. 

platinum electrode, both potentials measured at 15°C 
against a Pb/saturated P b ( N 0 3 ) ~  reference electrode. 
The reaction rate for the reduction of sulfur appears to 
be faster on silver than on platinum since with the 
silver electrode there is a sharper increase in reduc- 
tion current density with overvoltage (Fig. 5). The 
reduction of sulfur on silver achieves mass transport 
limitation since a limiting current is reached which is 
markedly dependent on the rate of stirring. Stopping 
the stirring action causes the current to fall suddenly; 
recovery is quick when stirring is resumed. The re- 
duction current for the sulfur reaction on platinum at  
high overvoltage is also affected by the rate of stirring. 
Note that the limiting current attained on silver is 
higher at -35°C (Fig. 6) than at  +15"C, probably re- 
sulting from the lower viscosity of the less concen- 
trated 1M NH~NOB solution. 

Neutral solutions.-Thus far the results have all 
been for acid (NH4NOs) ammonia solutions to which 
HeS was added to accelerate the rate of solution of the 
sulfur. The results are quite different for sulfur dis- 
solved in neutral (LiNOs) ammonia solutions where 
no HzS is used. Cyclic voltammetric experiments on 
the sulfur dissolved in neutral liquid ammonia showed 
no evidence for any electrochemical oxidation or re- 
duction of sulfur on silver or platinum electrodes. Con- 

lo- - 0 . 8  -07 - 0 6  - 0 5  - 0 4  - 0 3  - 0 2  
POTENTIAL vr Ph/Pb INO3l2,V 

Fig. 6. Potentiostatic reduction of 0.1M sulfur, H2S solutions in 
NH3-1M NH4N03 at -35°C on silver and platinum electrodes. 

stant current experiments in stirred neutral ammonia 
solutions on silver and platinum electrodes showed 
similar negative results. Unlike the behavior shown in 
Fig. 4, when reduction begins, the potential quickly 
drops to about -2.3V, indicating that the sulfur re- 
mains unreacted, and lithium ions are being reduced. 
Addition of Li?S produced no change in these ex- 
periments, but the addition of HzS quickly rendered 
the sulfur reducible. Similarly, potentiostatic mea- 
surements showed very little reduction of sulfur until 
H2S is added to the solution. 

These very different effects of Li2S and HzS on the 
sulfur solution in neutral ammonia supports the find- 
ings of Nelson and Lagowski (8) that H2S in ammonia 
forms a hydrogen-bonded species, [SHNHs] -, but pro- 
duces no free sulfide ions, while sulfide ions added to 
ammonia do not undergo ammonolysis to HS-. Ap- 
parently, the species [SHNHa] - is necessary to render 
the dissolved sulfur electrochemically active. The re- 
active forms of sulfur probably are polysulfides since 
solutions of sulfur and H2S in liquid ammonia have 
been shown to produce polysulfides, and the compound 
(NHt)rS5 has been isolated (5,13). 

Discussion 
In evaluating the sulfur cathode for fuel cell or bat- 

tery use in liquid ammonia electrolytes, the constant 
current studies are a measure of the coulombic effi- 
ciency. The constant current studies of sulfur reduc- 
tion on platinum and silver (Fig. 4) show that, within 
experimental error, the maximum theoretical coulom- 
bic efficiency of two electrons per sulfur atom can be 
obtained on these two metals. This indicates that there 
are no detrimental side reactions or decomposition of 
the reactant during the 40-hr time span of the experi- 
ments. Similar studies on silver at  -10°C gave ap- 
proximately the same results as obtained at +15"C, 
showing that this high coulombic efficiency does not 
decrease appreciably with decreasing temperature. 

The potentiostatic investigations in the stirred solu- 
tions are a measure of the dynamic performance of the 
sulfur cathode in a flowing electrolyte feed fuel cell. 
Figures 5 and 6 indicate that the dynamic performance 
of the sulfur cathode is at least as good on silver as 
on platinum. The rest potential of the sulfur cathode 
is more negative on silver than on platinum, but a 
limiting current is reached at considerably lower over- 
voltages on the silver electrode. The dynamic perform- 
ance of the sulfur cathode at -35°C (Fig. 6) indicates 
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satisfactory low-temperature operations, especially 
considering that the reactions achieve rates limited 
only by mass transport, and that much higher sulfur 
concentrations are feasible. Using the expression (14) 

for the limiting current dsnsity, i ~ ,  where D is the 
diffusion coefficient, b is the thickness of the diffusion 
layer, C is the bulk concentration of reactant, and TI. 

and F are the usual electrochemical quantities, we 
calculate from the results on silver (Fig. 5 and 6)  
that Db-1 = 10-8 cm sec-1. Since b is usually about 
10-%m in stirred systems, the diffusion coefficient of 
the reacting sulfur species is roughly 10-6 cmQec-1, 
a reasonable value ( lo) ,  indicating that the reaction 
is indeed limited by mass transport. 

A probable general reaction mechanism for the sul- 
fur reactions in ammonia is 

+2ye- 
x M + y S e M ,  ... S,-XM+~JS= [2] 

-22~e- 

where M represents the electrode metal and S and S =  
are likely part of a polysulfide ion, S,=. The M, . . . S,, 
bond may range from simple electrode absorption to an 
actual metallic sulfide compound. Both AgnS and PtS, 
like most sulfides of the electrode metals tested, are 
black compounds which are insoluble in liquid am- 
monia, and therefore readily detectable if formed in 
significant amounts. During the electrochemical studies 
on platinum of the sulfur-HLS solutions in liquid am- 
monia, the platinum electrodes maintain a bright, 
metallic luster indicating very little build-up of any 
metallic sulfide compounds. However, when a silver 
electrode remains at open circuit in the sulfur-HtS 
solution, or during electrochemical oxidation of the 
solution on silver, the silver electrode becomes black, 
indicating formation of AgzS from the chemical re- 
action 

2Ag + S = AgzS 131 

or from the electrochemical reaction 

Constant current coulometry experiments show that 
the electrochemical oxidation of ammonia-HpS solu- 
tions on silver produces insoluble products which can 
be quantitatively reduced. An acid ammonia solution 
saturated with H2S was oxidized on silver for 1800 
sec at 0.500 mA, turning the electrode black. The solu- 
tion was then stirred for 30 min to allow any soluble 
sulfur products to dissolve, then the electrode was 
transferred to a separate compartment with fresh elec- 
trolyte. Reduction at the same current, 0.500 mA, pro- 
duced a gradual fading of the black color with a sharp 
inflection in potential after 1815 sec, indicating that 
the silver had been oxidized to insoluble AerS and 
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Fig. 7. Constant current coulometry experiments on silver in 

NHs-NH4N03 solutions containing HzS using constant currents of 
0.500 mA. Electrode area = 2 cm2, T = 15°C. 

effective electrode area, resulting in higher currents. 
The peak currents on the silver electrode in sulfur- 
HLS solutions are quite insensitive to the bulk sulfur 
concentration; also the number of coulombs involved 
in the reaction peaks (Fig. 2) are independent of the 
potential sweep rate, indicating that we are essentially 
observing reaction [4] involving insoluble Ag2S. The 
reversibility of this reaction suggests use of AgzS as 
a rechargeable cathode in liquid ammonia batteries or 
fuel cells. Figure 3 indicates that reaction [4] occurs 
readily even at -50°C, indicating good performance 
of the AgrS cathode at subzero temperatures. 

Table I1 gives the free energy of formation, -\Gj7, 
for several metallic sulfides along with the calculated 
standard electrode potential for the reaction M,S, + 
2ye- e xM + yS= in aqueous solutions. The variation 
in the standard potentials from that for silver, 
EO-EOA,~~, reflects solely the differences in iGro for 
the metallic sulfide, hence the variation should be the 
same in liquid ammonia solutions for the above reac- 
tion. The difference in the potentials in Table I at 
which electrochemical oxidation of the sulfur-H?S 
solution in ammonia is observed may reflect such 
thermodynamic effects when the M, . . . S, bond in- 
volves chemical bonding. Comparing Tables I and I1 
indicates that the sulfur reactions on Hg, Fe, Cu, Pb, 
and Sn probably involve chemical bonding as found 
for silver since, as thermodynamically expected, the 
reactions are observed at potentials negative to the re- 
action on silver. The sulfur oxidation reactions on Pt, 
Ir, Mo, Ni, and Co are observed at potentials consider- 
ably more positive than thermodynamically expected, 

then was quantitatively reduced. Figure 7 sh&s the 
results of this test and results for a silver control elec- Table II .  Thermodynamic dataa 

trode in a similar solution showing that the reduction 
is not observed without first forming silver sulfide. AGf' ,  kcal/mole' E'. Va E' - E ' ~ ~ p l  V 

Similar tests on platinum showed oxidation of the am- 
monia-HpS solution at about O.OV with the electrode *@" -9.72. 0 -0.66 

- 11.4. black 
0.00 

remaining bright. Reduction in a separate cornpart- zfg -0.69 
-23.8 

-0.03 
-0.70 - 12.8 

-0.04 
ment showed only hydrogen evolution, indicating that ps: -0.72 -33.0' 

-0.06 

no insoluble platinum sulfide compounds were formed pts  
-0.80 - 18.2 

-0.14 
-0.84 

-19.0 
-0.18 

on the platinum electrode during oxidation of the :A", -0.86 - 19.8' 
-0.20 

ammonia-H2S solution. These experiments suggest that ~~s~ -0.87 
-39.9 

-0.21 
-0.88 

-20.6, ol 
-0.22 

in reaction [2], M, . . . S, represents chemical bonding gg -0.89 
-23.5 

-0.23 

with formation of a metallic sulfide compound on sil- pbs 
-0.35 

-23.6 
-0.29 

-0.96 
-24.0 

-0.30 
ver while the bonding on platinum is of a different z,"!$ -0.97 

-54.0 
-0.31 

nature. -1.03 -0.37 
. . . . . . . . . . 

The very different peak potentials and peak cur- 
rents observed in the cyclic voltammetric experiments 19i(1S7 lJSNBS Tech' Notes (Jan" and I M a y ,  
on platinum and silver (Fig. 1 and 2) reflect the dif- ' Clbbs free energy of formation for the metallic sulfide com- 

ferent nature of the sulfur reactions on these two Po$t;ndard electrode potential at 25eC for the reaction MzSv + 
surfaces. On the silver electrode, formation of the elec- We- + XM + US= in aqueous solution. For %(as) .  bcr '  = 20.5 

tronically conducting Ag2S greatly increases the kC~~H"~~~:$~i:h~ota~~~nf~ference. 
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indicating that metallic compounds are not involved 
in these reactions. Much weaker M, . . . S, bonds are 
apparently formed on these metals. From the differ- 
ence in rest potentials for the Ag and P t  electrodes in 
sulfur-ammonia solutions (0.15V), it is estimated that 
3Gf0 = -3 kcal/mole for the P t  . . . S bond formed in 
the electrochemical reaction. This small value suggests 
that weak, adsorption bonding of the sulfur species 
to the platinum surface is involved. 

Other metals which form weak, adsorption bonds 
with the sulfur species would be expected to show 
electrochemical behavior similar to platinum. The 
metals inactive toward the sulfur-ammonia solution 
apparently do not form either chemisorption or physi- 
cal adsorption bonds with the sulfur species. This in- 
activity may be due to oxide or nitride films on the 
metal which persist during the electrochemical experi- 
ments. 

Summary 
1. The reduction of sulfur in platinum and silver 

electrodes in acid ammonia solutions yields the maxi- 
mum theoretical coulombic efficiency of two elec- 
trons per sulfur atom. 

2. Potentiostatic measurements in stirred solutions 
show that even at  subzero temperatures the reactions 
achieve rates limited only by mass transport. 

3. The electrochemical reactions of sulfur on plati- 
num and silver are different in nature. Apparently, 
physical adsorption is involved on platinum, while 
chemisorption and AgzS formation occurs on silver. 

4. Electronically conducting AgpS may be useful as 
a rechargeable cathode in liquid ammonia batteries 
and fuel cells. The oxidation and reduction reactions 
involving this compound occur readily even at  -50°C. 

5. Cyclic voltammetric screening of various metals 

indicates their activity toward the sulfur reactions. 
Interpretations of these results are given in terms of 
the thermodynamics of the metal-sulfur bond. 

Manuscript submitted Nov. 17, 1969; revised manu- 
script received ca. April 15, 1970. Thls is Paper 59 
which was presented at  the Atlantic City Meeting of 
the Society, Oct. 4-8,1970. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1971 
JOURNAL. 
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Anodic Polarization of Passive Electrodes 

D. A. Vermilyea* 

Sz~rfaces and Reactions Branch, Physical Chemistry Laboratory, 
General Electric Company, Schenectady, New York 12301 

ABSTRACT 

Anodic current flow at a passive electrode lowers the surface pH and 
increases the corrosion and film dissolution rates. Analytical expressions 
are obtained to permit the calculation of the rates of formation of new 
film and soluble species. It is shown that when equilibrium is achieved 
between the film and the solution, as with magnesium, polarization of 
only a few tens of millivolts can result in current densities of the order of 
1 A/cm2. For metals forming films which dissolve more sluggishly it is 
often necessary to exceed the oxygen evolution potential before large cur- 
rents can be achieved. Thick anodic films can be formed when the film 
blocks oxygen evolution and when the film dissolution rate constant is 
small. Buffers suppress the pH change at the surface and may prevent rapid 
dissolution and corrosion. 

The purpose of this paper is to discuss the effects on 
the current and corrosion rate of the application of 
anodic currents to passive metals. Passivity is difficult 
to define adequately, and for this discussion a passive 
metal is one covered with an oxide or hydroxide film 
which substantially impedes corrosion. Such a film 
will often comprise a dense barrier layer of a poorly 
crystallized material next to the metal and a porous 
layer of a better crystallized product next to the solu- 
tion. Application of an anodic current will usually 
lower the pH at the electrode surface, and that in turn 
will effect the rate of dissolution of the protective 
film. It is this effect of pH on film dissolution which is 

' Electrochemical Society Active Member. 
Key words: corrosion, films, dissolution. 

to be considered. Localized attack is outside the scope 
of this paper. 

The initial Condition 
Consider a film covered specimen in a nearly steady 

state, with a barrier layer of constant thickness and a 
porous layer whose thickness is changing slowly. Cor- 
rosion at  this specimen produces more film (which 
could be oxide or hydroxide) at  a rate rf, according 
to a reaction like 

M +  zH~O-rM(OH).+  2/2H2 [I] 

where z is the metal valence, and soluble species at  a 
rate r,, according to 

M + zHsO + M+z + zOH- + z/2 Hz 121 
the total rate being r0. 
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Application of Current 
Upon application of an external current, additional 

hydroxide will be formed at a rate rr according to 

M + zHzO -t M(OH), + zHt + ze [3J 
and additional metal ions at a rate r, according to 

It may be noted that, as far as soluble species are con- 
cerned, metal ions are generated by rs and r,,, hydroxyl 
ions are generated by r,,, and protons are generated 
by rr. 

For simplicity it will be assumed that the solution 
is sufficiently concentrated that electrical transport can 
be neglected and the Nernst approximation will be 
used to describe diffusion near the specimen. Equa- 
tions for mass balances are then the following 

if there is a net production of protons in an acid solu- 
tion 

10-3[D~t  (CH+)i + DOH-COII-1 
rill+ ;: = zrf - zr,, 

6 

if there is a net production of protons in a solution 
containing C01l- hydroxyl ions per liter 

if there is a net production of hydroxyl ions in a basic 
solution; and 

if there is a net hydroxyl ion production in an acid 
solution with a proton concentration Cat .  In Eq. 
[5]-[9] the ~i 's  represent rates of generation or removal 
of the various species, the D's represent diffusion co- 
efficients, b (assumed the same for all ions) is the 
thickness of the Nernst layer, the 4C's represent the 
concentration difference in moles per liter between the 
surface and the bulk solution, and the subscript i in- 
dicates an interface concentration. 

The total external current density, i, is given by 

in which the summation is over all species, and where 
mi is the charge on each particle. It can readily be 
verified that i = zF(rf + r,). Equations [5]-[lo] can 
now be used to find out how an external current will 
influence the corrosion of the metal. There are two 
situations of interest, depending on whether or not 
equilibrium is achieved at the film-solution interface. 

Cose I. Equilibrium at Film-Solution Interface 

For this case the equilibrium conditions are given by 

K, = (M+z) (OH-)' [ I l l  
and 

K, = (H+)  (OH-) [I21 

where the quantities in brackets represent activities. 
From Eq. [ I l l  and [12], approximating activities with 
concentrations 

K s ( C X ~ + ) i  
( C ~ t % ) i  = 

K,' 
1131 

Equation [lo] can now be used with Eq. [13] to find 
the current density in situations of interest. 

Two examples of the use of the equations will illus- 
trate their utility. Consider first magnesium with a 
film of Mg(OH)2,1 with z = 2, b = 10-2 cm, D ~ ~ t z  = 
10-5 cmVsec, DOH- = 3 . 10-5 cmZ/sec, DIIC = 10-1 
cm2/sec, F = lOQoul/eq., K, = 10-11, K, = 10-14, 
and in the bulk solution Colt- = 10-4 moles/liter. In 
this example there is a net production of protons in an 
alkaline solution, assumed to contain an excess of sup- 
porting electrolyte. Equations [51, [7], [lo], and [13] 
give for the current density 

For a current density of 10-1 A/cmZ the surface con- 
centrations of magnesium ions and protons are found 
to be 0.5M and 2.24 x 10-QI (pH 8.65), respectively, 
and nearly all the current is carried by Mg+z. Previ- 
ous studies of corrosion of magnesium and of dissolu- 
tion of Mg(0H)z (2) have shown that a dissolution or 
corrosion rate of 10-lu moles/cmz sec can be expected 
at about pH 9. Using that rate for r,, in Eq. [7] wc 
find zrf = 2.14 x 10-10 moles/cmz sec, or if = 2.14 x 
10k5 A/cm2. Thus a very small fraction of the applied 
current produces more film. 

Magnesium does actually behave in solutions with 
pH > 5 as predicted by these equations. The hydroxide 
layer covering the surface is porous and its growth 
slows the reaction only moderately (1). Presumably 
this porous film can readily accept the additional small 
amount of reaction product corresponding to rf with- 
out blocking the reaction. As a result of this film for- 
mation, however, the pH is reduced and the magnesium 
ion concentration becomes large enough to carry a 
high current. The end result of anodic corrosion of 
thin magnesium specimens is a very porous, fragile, 
but coherent hydroxide replica of the original speci- 
men, which shows that hydroxide is indeed formed by 
the passage of current. 

As a second example consider beryllium, with a 
film of Be(OH)* having K, = 10-26 in a pH 5 solution 
containing excess supporting electrolyte. Taking 
D~,.tz = 10-5, Eq. [5], [6], [lo], and [I31 show that 
for i = 10-1 A/cm? C11t = 0.05 moles/liter, Cn,+? = 
0.25 moles/liter. If r,, is assumed to be 10-14 moles/cm? 
sec, a value calculated from the solubility product of 
Be(OH)2 assuming that the spontaneous reaction is 
diffusion controlled in the pH 5 solution, then Eq. [6] 
gives zrf = 5 x 10-7 moles/cmz sec so that if = 0.05 
A/cm2 and is = 0.05 A/cm2. In this example a very 
large change in pH is required to produce a high cur- 
rent density, so that a large amount of new film must 
be produced, and both protons and metal ions carry a 
significant fraction of the current. The experimental 
situation is not so well known for beryllium as for 
magnesium, and in particular it is not known whether 
equilibrium is achieved at the solution-film interface. 

Discussion of Case I.-Constancy of r,, was assumed 
and in the examples given the values of r,, were so 
low compared to other rates that the approximation 
is reasonable. Usually anodic polarization would de- 
crease the spontaneous cathodic reaction and hence de- 
crease r,,, and for some situations a good approxima- 
tion may be to ignore r,, in Eq. [5]-[9]. On the other 
hand, strong anodic polarization and a large decrease 
in pH may decrease the barrier film thickness signifi- 
cantly and result in an enhanced cathodic reaction and 
increased r,,. 

It is possible that the specimen may become film 
free as a result of anodic polarization. For example, 
for a metal which is relatively unreactive in a ther- 
modynamic sense the hydrolysis of metal ions may 
produce a pH low enough to make the film unstable at 

I There may be a MgO layer between this film and the metal, but 
at long times the Mg(OH)a layer controls the corrosion behavior. 
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the applied potential. The present analysis does not 
apply to such a situation. 

Finally, the current-potential behavior is of interest. 
If equilibrium is achieved at the interface, and if the 
solution is very concentrated so that no changes in the 
total ion concentration take place in the Nernst layer, 
then only a resistive polarization occurs. In a less 
concentrated solution concentration polarization occurs 
in the Nernst layer and some additional polarization 
will be present. Such concentration polarization can be 
calculated from the equation (3) 

in which E is the potential difference and C, is the 
bulk anion concentration. If C, = 1 mole/liter, for a 
current density of 1 A/cm2 E = 0.023V for a divalent 
anion. It can be seen that the electrode polarization 
(exclusive of iR drop) for such anodic corrosion can be 
very small. 

Case 11. Equilibrium Not Achieved at  Film-Solution lnterfoce 

If equilibrium is not achieved it is convenient to use 
the relationship 

It has been predicted theoretically (4) and observed 
experimentally (2,s) that the relationship between 
dissolution rate and hydrogen ion concentration for 
oxides and hydroxides has the form 

in which k is the dissolution rate constant and n has 
values which differ markedly for various systems and 
range from 0 to 4/3. For the situation in which Eq. 
[6] is valid, Eq. [6], 1161, and [I71 give 

A slight rearrangement, the substitution of values for 
b,  DH+ and F, and of if for zFrf and is, for ~FT, ,  gives 

Three ranges of values of n are of interest: 
(a) n = 0. 
It has been observed (5) that the rate of dissolution 

of anodic AlnOa films in aqueous solutions at 100°C is 
nearly independent of pH between pH 1 and pH 10, 
so that n = 0.2 Then 

In such a situation, if k is small, most of the current 
produces more oxide and the film simply thickens. The 
case n = 0 is of great practical importance in anodic 
oxidation, for if n = 0 and k is small then large cur- 
rents and low pH can be tolerated without the dis- 
ruption of film formation. 

( b )  O < n <  I. 
Magnesium hydroxide dissolves with n - ?h at 

pH < 5 (2), and it is expected theoretically (4) that 
many oxides and hydroxides would have n between 
0 and 1. Note that equilibrium is not achieved for 
M ~ ( O H ) Z  at pH < 5, where a surface reaction controls 
the rate. Figure 1 shows the behavior of various 
currents as functions of if for a hypothetical material 
with n = M and k = 10-7 (the value of k for Mg(OH)n 
is 10-7), and for which r,, = 0. The dissolution cur- 
rent, is, increases less rapidly than does if, and the total 
current may produce mostly ions at low current den- 
sity and mostly film at high current density. Having 
most of the applied current produce ions as in this ex- 
ample at low currents does not necessarily mean that 

"The rates in ref. (5) are initial rates and decrease with time at 
pH 4-10 due to the formation of a porous AlOOH layer. This ex- 
ample is thus only valid for pH < 4. For other systems this restric- 
tion may not be present. 

log i, 

Fig. 1. Relationship between total current density i, the current 
density of formation of metal ions is, and the current density of 
film formation if, for a hypothetical metal covered with an oxide 
whose rate of dissolution is given by Eq. [I71 with k = 10-7 and 
n = H. 

there is a net film dissolution and eventual cleaning 
of the specimen in a real situation, for the spontaneous 
corrosion rate may be high enough to keep the speci- 
men covered with a film. 

(c) n > 1. . .  F 

For n > 1 the dissolution rate increases faster with 
total current than does the film formation rate. De- 
pending on the value of k, therefore, it is possible 
that film formation could predominate at low currents 
with mostly dissolution at  high currents. A practical 
example is not known. 

Discussion of Case 11.-Absence of surface equilib- 
rium is probably the situation existing with many 
metals forming dense barrier films having low values 
of spontaneous corrosion (T,). Such dense barrier films 
grow by high field ion conduction, and as the film 
thickness increases a considerable potential drop occurs 
in the film. In order to reach the large currents needed 
to lower the pH sufficiently to increase the film dis- 
solution rate it is necessary to raise the potential to a 
point where some proton producing electrode reaction 
other than film formation occurs. A common situation 
is that large currents are not found until oxygen evo- 
lution occurs in the transpassive region. Rapid corro- 
sion of the metal usually accompanies such oxygen 
evolution, possibly because of the enhanced proton 
concentration. When the film is a good insulator or 
blocks current for any reason so that no oxygen evo- 
lution occurs then application of very large poten- 
tials and growth of thick anodic films may be possible, 
as with Al, Ta, Zr, Nb, etc. 

General Discussion 
Two major problems in predicting results of anodic 

polarization are that it is not now possible to predict 
(except from experience) what will happen to any 
new film which is produced, and it is not possible to 
predict when surface equilibrium may be achieved or 
what values of k and n will be encountered when equi- 
librium is not achieved. If the new film is added to the 
dense barrier, then application of an additional anodic 
potential may simply thicken the barrier and the 
current may remain low. It seems generally true that 
metals yielding films with low values of k (the dissolu- 
tion rate constant, Eq. [17]) are also the ones which 
give dense barrier films, but evidence is fragmentary. 
Future progress requires studies of the character of 
reaction products and of their reactivity. 

The role of anions in these phenomena is important. 
Buffers, for instance, may prevent any large pH change 
until a critical film forming current is reached. If the 
hydroxyl ion or a buffer ion is the only anion present, 
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then current flow may concentrate the ion in the solu- 
tion near the specimen so that little pH change can 
occur despite large polarization. For example, when 
magnesium is polarized to +1.2V on the standard hy- 
drogen electrode scale in a 10-2M solution of KOH the 
current is only a few microamperes per square centi- 
meter, while in 10-2M Na2S04 a current of 0.1 A/cm2 
is reached at a potential of -1.26V (open-circuit po- 
tential -1.39V). The explanation for this fact is the 
following. Most of the large potential difference in 
the KOH solution is doubtless applied across the film. 
Should any break occur in the film so that a large local 
anodic current starts to flow the concentration of hy- 
droxyl ions near the break would be increased by the 
current so that further precipitation of Mg(OH)n 
would occur and the break would be healed. In the 
NaeSOI solution, on the other hand, any rupture of 
the film and accompanying current flow concentrates 
sulfate ions which are not effective buffers. The pH 
is then free to fall, and the dissolution rate can be- 
come very large. 
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The Anodic Behavior of Zn-Cd Binary Alloys 
in 1 M Sulfamic Acid-Formamide Solutions 

I. A. Menzies, R.A. Brodie, D. Gearey, and G. W. Marshall 
Corrosion Laboratories, Department of Chemical Engineering, 

University of Manchester Institute of Science and Technology, Manchester I ,  England 

ABSTRACT 

The anodic behavior of zinc, cadmium, and Cd-Zn binary alloys has 
been studied in 1M sulfamic acid-formamide solution. The anodic polariza- 
tion curves for the single metals and alloys containing 90, 81.9, and 40% 
Cd are typical of electropolishing systems. In all cases a-c impedance mea- 
surements indicate the formation of solid anodic films at the onset of pol- 
ishing. Under steady-state conditions of dissolution (300 coulombs) of the 
alloys the ratios of metal dissolved anodically are similar to those in the 
original alloys. All current efficiencies were 100 t 2.5%. All of the alloys 
are deeply etched under appropriate conditions and considerable phase 
contrast is found during polishing conditions. Here there is a small amount 
of preferential dissolution of Cd-rich phases which give rise to phase con- 
trast while film formation suppresses crystallographic etching. The effects 
of anode shape and method of polarization on polarization data in sul- 
famic acid-formamide solutions are also discussed. 

The present work is a continuation of previous 
studies (1-4) of the anodic dissolution and polishing 
of metals in organic electrolyte solutions. Among the 
organic systems which have been investigated, a solu- 
tion of sulfamic acid in formamide has proved to be a 
highly versatile polishing medium producing good re- 
sults on Cu, Sn, Pb, Zn, Cd, and Ag. It has also been 
shown that Mo, W, and Ti can also be polished at high 
overpotentials. Zinc and cadmium have both been 
found to polish well in sulfamic acid-formamide solu- 
tions, dissolving at current efficiencies close to 100%. 
Most recently (4) evidence has been obtained from 
viscosity and a-c impedance measurements which in- 
dicate that anodic dissolution of Zn is under diffusion 
control and that polishing occurs by random dissolu- 
tion through an anodic film with suppression of crys- 
tallographic etching. The present study is concerned 
with a number of aspects of the behavior of Zn-Cd 
alloys. In choosing an alloy system for this initial work 
on dissolution in organic electrolytes the Zn-Cd system 
was selected since both of the single metals were 
known to electropolish and the associated limiting cur- 
rent densities were similar. Furthermore the alloy 
system is a simple eutectic system. 

The objectives of the work were: (a) to obtain pre- 
liminary data concerning the polarization character- 
istics of a range of Zn-Cd alloys; (b) to confirm and 
extend previous investigations (4) concerning the 
presence of films using a-c impedance techniques; (c) 
to determine metal dissolution ratios and current 
efficiencies and to relate the nature of the surfaces pro- 
duced to conditions of polarization. Since previous in- 
vestigations (3-4) had shown that in this particular 
system potentiostatic and galvanostatic polarization 
curves were similar, the galvanostatic technique used 
previously (4) was used again. 

Experimental 
Preparation and purification of materials.-Alloys.- 

The alloys were prepared from 99.9999% purity zinc 
and cadmium by melting in Pyrex glass tubes under 
an argon atmosphere. After the alloys had melted, 
the tubes were vigorously agitated and the contents 
maintained in the molten state for some time to en- 
sure homogeneity of the liquid. After cooling the 
alloys were placed in 'Pyrex' casting tubes with a little 
'Analar' ZnC12 to act as a flux. This improved the qual- 
ity of the cast rods by reducing porosity and oxide in- 

-Key words: anodic dissolution, iinc-cadmium alloys, organic elec- 
clusions. ~ u r i n g  heating the casting tube was evacu- 

trolytes, electropolishing, electro-etching, formamide. ated and flushed with purified argon twice, and after 
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melting of the alloys the tubes were evacuated to re- 
move residual gas. Finally, the alloy was allowed to 
solidify slowly under dry argon. Samples of the cast- 
ings were removed for metallographic examination. 
Two diameters of rod (1 and 0.75 cm) were prepared 
and the larger rods were rolled to sheet while the 
smaller ones were used as electrodes in galvanostatic 
polarization studies. 
Solute and solvent.-Microanalytical reagent grade 
sulfamic acid was supplied by British Drug Houses 
Ltd., to the following specification: acidimetric assay 
>99.9% moisture <0.1%; sulfate <0.05%; nonvolatile 
matter <0.05%. This material was stored in a vacuum 
desiccator before use. Formamide was purified as de- 
scribed elsewhere (1,3). 

Apparatus and experimental methods.-Electrolyte 
preparation and metering systems.-The electrolyte 
preparation and metering systems used were as de- 
scribed previously ( 1,5,6). A weighed quantity of sul- 
famic acid was placed in the electrolyte vessel, and 
the required volume of purified formamide to give a 1N 
sulfamic acid solution was metered from the burette. 
These operations were carried out under dry nitrogen 
flow, and on completion the electrolyte vessel was 
sealed, removed, and shaken at  intervals. After com- 
plete dissolution had taken place the solution was 
ready for transfer to the electrolysis cell. 

Constant current measurements.-Cells of the pattern 
previously described (1) were used for these measure- 
ments. The alloy anode Fig. 1A was 1.5 x 1.0 cm and 
approximately 0.1 cm thick, and the surrounding 
cathode was a Ta cylinder of -84 cmz surface area. 
For the measurement of anodic current efficiencies 
at constant current density a Wareham Measuring Sys- 
tems Ltd. galvanostat type C223 capable of delivering 
1A at 80V was used with a copper coulometer in series. 
In all experiments a total of 300 coulombs was passed. 
The anodes were gently abraded to 600 grade Sic  pa- 
per, pickled lightly in 10 v/o (volume per cent) HNOs 
to remove surface films, washed with distilled water 
and acetone and finally dried in a stream of warm 
air, weighed and placed in the cell. All measurements 
were carried out at 25" +. 0.l0C in an atmosphere of 
purified and dried nitrogen. 

A.C. impedance measurements.-These measurements 
were made using the same type of cell but with a cen- 
tral anode of the type shown in Fig. lB, all details of 
the method of measurement and bridge circuit being 
as previously described (4). Various current densities 
in the range 1-100 mA/cmz were applied using a 120V 
dry battery and the corresponding readings of resist- 
ance and capacitance recorded. 

Galvanostatic measurement of polarization curves.- 
The cell used for these measurements was similar to 

Fig. 1. Electrodes used for polarization measurements: (a) gal- 
vanostatic, (b) a-c impedance. 

that described previously (3) and used for potentio- 
static measurements. The technique used in the present 
work was similar to that in previous work (4) all 
potentials being measured with respect to the Cd/ 
CdC12, KC1 (satd)-formamide reference electrode. In 
the polishing region it was found that potential fluc- 
tuations tended to occur irregularly, and potential 
readings were taken at fixed time intervals. The cur- 
rent was raised in increments of 5 mA by means of 
the calibrated control, and the potential reading was 
noted 15 sec later and the current again increased. A 
fresh solution was used for each experiment. 
Analytical procedures.-The metal dissolution ratios 
were determined by atomic absorption spectrophotom- 
etry (7 )  and over-all current efficiencies from weight 
loss measurements. There was some random scatter in 
the results of atomic absorption measurements, and 
total metal dissolution was found to be more accurately 
represented by weight loss measurements. However, 
the metal dissolution ratios were considered to be 
sufficiently accurate for the results to be meaningful. 

Results 
Anodic polarization curves measured galvanostati- 

cally with respect to the reference electrode.-Excellent 
reproducibility was obtained except in the very high 
current density regions where considerable oscillations 
of potential tended to occur. For each metal or alloy 
all of the points obtained during four separate mea- 
surements were plotted on a large scale, the best line 
drawn through the experimental points, and the result- 
ing smoothed lines are shown in Fig. 2. At all current 
densities in the etching range zinc and cadmium had 
lower overpotentials for normal dissolution than any 
of the alloys. The transition from etching to polishing 
was sharp in all cases. The limiting current density 
for zinc was -54 mA/cmz while that for cadmium and 
the alloys was 65-70 mA/cmz. Although the transitions 
and limiting current densities were well defined the 
upper parts of the polishing regions were much less 
well defined. However, the anodic overpotential ranges 

Fig. 2. Galvanostatic polarization curves for Zn, Cd, and three 
alloys a t  25'C. (a) upper port polishing range (b) lower part etch- 
ing range. . Zn, V alloy 1 (60% Zn), A alloy 2 (18.1% Zn), 
0 alloy 3 (10% Zn), Cd. 
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Table I. Polishing voltage ranges for Zn, Cd, and binary alloys of 
these elements in sulfamic acid-formamide solutions at  25% 

Material 
Galvanostatic anodic 

overpotential, V 

Zinc 
Alloy 1 (60% Zn) 
Alloy 2 118.1% Znl 
Alloy 3 (10% Zn) 
Cadmium 

at the limiting current density decreased with in- 
creasing cadmium content of the alloy (Table I). 

A-C impedance measurements.-The curves for re- 
sistance as a function of current density are shown in 
Fig. 3, the main feature in all cases being the sudden 
extremely large increase in resistance (5-150 ohm- 
cm?) coinciding with the onset of polishing conditions. 
When no net current was flowing through the elec- 
trode the resistances, with the exception of cadmium, 
were -4 ohm-cm2. On applying a net current the ini- 
tial resistances all fell to slightly lower values which 
rose again with increasing current density until the 
limiting current density was reached when the very 
large increase in resistance was observed. After the 
limiting current density, the resistances for zinc and 
alloy 1 (60% Zn 40% Cd) increased slowly with cur- 
rent density whereas materials with a cadmium con- 
tent of >40% the resistance became completely un- 
stable and violent oscillations of the null detector made 
it impossible to obtain more than one reading for each 
specimen. The limiting current densities from these 
measurements were 50-60 mA/cm2 for Zn, alloy 1, and 
alloy 3, 65 mA/cm2 for alloy 2 (18.1% Zn, 81.9% Cd) 
and 80 mA/cm2 for cadmium. 

The initial capacitance for all specimens was -10 pF/ 
c m v i g .  (4), and initially there was a rapid rise to -100 
pF/cm2 with increasing applied current density. Fol- 
lowing this there was a slight increase in capacitance 
with increasing current density until the limiting cur- 
rent density was attained when the capacitance fell 
sharply to values -0.5 pF/cm2. Since the bridge 
could not be balanced at current densities high in the 
polishing region for specimens containing >40% cad- 
mium, curves for such specimens have only one point 
in this region. 

Over-all it is clear from these measurements that 
the anode resistance is extremely high in the polishing 
region and that under these conditions the capacitance 
is correspondingly low. 

Fig. 3. Series resistances of Zn, Cd, and three alloys as a func- 
tion of current density at  25'C. (10 kHz) Zn, V alloy 1 (60% 
Zn), A alloy 2 (18.1% Zn), 0 alloy 3 (10% Zn), Cd. 

Fig. 4. Series capacitances of Zn, Cd, and three alloys as a func- 
tion of current density a t  25% (10 kHz) Zn, V alloy 1 (60% 
Zn), A olloy 2 (18.1% Zn), 0 alloy 3 (10% Zn), Cd. 

Anodic dissolution ratios and dissolution efficiencies 
at  constant current density.-After each anodic dis- 
solution experiment the electrolyte was analyzed for 
zinc and cadmium and the proportions of each metal 
dissolved was calculated for comparison with the pro- 
portions present in the alloy (Table 11). For alloy 1 
(60% Zn 40% Cd) there is some evidence that at the 
lowest current density (8 mA/cm*) the Zn: Cd ratio in 
solution was slightly greater than that in the alloy 
whereas at current densities >I0 mA/cmz the ratio was 
lower. For alloy 2 (18.1% Zn 18.9% Cd) the dissolu- 
tion ratio was 17 Zn : 83 Cd, i.e., slightly lower than 
that in the alloy. In the case of alloy 3 the ratio in solu- 
tion was 11 Zn : 89 Cd and hence a slightly higher 
proportion of Zn appears in solution than that nomi- 
nally present in the alloy (10% Zn 90% Cd). Overall, 
however, it is clear that the metal dissolution ratios 
are similar in all cases to the ratios initially present 
in the alloys. The total metal dissolution efficiencies 
did not vary significantly with anodic current density 
or alloy composition since all were within the range 
100 -t 2.5%. There was some indication that the cur- 
rent efficiencies increased slightly (-1%) with in- 
creasing cadmium content of the alloy. 

Observations of surface features after treatment at 
constant current density.-The surface features of all 
three alloys were recorded as a function of current 
density. 

Alloy 1. (60% Zn 40% Cd).-This alloy has a composi- 
tion midway between the eutectic composition and 
pure zinc and in the as-cast condition (Fig. 5a) is 
composed of primary dendrites of Zn-rich solid solu- 

Table II. Proportions of zinc and cadmium in solution after anodic 
dissolution of binary alloys of these metals in sulfamic 

acid-formamide solutions at  2S°C 

Anodic 
current Alloy 1 Alloy 2 Alloy 3 
density, 60% Zn 40% Cd 18.1% Zn 81.9% Cd 10% Zn 90% Cd 
rnA/crnP Proportion of each element in solution after dlssolution, w/o 
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Fig. 5a 

Fig. 5c 

Fig. 5. Photomicrographs of specimens of alloy 1 (60% Zn) (a) as 
(72 mA/cm2); (d) polished zinc dendrites (72 mA/cm2) dark ground 

tion (dark phase) in a matrix of eutectic composed of 
the cadmium-rich solid solution (light phase) and the 
zinc-rich phase. After rolling into strips the dendritic 
pattern was distorted but still recognizable (Fig. 5b). 

Anodic treatment of sheet specimens of the alloy at  
constant current density resulted in two distinct types 
of surface. At current densities <32 mA/cm2 the speci- 
men surfaces were dull matt gray and etched. How- 
ever, pits were also present and these were found to 
correspond in shape, size, and depth (12-20 pm) to 
areas of zinc-rich phase present in the alloy. At inter- 
mediate current densities (32-56 mA/cm2) polishing 
specimens where the local current density was highest 
was evident on the lower corners and edges of the 
specimens where the local current density was highest 
due to rather poor current distribution. Completely 
bright and reflective surfaces were obtained at current 
densities >56 mA/cm2. A fine relief pattern was ap- 
parent even to the naked eye. Examination of the 
specimen surface under oblique illumination (Fig. 5c) 
indicated by the shadows produced that either the 
height of the eutectic phase was lower than that of 
the zinc-rich phase or that a groove was present at the 
boundary between the two phases. By changing to 
dark ground illumination (Fig. 5d) all light directly re- 
flected from the specimen surface was eliminated, and 

Fig. 5b 

Fig. 5d 

-cast structure; (b) as-rolled structure; (c) polished zinc dendrites 
illumination. 

at  the same time scattered light was brought into focus 
producing an image of all surfaces which were not 
plane and perpendicular to the optical axis. The light 
areas in Fig. 5d thus represent the hollows or grooves 
at the edges of the zinc-rich phase. Most of the central 
areas of the dendrites were polished to a smooth highly 
reflective surface. 

Alloy 2. (18.1% Zn 81.9% Cd).-This alloy was close 
to the eutectic composition (17.4% Zn) and the as-cast 
structure was almost completely eutectic (Fig. 6a), the 
presence of a few small particles of zinc-rich phase 
confirming that the zinc content was slightly in ex- 
cess of the true eutectic composition. Rolling of the 
alloy did not change the structure significantly. Overall, 
the general relationship between structure and current 
density observed with alloy 1 was also observed with 
this alloy. At current densities G32 mA/cm2 there was 
poor definition of grain boundaries and in this case no 
etch pits were observed. The first signs of polishing 
were observed on the lower corners and edges of speci- 
mens exposed at 32 mA/cm2 and increasing the cur- 
rent density from 32 to 56 mA/cm2 progressively in- 
creased the area of the specimen which was polished. 
At current densities >56 mA/cm2 the whole specimen 
surface became bright and polished although relief 
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Fig. 6. Photomicrographs of specimens of alloy 2 (18.1% Zn- 
eutectic) (a) (top) as-cast structure (b) (bottom) polished surface 
(72 mA/cm2) showing selective removal of one component during 
polishing. 

effects were observed (Fig. 6b), the Zn-rich phase 
being proud of the eutectic. This was, however, best 
observed under dark ground illumination at relatively 
high magnifications, and under normal direct illumina- 
tion at moderate current densities only a low degree 
of relief was observed due to the relatively fine struc- 
ture and uniformity in the alloy. 
Alloy 3. (10% Zn 90% Cd).-The composition of this 
alloy was intermediate between that of the eutectic 
and pure cadmium and in the as-cast condition (Fig. 
7a) it consisted of primary dendrites of cadmium-rich 
phase set in a fine eutectic mixture. The lens-shaped 
markings on some of the dendrites are probably de- 
formation twins induced during metallographic prepa- 
ration. After rolling the cadmium-rich phase was ir- 
regularly shaped. 

Again the over-all anodic behavior of this alloy was 
similar to that of alloys 1 and 2. Deep etching occurred 
at current densities up to -32 mA/cmZ, and the in- 
dividual phases could not be readily distinguished. 
Again the first signs of polishing appear round the bot- 
tom edges and corners of the specimen at 32 mA/cmt, 
and the area of polished surface increased with in- 
creasing current density up to 56 mA/cmz. The surfaces 
resulting from anodic treatments at 56-96 mA/cmz 
were completely polished although slight relief effects 
were observed. The cadmium-rich phase was generally 

Fig. 7. Photomicrographs of specimens of alloy 3 (10% Zn):  (a) 
(top) as-cast structure; (b) (center) polished surface (72 mA/cmL) 
showing depression of Cd-rich phase; (c) (bottom) as (b) dark 
ground illumination, showing rounded pits in cadmium phase as 
light spots. 

1-2 pm below the general level of the eutectic as can 
be seen by the shadows in this phase in Fig. 7b. The 
surfaces of the cadmium-rich dendrites, although 
highly reflective, were covered with minute pits (0.25- 
1.50 pm diameter), and this could best be seen at 
higher magnification under dark ground illumination 
where the pits are seen as light spots on a dark back- 
ground. (Fig. 7c) 
Additional general observations.-Polished specimens 
after removal from the solution very rapidly formed 
a dull gray film on the surface if they were not washed 
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immediately after breaking the electrical circuit. These 
films were studied using electron microscopy. Black 
particles with angular shapes (cf. Fig. 8a) were found 
associated with the fine two-phase material of the 
eutectic, the single phase zinc-rich areas being free of 

Fig. 8. Electron micrographs of precipitates on polished specimen: 
(a) (top) presence o f  particles only on eutectic areas; (b) (center) 
association of particles with rods of dispersed phase; (c) (bottom) 
metallic dendrites. 
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such particles. This close association of the particles 
with the intimate mixture of phases in the eutectic is 
seen in more detail in Fig. 8b where it is clear that they 
appear to propagate from the rods of the dispersed 
phase. An extensive study of the particles was made 
using transmission electron diffraction, but diffracto- 
grams of sufficient quality to permit measurement and 
calculation of lattice parameters could not be obtained. 
The material was certainly crystalline, often opaque 
to electrons, and probably metallic. A particularly in- 
teresting dendritic formation is shown in Fig. 8c, and 
despite the lack of direct evidence it seems almost cer- 
tain that crystals of cadmium were deposited on the 
surface by an exchange reaction between zinc in the 
eutectic phase and cadmium ions in solution. 

During anodic dissolution of the alloys qualitatively 
similar viscous layers were observed streaming from 
the electrode surfaces and these were observed during 
both etching and polishing. Since there was evidence 
of film formation during polishing some of the polished 
specimens were subjected to electron probe micro- 
analysis for sulfur in plan, but the presence of this 
element could not be confirmed. 

Discussion 
The present work represents one of the first investi- 

gations of the anodic behavior of alloys in organic 
electrolyte solutions and as such must be regarded as 
exploratory and rather general in nature. It must how- 
ever be pointed out at the outset that the anodic dis- 
solution ratios and the metallographic features repre- 
sent long-term steady-state conditions and not the 
early stages of dissolution. Caution is therefore neces- 
sary in discussing these features in relation to the 
galvanostatic polarization curves. 

Dissolution of alloy 1 (60%) Zn at  16 mA/cm? 
within the etching range resulted in deep pitting and 
metallographic examinations suggested that this was 
associated with preferential dissolution of Zn-rich 
dendrites. Clearly although preferential dissolution of 
zinc may occur in the early stages cadmium dissolution 
also occurs, and only at the lowest current density 
(8 mA/cm? was there significant evidence of prefer- 
ential dissolution of zinc under steady-state conditions. 
At 72 mA/cmz there was evidence that the Zn-rich 
dendrites were raised above the matrix of Cd-rich 
eutectic. There was also some indication (Table 11) 
that the solution contained a slightly higher proportion 
of cadmium than the alloy. This is no doubt associated 
with the higher limiting current density for cadmium 
dissolution (Fig. 2 and 3 ) .  

In the case of alloy 2 it was not possible because 
of the fine eutectic structure to determine which phase 
was preferentially dissolved during etching and polish- 
ing. Again under steady-state conditions there was 
little preferential dissolution of either metal (Table 11). 
With alloy 3 the metallographic evidence suggested 
some slight preferential dissolution of cadmium. 

Under the etching conditions used in the present 
work good metallographic contrast apparently was 
not obtained. This was most probably due to excessive 
surface roughening during steady-state dissolution. A 
much higher degree of contrast was obtained during 
polishing, the difference in height between the phases 
being 4-8 x 10-5 in. In the polishing region the differ- 
entiation ratio for cadmium ( D c ~ )  as defined by 
Greene, Rudlaw, and Lee (81, is given by (ili, cd/ 
ilim z, , )E at any potential (E) where ili,, are the ob- 
served limiting current densities for dissolution of Zn 
and Cd. At almost all potentials in the polishing region 
D has values of ~ 1 . 2 .  Thus under steady-state condi- 
tions during polishing there appears to be a difference 
in height -10-4 in. and phase contrast with a dissolu- 
tion ratio somewhat lower than that specified as neces- 
sary by Greene, Rudlaw, and Lee. This is not surpris- 
ing as their criteria were derived for short-time etch- 
ing conditions. It must however be made clear that in 
the present work crystallographic etching was sup- 
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pressed in the polishing region. It is noteworthy that 
long-term dissolution (300c) results in a Zn/Cd dis- 
solution ratio the same as the Zn/Cd weight ratio in 
the alloy over a range of current densities in both pol- 
ishing and etching regions. Generally accepted theory 
(9-11) indicates that in the initial stages of dissolution 
the two constituents in the alloy dissolve indepen- 
dently of each other at the current density appropriate 
to the potential or overpotential setting (heterogeneous 
or homogeneous alloys) as derived from the polariza- 
tion data for the single constituents. Then, taking the 
fraction of the alloy surface occupied by each compo- 
nent to be proportional to its volume fraction in the 
alloy and assuming two constituents 1 and 2 with 
molecular weights MI, Mp, dissolution valencies Z1, Z2, 
and current densities of dissolution il, ip under set 
conditions we have 

Weight of 1 dissolved ilM1xlp~z~ - -- 
Weight of 2 dissolved i~Mzxz~1x~ 

[ l l  

where XI, r 2  are weight fractions of 1 and 2 in the alloy 
and pl, pz are respective specific gravities. 

In the polishing range in the present results the rates 
in Eq. [I]  becomes approximately 

Weight of Cd dissolved X C ~  
=3- 

Weight of Zn dissolved xz, 

since i ~ d  - 7 5  izn (Fig. 2), Z C ~  = ZZ,,, pcd = pzn, and 
Mc,, .-: ~Mz,. Thus the ratios of metal dissolved accord- 
ing to Eq. [ l ]  are a factor of -3 different from that 
actually observed. 

Several modifications of the above behavior have 
been suggested usually in connection with the protec- 
tive properties of components in strongly passivating 
systems. Thus it has been suggested that modification 
results from the accumulation of the less active compo- 
nent on the surface by re-orientation of the latter after 
dissolution of the more active atoms, or alternatively 
by re-precipitation of less active atoms after primary 
dissolution (11). In the present results the remarkable 
consistency of the dissolution ratios in etching and 
polishing regions despite a variety of alloy structures 
seems to indicate a more general explanation. In any 
case, on a geometrical basis it can easily be appreciated 
that there must be a tendency for less active atoms to 
accumulate on the surface. Thus if the dissolution rates 
of the two components are at  all comparable long-term 
dissolution will not result in over-all preferential dis- 
solution of one component, although at any time a cer- 
tain amount of preferential dissolution, of the order of 
the grain or particle size, of the more active compo- 
nent would be expected. Hence in the polishing region 
a rather fine etch of the eutectic is noticed, Fig. 6b, al- 
though it must be stressed again that crystallographic 
etching is suppressed. This is indeed an attractive 
demonstration of the primary importance of the sup- 
pression of crystallographic etching in polishing phe- 
nomena. The larger scale component etching (which, 
of course, would not be suppressed by the polishing 
film) does not prevent the appearance of a visually 
polished surface. 

The results of the a-c impedance measurements on 
the alloys and cadmium were generally similar to those 

previously obtained (4) for zinc. The magnitude of the 
increase in resistance corresponding to the onset of the 
limiting current and the associated decrease in capaci- 
tance are again best interpreted in terms of formation 
of anodic films. Over-all anodic dissolution is con- 
trolled by diffusion processes in solution at higher po- 
tentials, and this may well be true at  potentials in the 
etching range. Most theoretical treatments of alloy 
dissolution processes (9-12) are based on short-term 
activation controlled processes, and it is not possible 
to discuss the present system in detail until further 
studies of dissolution as a function of time have been 
completed. 

The solutions produced by the anodic dissolution of 
alloys 2 and 3 (Cd-rich) frequently contained a cloudy 
yellow precipitate which was shown to be cadmium 
sulfide. The cathodic reaction in 1M sulfamic acid- 
formamide must therefore include the reduction of 
sulfamic acid to sulfide ion either directly or by means 
of cathodic hydrogen. Redepositioc, presumably of Cd, 
the more noble metal, was also a problem with pol- 
ished specimens unless these were removed from the 
electrolyte while they were still connected to the 
power supply and washed immediately in pure form- 
amide. Similar difficulties have been reported by 
Moulen (13) during the electropolishing of Pb-Sn 
alloys in aqueous fluoboric acid. 
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A Rapid Anodic Porosity Test for Ni-Fe 

Electrodeposits on Copper Wire 

W. 0. Freitag* 

UNIVAC, Division of Sperry Rand Corporation, Blue Bell, Pennsylvania 19422 

ABSTRACT 

A 10-min semiquantitative polarographic test is described which mea- 
sures the area of copper substrate left exposed by pinholes or defects in 
electrodeposited memory wire. The wire sample is made the anode in an 
electrolytic cell, the Ni-Fe outer film is rendered passive with a con- 
trolled potential sequence, and the anodic current due to oxidation of 
exposed copper is recorded as a function of potential. The height of a 
copper passivation peak is measured, and this height is shown to be pro- 
portional to exposed Cu area. The method is useful in quality control 
and in following the course of corrosion in environments when the at- 
tack at local defects is the major mechanism. 

The occurrence of pinholes or other plating defects 
which leave some of the substrate exposed is a famil- 
iar problem with decorative or protective electro- 
deposits. As a part of the development of plated 
wires for computer memories, it became necessary to 
measure the porosity of thin magnetic alloy films on 
copper. The test developed for this purpose is de- 
scribed, and we believe that the same general ap- 
proach might be applicable to other situations. 

The plated wire memory elements consist of a 
substrate of beryllium-copper wire 0.005 in. in di- 
ameter coated with an electrode~osited film of perm- 
alloy. Wires of this type were first by- Long 
(1) and the process was described more recently by 
Saga1 (2). The alloy films have an average composition 
near 80% Ni and are generally about 8000A in thick- 
ness. Usually, a layer of pure copper is interposed 
between the substrate and the magnetic alloy. Pin- 
holes or other defects which leave part of the copper 
substrate exposed affect the magnetic performance of 
the wires. Furthermore, pinholes could provide sites 
for corrosion and so affect the long-term stability and 
reliability of the elements. 

Tests for porosity in electrodeposits usually consist 
in rendering the pores visible by means of some 
chemical reaction which is specific to the substrate 
material and leaves the deposit unchanged. Evaluation 
is then carried out by visual or microscopic examina- 
tion. In electrography, the test panel is made anodic 
in a cell and is held in contact with filter paper which 
is saturated with an appropriate electrolyte so that 
ions from the exposed substrate areas produce a 
colored precipitate. These methods are not easily ap- 
plied to cylinders of small diameter, such as plated 
memorv wire. 

steel, related the slope of E us. i curves to the resist- 
ance of electrolyte within the pores. Their approach, 
however, depends on certain conditions being valid 
which are difficult to achieve experimentally, and 
is not applicable to very thin deposits in any event. 

In the present work, pores in nickel-iron alloy 
films on copper are detected by measuring the anodic 
passivation current peaks from exposed copper areas 
after a prescribed polarization sequence which leaves 
the Ni-Fe areas passive. 

Pinhole Test Sequence 
The wire sample is made the working electrode in 

a polarographic cell using dilute sodium pyrophosphate 
as electrolyte. Figure 1 summarizes the polarizatioll 
sequence and diagrams the currents observed. 

First, a negative potential, -1.8V us. SCE, is applied 
to reduce surface oxides and effect a certain degree of 
cathodic cleaning. Then the sample is brought to 
+800 mV whereupon passivating films grow on both 
the permalloy and the copper areas. After the ob- 
served current falls to a very low level, usually 0.6 to 
0.8 pA/cm of sample length (in about 4 min) the cell 
is placed on open circuit. 

The anodic film which formed on copper is soluble 
and dissolves within 2 min after removing the poten- 
tial (the "reactivation" time), while the anodic film 
on the magnetic alloy remains intact. After this re- 
activation step, the potential scan is begun at -200 mV 
and run to about +300 mV at a rate of 200 mV/min. 
An anodic current peak is observed as the copper 

The 'literature describes methods wherein anodic 
currents are measured which represent metal dissolu- 1 CLEANING 

/ P ~ ~ l ~ ~ ~ O ~ , ,  1 F.$~.~~- ~ MEASUREMENT 
tion from the basis metal at pores in the deposit 
under conditions at which the deposit is passive. Ehr- 
hardt (3) applied this approach to gold on copper by 
measuring the diffusion limited anodic current of 5 
couuer dissolution in 5% HqSOa at a ~otential  at which L n 
nd bther electrode reaction was occurring. Khan re- 

- 

cently reviewed this method (4) and found that the 
gold layers were not sufficiently passive during this 
treatment and gave background currents which ren- +BOO mv 
dered the tests inaccurate. Shome and Evans (5) re- 

CONSTANT V 
RAMP 

ported on the use of a corrosion cell for determining 2 0 0  ~VIMIN 

porosity of nickel deposits on iron. They used a large 2 + 
auxiliary cathode of copper and measured either the 0 . v 
corrosion current or the amount of iron accumulating g - 
in the electrolyte after a period of time. Clarke and -1 B V  

TIME - 
Britton (6)9 with Or copper On Fig. 1. Potential sequence applied to test wire (lower line) and 
' Electrochemical Society Active Member. 
Key words' pola-ograph, pyrophosphates, corrosion, passivity, 

typical current response (upper line). Ordinate units are arbitrary 

magnetic alloys for computer memories. and not to scale. 
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Fig. 4. Copper peak current vs. electrode area correlation curves 
for multiple electrodes comprised of 1 mil diameter sections (curve 
A) and single electrodes of larger diameters (curve 0). 

current. Pinhole arrays in actual plated wires will 
behave as isolated multiple electrodes of various di- 
ameters. The smaller pinholes will contribute dis- 
proportionately large partial currents to the total 
current until other effects predominate, such as high 
electrolyte resistance in very small pinholes, failure 
of the previously formed anodic film on copper to dis- 
solve in the allowed two minutes, or failure of the 
electrolyte to penetrate very small pinholes. A true 
calibration curve would lie to the left of the extrap- 
olation of line A, Fig. 4, and would be parallel to 
line A only if the pinholes have approximately the 
same diameter. 

The repeatability of the measurement on sanded 
electrodes consisting of a single 1-mil diameter copper 
wire was slightly better than 220%. Eleven measure- 
ments taken from four different electrodes gave an 
average Ic, value of 0.30 p.4, with a standard devia- 
tion of 0.05 FA. Standard derivations of measurements 
using the larger diameter single-wire electrodes are 
indicated by the error flags in Fig. 4. Most of this error 
arises from real surface area variations due to rough- 
ness of the copper cross sections. The peak heights 
found for a 25-mil diameter copper section were 
consistently lower when the surface was prepared by 
electropolishing than when it was sanded. 

The advantage of this method over Ehrhardt's (3) 
is that the effects of solution convection, which must be 
dealt with when measuring a diffusion limited anodic 
current, are minimal. Copper wire calibration samples 
gave essentially the same distribution of peak heights 
when the copper electrode faced downward in the 
electrolyte, or was inverted to face upward. The peak 
of the copper current is reached in 15-30 sec, a time 
apparently too short for the buildup of density gra- 
dients which are sufficient to cause local convection. 
Furthermore, any Ni-Fe passivity that is lost between 
the initial passivation and the measuring sweep, is 
quickly re-established during the sweep before the 
copper dissolution potential is reached. Thus the pas- 
sivation peak for copper stands out unambiguously. 

The repeatability of measurements on plated wire 
samples could not be determined because of the cumu- 
lative destructive effects described below. It is be- 
lieved that except for the occurrence of gross defects, 
most acceptable wire deposits are characterized by 
microfissures which are relatively uniformly distrib- 
uted. All-in-all the method yields useful data over 
a range of five orders of magnitude. Acceptable plated 
wires display copper peaks of 0.03-0.005 FA or less per 
centimeter of wire length, while poorly plated wires 
ranged from 0.1 to 1 PA. Variation of the thickness of 
the permalloy deposit from 3000 to 10,00OA, plated 
under "acceptable" conditions, had little or no effect 
on the observed defect area. Badly corroded wires 
have been observed with currents up to 400 FA, or 
about 50% exposed substrate area. 

Effect of Repeated Scanning 
Some of the charge passed during the initial passi- 

vation step represents active dissolution of nickel and 
iron. Thus, there exists the possibility that high results 
would be obtained if the passivation stage removes 
some of the magnetic alloy. Existing pinholes could 
be enlarged or thinly plated areas could be stripped 
and a pinhole generated. 

To estimate the magnitude of this source of error, 
the cumulative effect of repeated pinhole test cycles 
was examined. Figure 5, line A, shows that when pas- 
sivation is carried out as in Fig. 1, there is indeed a 
slow increase in the measured copper peak height, 
but that this levels off after about 8-10 test cycles. 
The increase in copper peak height from the first to 
the second scan of a given sample was usually found 
to be about 20 to 30%. It is estimated, therefore, that 
the true copper height would lie about 20-30% below 
that measured by the first scan. The test is clearly 
partially destructive, but the error is no greater than 
other uncertainties. 

Line B in Fig. 5 shows the effect of using a passiva- 
tion technique which permitted much greater anodic 
currents to flow. Instead of polarizing at a constant 
+800 mV, passivation was done by scanning from 
-200 to $800 mV at 200 mV/min. This provided 
greater opportunity for active dissolution of nickel, 
and the more rapid sample destruction is evident in 
curve B. The passivation of a normal wire requires 
passage of about 6 x 10-4 to 30 x 10-4 coulombs/cm 
length. If all of this charge represents dissolution, 
distributed uniformly, a layer of magnetic alloy 50- 
250A is lost. As a check, a portion of electrolyte that 
has been used to test a total of 90 cm of wires was 
analyzed by atomic absorption and found to contain 
Ni in an amount equivalent to the dissolution of 20 
-c 20 A/cm of wire. The dissolution is almost surely 
not uniform, and pinhole enlargement has not been 
preventable. 

Dissolution is even more serious when impurities 
are present which prevent the passivation of the Ni- 
Fe. Such impurities are provided, for example, by 
tarnish layers which form under certain conditions 
during corrosion tests in sulfur-containing atmos- 
pheres. A dip in 1:l HC1 was found adequate for 
removing the tarnish layers, but this operation also 
removes up to 300A of alloy. 

Selection of Sample Length 
Production wire batches consisting of 20 to several 

hundred 20-in. long wires, are characterized by apply- 

0 2 4 6 8 10 12 14 16 18 20 
NUMBER OF TEST CYCLES 

Fig. 5. Effect of repeated test cycles on the observed copper peak 
height, Ic,. Curve A, procedure as in Fig. 1; curve B, first possiva- 
tion done by slow scan to +800 mV. 
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ing the test to a 10-cm length from each of several 
wires, and copper peak currents range from <0.005 
to 0.03 &/cm. When plating defects other than micro- 
fissures occur, they are scattered at random along the 
length of the wire. A short sample could obviously 
lead to erroneous interpretations if it happens to fall 
between defects. Too long a sample, on the other hand, 
could cause an infrequent defect to be averaged over 
too long a length with an equally erroneous under- 
estimation. For example, when one 38-cm length was 
tested 1 cm at a time, all sections fell in the range of 
0.01-0.1 pA except one with the abnormally high read- 
ing of 0.7 pA. The same wire taken as a whole showed 
an average current of 0.04 pA/cm which would have 
been considered only slightly outside the "normal" 
range. While the statistically ideal sample length was 
not determined, a length of 10 cm was selected as a 
good working compromise and in general two such 
lengths were cut from each production wire tested. 

Conclusions 
A porosity test has been worked out which gives a 

measure of the substrate area left exposed by plating 
defects or pinholes in Ni-Fe alloy films plated on 
copper. Even with the errors discussed above, the test 
is useful in quality control of the plating process and 
in following the course of corrosion reactions. The 
accuracy has proved more than adequate for measure- 
ments of exposed substrate area ranging from less 
than 0.0004 to 50% and can undoubtedly be improved 
by optimizing the test conditions. 

The method makes use of the current peak asso- 
ciated with a metal being anodically passivated during 

a potential scan. The technique might be adaptable to 
other metal pairs if an electrolyte can be found in 
which the two passivating layers have widely different 
rates of dissolution. 
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The Approach to Limiting Current 

in a Stagnant Diffusion Cell 

Limin Hsueh and John Newman* 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
and Department of Chemical Engineering, University of California, Berkeley, California 94720 

ABSTRACT 

The transient behavior of surface concentration and current density in a 
stagnant diffusion cell has been worked out with consideration of surface 
and concentration overpotentials and the ohmic resistance of the solution. 
Both theoretically and experimentally, the current density is found to over- 
shoot the limiting current density during part of the transient. 

A stagnant diffusion cell is a capillary cell with an 
electrode at one end of a capillary filled with solution 
and open at the other end into a container with solu- 
tion and containing the counterelectrode. Such a cell is 
commonly used for diffusivity measurements (1,2) 
because of its simple experimental setup and the easy 
measurement of current and time. 

Early analyses (3,4) showed that, for a constant con- 
centration at the electrode surface, the current de- 
creases in inverse proportion to the square root of 
time in an unsteady, one-dimensional diffusion, or 
id; is a constant for a given concentration of solution. 
Accordingly, the current would be infinite at  zero time. 
Actually, for a constant applied potential, the current 
is finite and remains more or less constant until the re- 
actant concentration at the electrode surface ap- 
proaches a value of zero. The time required for this 
depends on the potential difference applied across the 

Electrochemical Society Active Member. 
Key words. mass transfer, current distribution, copper sulfate- 

sulfuric acid system, polarization. 

two electrodes and the properties of the solution itself. 
It may range from less than 100 sec in a well-supported 
solution to several tens of thousands of seconds in a 
solution of a single electrolyte. 

Davis, Horvath, and Tobias (2) have included the 
surface overpotential for linear electrochemical ki- 
netics in their treatment. In the present work, the 
analyses is extended to include the ohmic resistance of 
the solution, as well as nonlinear electrochemical ki- 
netics. 

This work was motivated not so much by the ohmic 
and kinetic limitation at  short times but more by the 
shape of the logarithmic current-time curves obtained 
in the measurement of integral diffusion coefficients 
(5), the study of the effect of ionic migration on limit- 
ing currents (61, and attempts to obtain limiting cur- 
rents in cupric sulfate solutions in the absence of sul- 
furic acid ('7). Under certain conditions, the current 
overshoots the limiting current. A similar phenomenon 
was predicted in the analysis of the current distri- 
bution on a rotating disk electrode (8-10) and on 
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plane electrodes in the walls of a flow channel (11,12). 
Experimental confirmation obtained in the present 
work may thus lend support to those analyses. The 
similarity to polarography in a binary salt solution 
(13) should also be noted. No overshoot was predicted 
in that work, but a recalculation for that system shows 
that there can be an overshoot for large applied po- 
tentials. 

Analysis 
With the assumption of constant physical properties, 

the equation for unsteady diffusion in a stagnant dif- 
fusion cell for a solution without supporting electrolyte 
or with an excess of supporting electrolyte reduces to 

where c = c + / v +  = c-/v- and 

for a solution of a single electrolyte, and where c and 
D represent the concentration and effective diffusion 
coefficient of the reactant for a solution with an excess 
of supporting electrolyte. 

Equation [I] should be solved with the initial con- 
dition that the concentration is uniform, c = c,, 
throughout the capillary at t = 0. The concentration at  
the electrode surface can be taken, for the moment, to 
be an unknown function of time, c = c,(t) at y = 0. 
By taking the Laplace transform of Eq. [I] with re- 
spect to time and solving the resulting ordinary dif- 
ferential equation, one obtains for the transform of 
the concentration 

where s is the Laplace transform variable. The length 
of the capillary has been taken to be much greater than 
the thickness of the diffusion layer. Differentiation of 
Eq. [2] with respect to y, setting y equal to zero, and 
inversion by means of the convolution integral produce 
an equation relating the concentration gradient at the 
surface to the variation of the surface concentration 

ac -- dl' [31 

This equation is useful because the current density is 
also related to the concentration gradient at the sur- 
face 

nFD ac 
2 = -- 

i - tn a Y  111=0 [41 

where t~ is the transference number of the reactant 
( t ~  = 0 with an excess of supporting electrolyte). The 
current density is further related to the surface over- 
potential 11, by 

where i, is the exchange current density, OZ and pZ 
are the transfer coefficients, and y expresses the con- 
centration dependence of the exchange current density. 

The ohmic drop in a capillary of length L  is 

and the concentration overpotential is (14) 

where Z = -z+z-/(z+ - z-) for reaction of a cation 
from a solution of a single electrolyte, and Z = -n for 

a solution with an excess of supporting electrolyte. For 
the case of metal deposition from a solution of a single 
electrolyte, the concentration overpotential expressed 
by Eq. [7] includes an ohmic contribution due to the 
variation of the conductivity in the diffusion layer 
(14). Hence, it is appropriate to use the conductivity 
of the bulk solution in Eq. [61. The total potential 
difference V* applied between the electrode and the 
solution outside the capillary (as measured by a ref- 
erence electrode of the same kind as the working elec- 
trode) is the sum of the concentration overpotential, 
the surface overpotential and the ohmic potential drop 

V* = tlc f t ls  + A*ohm [81 

It seems appropriate to define a dimensionless cur- 
rent density I  and a dimensionless exchange current 
density J as 

ZFL . 
I = -  

ZFL 
Z ,  J = -  i, 

RTK. RTK, 
191 

to define a dimensionless applied potential V and total 
overpotential q as 

and a dimensionless surface concentration 9 as 

Then Eq. [5] through [8] can be rewritten as 

I = V - + = J[ev-aeaE - av+Be-Be] [12] 
where 

E = $ - t ~ ( l - @ )  1131 

and Eq. 131 and [41 can be combined to read 

NL t da(t') 1 
I=-J-- dt' [14] 
3 O dt' viTi 

where 

If we now define a dimensionless time r by 

where 

then Eq. [14] can be written as 

do(.c') 1 - - dr' [I81 

Equations [12], [13], and [18] constitute four equa- 
tions for the determination of the time dependence of 
I, 0, and 9, as well as E. They can be solved numerically 
when the six parameters, a, p, y, J, V, and tn are known 
for a given system. One more parameter, V, could be 
eliminated, but this might obscure the physical sig- 
nificance of the results. 

Numerical Calculation Method 
The integral in Eq. [I81 was approximated by a sum 

by an adaptation of the method of Acrivos and Cham- 
br6 (15). Since Eq. [18] involves an indefinite integral, 
it  is only necessary to solve a nonlinear set of equa- 
tions at each time step. By the nature of the problem, 
a = 1 at r = 0. For the details of the calculation 
method, one may refer to ref. (16). 

Theoretical Results 
The dimensionless current density I is plotted against 

the dimensionless time .c in Fig. 1 with V as a param- 
eter. The values of a, p, y, J, and tn are all taken to be 
equal to 0.5. The higher the total applied potential V, 
the shorter the flat part of the curve. For high values 
of V, the current density overshoots the limiting cur- 



Experimental Results 
Figure 4 shows the transient behavior of the current 

density with various amounts of supporting electrolyte. 
These curves have qualitatively the same shape as the 
theoretical curves in Fig. 1, particularly with regard to 
the transient overshooting of the limiting current. 

The surface concentration was also measured op- 
tically for an unsupported, 0.0385M cupric sulfate solu- 
tion at 25°C; the results are shown in Fig. 5 for two 
values of the applied potential, 0.80 and 0.60V. Thc 
measured variations of the surface concentration are 
compared with the theoretical predictions in Fig. 5. 
The following data were used for the calculations: 

J .  Electrochem. Soc.: ELECTROCHEMICAL SCIENCE October 1970 

ref. 
Conductivity K. 4.13 x 10-3 mho/cm ( 1 7 )  
Diffusivity D 6.07 x lO-~m2/sec ( 1 8 )  
Transference number t~ 0.383 (19) 
Kinetic parameters, a, p, r 0.5 " 

Fig. 2. Decrease of surface concentration in a stagnant diffusion 
cell. 
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(5 cm long), showing the effect of concentration of supporting 
electrolyte. 

C U S O ~  HeSOr Applied potential tc/V2 
M M V set 

time t,. A high value of t, results from a high trans- v 
ference number Of the reactant and a low conductivity Fig. 3. Transient time in a stagnant diffusion cell, showing the of the solution. 

For a capillary tube of = cm, some estimated dimensionless time required for the surface concentration to drop 

values of t, for copper sulfate and sulfuric acid at 25'C to l o  O" 11% of the bulk 
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In the calculations, Z = 1, t~ = t +  = 0.4 for copper 
sulfate only. Z = 2, t~ = 0 for the solution with sul- 

E - 
furic acid as supporting electrolyte. 

The decrease of surface concentration 8 with time is 
plotted in Fig. 2 with identical parameters. The higher 
the applied potential, the faster the surface concentra- 10.' 
tion drops to zero. The time required for the surface lo2 lo3 105 

concentration to drop to 10 and 1% of the bulk value t (set) 

is plotted in Fig. 3. Fia. 4. Observed transient behavior in a stagnant diffusion cell 

I I I I 
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Fig. 5. Transient behavior of surface concentration of copper 
sulfate (0.0385M) in a stagnant diffusion cell: 0.60V; 0 
0.80V; dashed lines, i, = 1.0 mA/cm2, solid lines, i, = 0.1 mA/ 
cmz). 

10 

The length of the cell L was 15 cm, the area of the 
electrode was 0.178 cm2, and the calculated character- 
istic time t, was 5.60 x 106 sec. There are no exchange 
current density data available in the literature for an 
unsupported CuSOc solution, a reasonable estimate 
being that it lies between 0.1 and 1.0 mA/cm2. The 
solid lines are theoretical calculations at an exchange 
current density of 0.1 mA/cmZ, and the dashed lines 

- 

I - I 

7 

0.OOI 0.01 0.1 I 10 103 

0.1 
Fig. 1. Decrease of current density in a stagnant diffusion cell 

rent, a phenomenon that has been observed experi- 
mentally in many of our curves of log current vs. log 
time. For a given value of V, the flat part of the curve 
persists longer for larger values of the characteristic O.Ol0 
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are calculated at  1.0 mA/cmz. The solid lines represent 
a satisfactory fit to the experimental results. 

An unexplained observation should be recorded here. 
For a solution 0.1M in CuS04 and 1.375M in HISOI, 
the current time curves in Fig. 6 were obtained. The 
current drops suddenly at  about 0.3 sec. This phenom- 
enon was fairly reproducible in a well-supported elec- 
trolyte. No such step change was observed for solutions 
with little or no supporting electrolyte. 

Before the runs, the electrode was predeposited with 
copper at 0.1V for 1 to 3 min. Values of the parameters 
for the theoretical calculations are a = 0.75, p = 0.25, 
7 = 0.5, t~ = 0, K, = 0.4925 mho/cm, Z = 2, L = 7.0 
cm, D = 5.09 x 10-B cmz/sec, t, = 740 sec, V* = 0.225V, 
and the exchange current density is estimated to lie 
between 1 and 10 mA/cm2 for a cathode surface pre- 
pared by electrodeposition (20). 

Before the step change of current density, the hori- 
zontal part of the curve was found to fall between the 
curves for theoretical predictions of exchange current 
of 1 and 10 mA/cm2. The charging of the electrode 
double layer should be complete in a time of about 0.5 
msec. 

A reviewer suggests the following possible explana- 
tions for the step change of current density: (a )  
cuprous ions are initially present in the solution in 
equilibrium with cupric ions and will tend to react 
before the cupric ions due to kinetic factors (20); (b)  
crystallographic defects in the deposit may be different 
from those in the substrate metal and thus lead to a 
change of kinetic parameters with time; and (c) ad- 
sorption of inhibitors or impurities may lead to changes 
of kinetic parameters although the effect would not be 
expected to be reproducible. However, calculations 
based on the equilibrium concentration of cuprous ions 
suggest that the transition time for their concentration 
to drop to zero at the electrode surface would be much 
smaller than the time at which the step change in 
current density occurs. 

Conclusion 
In  this work, the transient behavior has been worked 

out for a stagnant diffusion cell. The resulting time 
dependence of the surface concentration for an un- 
supported electrolyte agrees with the theoretical pre- 
dictions within the uncertainty of the available elec- 
trochemical kinetic parameters. The current density is 
found, experimentally and theoretically, to overshoot 
the limiting current, in harmony with predictions for 
the current distribution on plane and disk electrodes. 
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LIST O F  SYMBOLS 
ci concentration of species i, mole/cm" 
CO surface concentration of reactant, mole/cm:' 
D diffusion coefficient, cmz/sec 
F Faraday's constant, 96,500 coul/equiv 
i current density, A/cmz 2 exchange current density, A/cmz 

dimensionless current density 
J dimensionless exchange current density 
L length of diffusion cell, cm 
n number of electrons produced when one reac- 

tant ion or molecule reacts 
N dimensionless parameter 
R universal gas constant, joule/mole-deg 
s Laplace transform variable, sec-1 
t time, sec 
t~ characteristic time, sec 
t ~ r  transference number of reactant 
T temperature, OK 

mobility of species i, cm2-mole/joule-sec 
dimensionless applied potential 

V* applied potential, V 
II distance from electrode, cm 

charge number of species i 
-2 +z- / (z+  - z - )  for unsupported electrolyte 
-n with excess supporting electrolyte 

a, p, 7 electrochemical kinetic parameters 
$ dimensionless total overpotential 
TIC concentration overpotential, V 
I ~ S  surface overpotential, V 
R dimensionless surface concentration 
r ,  conductivity of the bulk solution, mho/cm 
et, v- numbers of cations and anions produced by dis- 

sociation of one molecule of electrolyte 
r dimensionless time 
AOoh, ohmic potential drop, V . 
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Stoichiometry of Anodic Copper Dissolution 
a t  High Current Densities 
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ABSTRACT 

The influence of current densitv. flow rate. and electrolvte comuosition on 
the stoichiometry of anodic coppei'dissolution was investigated u6der condi- 
tions com~arable to those of electrochemical machining. Weieht loss mea- 
surements; x-ray diffraction, and chemical analysis wer;! used-for the char- 
acterization of the dissolution reaction. A sharp change in dissolution mecha- 
nism coincided with the transition from active to transpassive dissolution. For 
active dissolution, an apparent valence of the dissolution process of two was 
found in sulfate and nitrate electrolytes, and of one in chloride electrolytes. 
For transpassive dissolution, mixed valences lying between 1 and 2 were found 
in all electrolytes. The mixed valences are interpreted to result from the 
simultaneous production of monovalent and divalent reaction products, some 
of which are in solid form. 

Anodic dissolution of metals at current densities of 
up to several hundred amperes per square centimeter 
and with electrolyte flow velocities of many meters 
per second is being carried out on a technical scale in 
the process of electrochemical machining (ECM). In 
an attempt to provide quantitative information on the 
electrochemical processes under high current densities, 
the anodic dissolution of copper is being investigated 
( 1-3). Copper was chosen because its electrochemical 
properties are reasonably well understood (4-8). In a 
previous paper (I) ,  the role of mass transfer in deter- 
mining the occurrence of passivation phenomena dur- 
ing copper dissolution in KzS04 and KN03 solutions 
has been reported. It was found that apparent anode 
potentials and surface textures resulting from dis- 
solution changed drastically while going from a low 
voltage (active) to a high voltage (transpassive) mode 
of dissolution.3 

In the present study, the valence of the electrode 
reaction and the composition of reaction products of 
copper have been investigated in nitrate, sulfate, and 
chloride electrolytes. Weight loss measurements of the 
anode, x-ray diffraction analysis of solids, and chemical 
analysis of the solution were used for the character- 
ization of the dissolution reaction. Current densities 
employed ranged from 0.1 to 80 A/cm2. Experiments 
were performed under forced convection conditions in 
a flow channel at flow rates from 30-700 cm/sec, as 
well as in unstirred solutions under free convection 
conditions. 

Experimental 
Most experiments were carried out under forced 

convection conditions in an experimental flow system 
similar to that described in a previous study (1) and 
schematically shown in Fig. 1. The electrolyte was 
pumped by a positive displacement pump? and the flow 
rate was measured with a rotameter? One half inch 
stainless steel pipes were used throughout the system. 

A 30 cm long rectangular flow channel of 1 x 3 mm 
cross section, constructed of laminated polyvinyl chlo- 
ride, was positioned upstream of the experimental 
cell to establish fully developed velocity profiles at 
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'Present address: Pratt & Whitney Aircraft Corporation. Middle- 

town. Conneet~cut 08451. 
1 ~ i e i e n t  addiessi-Kiversity of California School of Engineering 

& Applied Science, Los Angeles, California (90024. 
Key words: anodic metal dissolution, copper anode, passivity. 
a Different definitions for the phenomenon of passivation can be 

found in the literature. The term is used here to describe an abrupt 
increase in measured anode potential with time for certain com- 
binations of flow rate and current density (see e.g., Fig. 31. 

4 Constametric Pumps, Milton Roy Company Philadelphia Penn- 
sylvania. Vandrive Motor, U. S. Electrical ~ o t o r s ,  Inc., i o s  An- 
geles, California. 

=Type 18410. Schutte and Koerting Company. Cornwall Heights, 
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Fig. 1. Schematic of flow system: A, supply tank; B, dual piston 
pump; C, accumulator; D, bypass line; E, rotameter; F, entrance 
length of flow channel; G, reference electrodes; H, cathode; I, 
anode; J, capillary for precipitate collection; K, drain tank. 

Fig. 2. Side view of experimental cell with partial cross section- 
ing: A, rectangular flow channel; I, epoxy cell body; C, stainless 
steel side plate; D, copper electrode; E, aluminum cap; F, nylon 
screw; G, stainless steel end flange; H, glass side window; I, bolt 
and nut assembly; J, O-ring seal; K, liquid junction connection to 
backside capillaries; L, aluminum micrometer holder; M, microm- 
eter head; N, aluminum base plate; 0, coil spring. 
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the electrodes (1). The electrolysis cell is shown 
schematically in Fig. 2. The cell body (B) was made 
of epoxy resin with the two glass side walls (H) held 
together by plates (C). The cell was connected to the 
inlet and outlet channel by end flanges (G). Optical 
observation of the interelectrode gap could be per- 
formed through the glass walls. Back-side capillaries 
(K) which enter the channel walls next to the elec- 
trodes were used for electrode potential measurements 
and, in some experiments, for the sampling of solution 
on the downstream side of the electrodes. The copper 
electrodes (D) (purity &99.9%) had a geometrical 
surface area of 3 x 3 mm. The electrodes could be ad- 
vanced manually by turning micrometer head (M).  
The electrode assembly was pushed back against insert 
(F) by sprint ( 0 ) .  Silicone rubber gaskets6 cast be- 
tween glass wall and epoxy cell body were used for 
sealing the cell. 

Measurements of cell voltage, electrode potentials, 
and current were made simultaneously on a multi 
channel light beam oscillograph.7 Electrical power con- 
nections to the cell were made by threaded connections 
screwed into aluminum cap (E). The current was re- 
corded by measuring the voltage drop across a shunt. 
Anode and cathode potentials were measured with 
respect to saturated calomel reference electrodes, 
which were placed in small glass containers connected 
to the capillaries by Tygon tubing. The electrolysis 
current was provided by an electronically controlled 
constant current supply.8 

Prior to each run, the electrodes were ground on 600 
grit emery paper and washed with aqueous detergent. 
Following a dip in concentrated HC1, they were rinsed 
with distilled water and reagent grade acetone and 
stored in vacuum until use. The electrodes were 
aligned with the channel wall by using a microscope 
with 20X magnification. During electrolysis, the 1 mm 
electrode gap was approximately maintained by man- 
ual adjustment of the micrometer. 

During a typical experiment, 25 mg of copper were 
dissolved, which corresponded to an average depth of 
dissolution of about 0.3 mm. After each run, the anode 
was removed from the cell, rinsed with water, dried 
with acetone, and weighed on an analytical balance. 
The accuracy of the weight loss determination is esti- 
mated at +I-2%. The amount of charge passed during 
the experiment was determined from the oscillographi- 
cally recorded current trace. The accuracy of the 
charge measurement is estimated at 22-376, 

From the measurement of charge and weight loss, 
an apparent valence n of the dissolution process was 
calculated according to Eq. [I] 

I tM 
n=- 

AWF 

where I is the current passed during time t ,  M is the 
atomic weight of copper, AW is the anode weight-loss, 
and F is the Faraday constant. 

Solid reaction products formed during the anodic 
dissolution of copper were analyzed by x-ray diffrac- 
tion. Initial analyses were made using a 11.46 mm 
Debye-Scherrer powder camera mounted on an x-ray 
diffraction unit.9 Ni filtered Cu radiation (40 kV, 20 
mA) was used. 

A sample of the anodic reaction product from the 
flow cell was collected by rubbing a glass fiber through 
the precipitate adhering to the wet surface. Diffraction 
patterns obtained were, however, difficult to analyze 
because of the faintness of the diffraction lines. Also, 
because of the small samples, exposure times to the 
x-ray beam from 6-12 hr were necessary. 

aEncapsulant 502 RTV. Dow Corning Corporation, Midland, Mich- 
igan. 

7 Series 2300, Brush Instrument Division. Cleveland, Ohio. 
8Type C618, Electronic Measurements Company. Eatontown, N. J.  

or Model KS 120-10M. Kepco Inc., Flushing, New York. 
sNorelco X-Ray D~ffraction Unit, Type 12045 with Debye-Scherrer 

Camera Type 52056-0,  North American Philips Company. Inc., New 
YOIk, N. Y. 

Seconds 

Fig. 3. Cell voltage transients measured in 2N K N 0 3  at  dif- 
ferent current densities, flow rote 30 cm/sec. 

To provide a larger specimen, a continuous sampling 
technique was developed. An x-ray diffractometerI0 
using a Ni filtered Cu radiation (40 kV, 14 mA) could 
then be used. Solution escaping through the (0.014 in. 
diameter) capillary on the downstream side of the 
anode was collected on a Whatman No. 41 paper by 
continuous vacuum filtration. Without washing, the 
filter paper with adhering precipitate was dried under 
vacuum, mounted on a Lucite sample holder using 
double-sided adhesive tape, and placed in the dif- 
fractometer. A preliminary x-ray pattern of the blank 
showed strong diffraction peaks at low 8 values which 
did, however, not interfere with the diffraction peaks 
of possible compounds present in the precipitate. 

In order to substantiate the apparent valence deter- 
mination carried out under forced convection condi- 
tions, some experiments were performed in a stagnant 
electrolyte which allowed quantitative determination 
of dissolved Cu + and Cu2t ions. Since Cu + is unstable 
in aqueous solution unless complexing agents are pres- 
ent, only chloride electrolytes were analyzed this way. 
The electrolysis was carried out in an H cell with a 
glass frit separating anode and cathode compartments 
(2). In contrast to the highly diluted dissolution prod- 
ucts obtained in the flow channel, concentrations which 
can be determined by simple analytical techniques 
could be obtained in this system. The analytical deter- 
mination of CuZ+ and Cut  was based on that given by 
Vogel (9). Cuprous ion was oxidized with ferric am- 
monium sulfate, and the resulting ferrous ion was 
titrated with ceric sulfate. The cupric ion concentra- 
tion was obtained as the difference between total cop- 
per concentration and cuprous ion concentration. The 
total copper concentration was determined iodometri- 
cally after oxidation of cuprous ion to cupric ion by 
sodium peroxide. 

Results 
Current-voltage behavior.-Figure 3 illustrates the 

transient cell voltage behavior during galvanostatic 
copper dissolution in 2N KN03 under a given flow rate 
(30 cm/sec). At low current density (3.4 A/cm2), the 
dissolution proceeds indefinitely in a low voltage (ac- 
tive) mode. Above a critical current density, which is 
shifted to higher values by increased flow rates, the 
dissolution process switches to a high voltage (trans- 
passive) mode, after a transition time with active dis- 
solution. The length of the transition period decreases 
with increasing current density and decreasing flow 
rate (not shown). Figures 4 and 5 are examples of 
transient cell voltage behavior with KzS04 and KC1 
solutions. In all cases, dissolution in the transpassive 
mode occurs at  a cell voltage which is 10-20V higher 
than in the active mode. Voltage fluctuations are ob- 
served in the transpassive region and, at the higher 
current densities, a voltage maximum occurs before 
steady state is reached. 

Apparent valence.-Average steady-state values of 
the cell voltage and apparent valence values are 

lo Picker X-Ray Corporation, Waite Manufacturing Division. Inc., 
Cleveland. Ohio. 
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Fig. 4. Cell voltage transients measured in 1N KzS04 a t  differ- 
ent current densities, flow rate 50 cm/sec. 
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Fig. 5. Cell voltage transients measured in 2N KC1 a t  different 
current densities, flow rate 50 cm/sec. 

plotted us. current density in Fig. 6 to 8. The be- 
havior in 2N KN03 and IN KzSO4 solutions is very 
similar. With the transition from active to transpassive 
dissolution, a sharp drop in apparent valence occurs. 
The apparent valence value of n = 2 observed in the 
active region indicates that copper is dissolved almost 
exclusively to divalent cupric ions. This is consistent 
with expectations based on thermodynamic considera- 
tions of the reversible potential of a copper electrode 
in contact with dissolved mono and divalent copper 
ions (8). In the transpassive region, on the other hand, 
the apparent valence depends on the value of the ap- 
plied current density with respect to the current den- 
sity at which passivation occurs. A limiting value of 
n -- 1.5-1.6 is reached at high current densities. In 
order to account for this value of n, it has to be as- 
sumed either that part of the copper is dissolved to a 
monovalent form, or that part of the metal disinte- 

I 
20 40 Bb 

Current density ( amp /cmz  ) 

Fig. 6. Variation of apparent valence and cell voltage with cur- 
rent density in 2N KN03 for different flow rates: 0, 3 0  cm/sec; 
A, 200 cm/sec; 0 , 6 2 7  cm/sec. 
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Fig. 7. Variation of apparent valence and cell voltage with cur- 
rent density in 1N KzS04 for different flow rates: 0, 5 0  cm/sec; 
A, 200 cm/sec; 0, 686 cm/sec. 
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Fig. 8. Variation of apparent valence and cell voltage with cur- 
rent density in 2N KC1 for different flow rates: 0, 50 cm/sec; 
A, 200 cm/sec; 0, 606 cm/sec. 

grates during the dissolution process. Since pH might 
have an influence in determining the reaction path (8), 
additional experiments were performed in a 2N KN03 
solution adjusted to pH 1 by the addition of concen- 
trated nitric acid, and also in a IN HzS04 solution. 
Voltage readings and apparent valences obtained in 
both of these electrolytes corresponded within experi- 
mental accuracy to those of the nitrate and sulfate 
solutions, respectively. This indicates that, within the 
range studied, pH has a negligible influence on ap- 
parent valence of the dissolution process. As illustrated 
by Fig. 8, the behavior in KC1 solutions was quite 
different from that in KN03 and KzSO4 solutions. A 
sharp transition between active and transpassive dis- 
solution was absent. Instead, periodic fluctuations oc- 
curred (indicated by dotted lines in Fig. 8) in the 
transition region. Such oscillations in the copper/ 
chloride system have also been reported in the litera- 
ture for low current density conditions (6,lO). Peri- 
odic oscillations have also been observed during high 
rate copper dissolution in sulfate and chlorate elec- 
trolytes under certain conditions (1-3). The apparent 
valence, in the case of chloride solution, is n = 1 at low 
current densities. A maximum of n = 1.4 is observed 
at intermediate current densities, and the apparent 
valence drops to n E 1.2 in the range of high current 
densities. While it appears that the observed changes in 
apparent valence are related to the occurrence of 
passivation, the relationships are not as clear cut as in 
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Table I. X-ray analysis of anode solid reaction products 

Electrolyte Compounds identified 

nitrate and sulfate solutions. For example, at the 
highest flow rate (606 cm/sec), the maximum value 
of n was attained at much higher current density than 
that corresponding to the active-passive transition de- 
rived from cell voltage measurements. 

Analysis of solid reaction products.-Anode precipi- 
tates were found during transpassive dissolution only. 
X-ray analysis of precipitates collected from experi- 
ments performed in KN03 and K2S04 solutions showed 
Cup0 to be the principal copper compound. Diffraction 
peaks for metallic copper were also present in some ex- 
periments. The metallic copper contents of precipitates 
from acidified solutions was increased at the expense of 
the cuprous oxide contents (Table I ) .  No analysis of 
anodic precipitates in chloride solution was possible 
because precipitates could not be collected in sufficient 
amounts. A typical diffraction pattern of anode pre- 
cipitate is given in Fig. 9 together with patterns of 
known samples of Cu2O and Cu. Precipitates collected 
in the drain tank showed a different composition from 
those collected close to the anode. They contained basic 
oxides of complex composition, owing to contact with 
the alkaline solution produced at the cathode. 

Analysis of dissolved reaction products.- Apparent 
valence determinations in chloride solution were also 
carried out in a separate cell under absence of forced 
convection. In these experiments, values of apparent 
valence obtained from weight loss measurements could 
be compared with those obtained by chemical analysis 
of dissolved reaction products. Calculation of the 
chemically determined apparent valence n* was based 
on Eq. [2] 

Cu + xCu+ + yCuz+ + n*e [21 

where x and 2~ are the fractional amounts of Cu t  or 
Cuzf, respectively. Since, from the mass balance 
x + y = 1 and from the charge balance x + 2y = n*, 
one gets Eq. [31 

n * = 2 - x = l + y  [31 

The results given in Table I1 illustrate the good 
agreement between the valence determined by chemi- 
cal analysis with that derived from weight loss mea- 
surements for a wide range of current densities. In all 
cases a mass balance could be established within 1-2%. 
Changes in apparent valence with current density in 
chloride solutions are therefore indeed due to different 
ratios of Cu t  and C U ~ +  produced. No oxygen evolution 
was observed during the experiments. The experiments 
also confirmed that the anodic behavior, i.e., the oc- 
currence of active and transpassive dissolution, was 
essentially the same in stagnant as in flowing solutions, 

Fig. 9. X-ray diffractometer trace of anode precipitate (b) com- 
pared to known samples of CunO (a) and Cu (c). Anode precipitate 
obtained a t  11.1 A/cm2 and 50 cm/sec in 1N K2S04. 

Table II. Chemical analysis of dissolved reaction products in 3N 
KC1 solution after passage of 60 coul, anode area 1 cm2 

Current Valence from dis- Valence from 
density, A/cm2 solved Cut and Cu++ weight loss 

with the exception that passivation sets in at much 
lower current densities in the absence of external con- 
vection. 

Discussion 
Nitrate and sulfate solutions.-Two dissolution 

modes, active and transpassive, were found differing 
in overvoltage and apparent valence of dissolution. 
The transition between active and transpassive dis- 
solution depends on mass transfer conditions. Using 
the mass transfer correlations for channel flow dis- 
cussed earlier ( I ) ,  the interfacial concentration of 
ionic dissolution product at  the onset of transpassive 
dissolution was estimated from the passivation current 
density for different flow rates and electrolytes. (A 
diffusion coefficient of 5 x 10-6 cmZ/sec was assumed 
for this calculation.) A comparison of the results 
shown in Table I11 with solubility data given in Table 
IV indicates that the onset of transpassive dissolution 
coincides, at  least qualitatively, with the limiting 
transport of dissolved reaction products by convective 
diffusion. This substantiates the validity of previous 
results (1) which were obtained in a different flow 
system, mostly at  higher current densities and flow 
rates. In addition, it was found here that passivation 
current densities in 1N were essentially the 
same as in 1N KnS04. This suggests that limitations 
in the transport of cupric salt, rather than the forma- 
tion of oxide or hydroxide, initiates the change to 
transpassive dissolution. 

The present study also demonstrates that the transi- 
tion between active and transpassive dissolution is 
associated with a drastic change in current efficiency 
for the metal removal process, with more copper being 

Table I l l .  Calculated interfacial concentration of copper salts at 
onset of transpassive dissolution 

Passivation Interfac. 
Flow velocity, Reynolds current den- conc., 

Electrolyte cm/sec number sity, A/cmZ molesjl 

Table IV. Solubilities of copper salts at room temperature 

Solubility, 
Salt Solvent moles/l Reference 

Cupric nitrate Hs0 7.0 (241 
Cupric sulfate HgO 1.4 124) 

1N HISOI 1.1 (25) 
Cuprous chloride 2N KC1 1.0 (171, (181 

3N KCI 1.9 (171, (18) 
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dissolved for a given amount of charge in the trans- 
passive region. A mechanism involving the formation 
of monovalent copper species at the anode, especially 
cuprous oxide, rather than anodic disintegration by 
grain boundary attack (11,12), seems to be the cause 
for the apparent increase in current efficiency. The 
above conclusion, although it cannot be rigidly proven 
on the grounds of our results, is supported by the fol- 
lowing experimental observations: ( A )  Cuprous oxide 
has been found to be the main constituent of anodic 
films. (B) Substantial amounts of metallic copper were 
observed in the x-ray patterns in acidic solutions only, 
consistent with the fact that CupO disproportionates 
in these solutions into C U ~ +  and Cu. (C) No grain 
boundary attack was observed microscopically in the 
transpassive region. Instead, the surfaces after trans- 
passive dissolution had a shiny appearance and were 
almost randomly pitted (1, 2). (D) At least in the case 
of chloride solutions, the presence of cuprous ion could 
be verified quantitatively. All these factors indicate 
that a distintegration mechanism, which has been pro- 
posed primarily for more reactive metals (beryllium, 
magnesium, cadmium, zinc) at low current densities 
(13-161, is not likely to be of importance in the pres- 
ent anodic dissolution process. 

Measured apparent valences tended to reach a con- 
stant limiting value at high current densities. No satis- 
factory explanation for this phenomenon can be given 
at the present time. From a purely kinetic point of 
view we would expect a continuous variation of n with 
current density. A possible explanation of the observed 
constancy of n may, perhaps, be sought in a model 
viewing the surface as an ensemble of small surface 
area elements randomly fluctuating between active and 
passive states. Such active-passive fluctuations, which 
are most pronounced in chlorate electrolytes (2,3) ,  
are now being studied in this laboratory. 

Chloride solutions.-The dissolution behavior in 
chloride electrolytes is different because the mono- 
valent ionic state becomes thermodynamically more 
favorable than the divalent state due to the formation 
of cuprous ion complexes (17,18). Thus, dispropor- 
tionation of C u t ,  which usually occurs in aqueous 
solutions is avoided. Since a variety of different com- 
plexes may be formed, depending on the local chloride 
concentration, the dissolution process in chloride solu- 
tions is expected to be much more complicated than 
in nitrate and sulfate solutions. For example, due to 
the effect of chloride concentration on the solubility 
of cuprous ion, the formation of precipitate layers 
depends not only on the rate of departure of cations 
from the interface, but also on the rate of arrival 
of anions. In addition to the mass transport of the dis- 
solution product, the mass transport of chloride ion 
may therefore become a limiting factor, since chloride 
ions are consumed at  the anode by complex formation. 
Such a mechanism has, for example, been reported by 
Landsberg et al. (19) for the dissolution of gold in 
HCl. During the course of stoichiometric determina- 
tions in stagnant solution, a number of transient mea- 
surements were performed in 3N KC1 solutions at 
constant current density. Table V summarizes the tran- 
sition times determined for the onset of transpassive 

Table V. Transition times r for copper dissolution at different 
current densities i in 3N KC1 without external convection 

i, A/cma T I  sec id7 

behavior. In spite of that the geometrical arrangement 
was not ideal to exclude free convection completely, 
the application of Sand's equation is justified because 
of the short times involved. From the average mea- 
sured quantity i\/t7 a value for AC, the rate-limiting 
concentration difference, was calculated according to 
Eq. [41 

assuming D = 5 x 10-6 cm2/sec and n = 1. The re- 
sulting value of AC = 3.6 mole/liter is similar in mag- 
nitude to the solubility of CuCl in 3N KC1 [1.9 mole/ 
liter (17)J. This indicates that, under the conditions 
of these experiments, passivation may have been 
caused by a similar precipitation mechanism as in 
nitrate and sulfate solutions. 

The increase in apparent valence n on passivation 
(Fig. 8 ) is consistent with the fact that at higher anode 
potentials, the reaction Cu + C U ~ +  becomes thermo- 
dynamically possible. No true anode potential mea- 
surements were possible under the conditions of this 
study; therefore, a discussion has to remain qualitative. 
The subsequent decrease in n at  still higher current 
densities may then be explained by assuming forma- 
tion of CupO, as observed in the case of nitrate and 
sulfate solutions. The oozing of a reddish brown, finely 
dispersed dissolution product from localized anode 
areas which changed their positions during electrolysis 
was observed visually in stagnant KC1 solutions in the 
transpassive region (2). This solid might have been 
CupO, but it was not possible to collect the precipitate 
due to its chemical instability in the chloride elec- 
trolyte. The formation of cuprous oxide during cop- 
per dissolution in chloride media has also been re- 
ported in the literature (20-23). The formation of a 
thin cuprous chloride film during transpassive dissolu- 
tion in chloride solution was indicated by the white 
appearance of the surface. 

Summary and Conclusions 
1. The present study has confirmed earlier findings 

(1) obtained under different experimental conditions 
that in nitrate and sulfate electrolytes the transition 
from active to transpassive dissolution of copper is 
controlled by the mass transfer of dissolved dissolution 
products. 

2. Although the details of copper dissolution in chlo- 
ride solution are probably different from those in 
nitrate and sulfate, the gross current-voltage behavior 
is similar. Ionic mass transfer limitations seem, there- 
fore, to be the dominating factor determining the 
onset of passivation in chloride solutions, too. 

3. The apparent valence of the dissolution process 
undergoes a noticeable change with the transition from 
active to transpassive dissolution. In nitrate and sulfate 
solutions, active dissolution proceeds with an apparent 
valence of 2. Transpassive dissolution leads to a lower 
apparent valence, which reaches a limiting value of 
1.6 at high current densities. This drop in apparent 
valence is interpreted to be caused by the anodic pro- 
duction of monovalent copper species, rather than by 
anodic disintegration. 

4. Active dissolution in chloride solution occurs with 
an apparent valence of one. This is due to the stabiliza- 
tion of cuprous ion by complex formation. Upon passi- 
vation the apparent valence increases, going through 
a maximum of 1.4 with increasing current density 
before reaching a limiting value of 1.2. This increase 
in apparent valence on passivation is due to part of the 
copper being dissolved in divalent form. 

5. No significant oxygen evolution occurred during 
copper dissolution under all the experimental condi- 
tions employed. 

6. The formation of solid anodic dissolution products 
during transpassive dissolution has been demonstrated 
in agreement with earlier optical observations. Anal- 
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ysis of the precipitates by x-ray diffraction has shown 9. A. I. Vogel, "A Textbook of Quantitative Inorganic 
Cup0 to be the main constituent produced in potassium Analysis Including Elementary Instrumental 
nitrate and sulfate solutions. Metallic copper, resulting Analysis," 3rd ed., John Wiley & Sons, Inc., 
from disproportionation of CupO, is found in acidified New York (1961). 
solutions, chloride solutions optical observation in- 10. H. La1 and H. R. Thirsk, J. Chem. Sot., 1953,2638. 

dicated the formation of cuprous chloride films. 11. U. R. Evans, "Corrosion and Oxidation of Metals," 
Arnold, London (1960). 
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Com para tive Activity of (1 1 I), (1 001, (1 1 O), 
and Polycrystalline Platinum Electrodes 

in H ,-Saturated 1 M H, SO, under Potentiostatic Control 

Sigmund Schuldiner; Murray Rosen,*' and David R. Flinn*' 

Electrochemistry Branch, Naval Research Laboratory, Washington, D. C. 20390 

ABSTRACT 

Potentiostatic measurements of the three principle faces of oriented single 
P t  crystals and polycrystalline P t  showed some interesting comparisons. True 
areas are based on Pt  atom densities, and under the electrochemical treat- 
ment used, no changes in these areas were found once the initial surface 
cleaning was completed. The hydrogen overvoltage was independent of 
crystal orientation or other metallurgical factors; however, the passivation of 
the hydrogen oxidation reaction and the oxygen generation reactions were 
different for each single crystal orientation with a large difference between 
these faces and a polycrystalline bead electrode. Steady-state relations be- 
tween potential and amounts of associated H atoms and number of sites avail- 
able for coverage with 0 atoms were determined also. These steady-state 
values are generally less than the comparative amounts found under transient 
conditions. Oxygen evolution on the Pt  faces was not observed below a po- 
tential of 1.8V. It appears that grain boundaries, stress, and impurity inclu- 
sions may have more effect in determining the catalytic activity for some 
reactions than does the actual atomic density or geometry of P t  atoms. 

Although there have been numerous investigations 
of the hydrogen reaction on polycrystalline P t  elec- 
trodes and of the potentiostatic behavior of P t  in Hi- 
saturated solutions, our knowledge of the effects of the 
geometry of Pt  atoms on such behavior is very limited. 
Using the voltage sweep method, Will (1) studied the 
relationship between hydrogen adsorption and po- 
tential on single P t  crystals of (Ill), (loo), and (110) 
orientations. 

Our approach was to conduct a comparative investi- 
gation of polycrystalline P t  with P t  single crystal ori- 

* Electrochemical Society Active Member. 
l National Academy of Sciences-National Research Council Post- 

doctoral Research Associates at NRL. 
Key words: overvoltage, adsorption, catalysis, atom geometry. 

dermasorption. 

entations with respect to reactivity for steady-state 
hydrogen generation, hydrogen oxidation, and oxygen 
generation reactions. In  addition, steady-state relations 
between surface coverage with potential were deter- 
mined, both in the presence and absence of derma- 
sorbed oxygen. 

Experimental 
The high-purity, gas-tight electrochemical system, 

the experimental conditions, and the method of mea- 
surement were the same as used in ref. (2). Three 
single crystal Pt  electrodes with orientations (Ill), 
(loo), and (110) were in the cell. A fourth P t  elec- 
trode, polycrystalline bead, similar to previous ones 
(2), was substituted for one of the single crystal elec- 
trodes to confirm that the experimental conditions 
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used for the single crystal electrodes duplicated the 
previous work. 

The single crystal Pt electrodes were prepared and 
mounted in the following way. Three high-purity 
(99.999%, 3 pass electron beam zone refined) single 
crystals were welded to Pt wires and then were spark 
cut to the three principle faces ( I l l ) ,  (loo), and 
(110).2 The faces were then electropolished in a melt 
consisting of equal weights of KC1 and NaCl at 700°C 
in accordance with the procedure reported by Brouillet 
and Epelboin (3). After rechecking the orientation by 
x-ray diffraction, each crystal was mounted by placing 
a thin cylinder of virgin polyethylene (this polyethyl- 
ene gave a water-clear melt) snugly against the sides 
of each crystal. A tightly fitting heat-shrinkable TFE 
Teflon tube was then placed over the polyethylene 
sleeve. Upon heating with an electric heat gun the 
polyethylene melted and the Teflon tube shrunk. Upon 
cooling the single crystal is tightly enclosed in a Teflon- 
polyethylene envelope. During heating some molten 
polyethylene covered part of the oriented Pt  face. This 
polyethylene was largely removed by carefully cutting 
with a razor around the edge of the squeezed out poly- 
ethylene and carefully stripping the excess poly- 
ethylene from the Pt surface. Photomicrographs3 
showed that tiny particles of polyethylene remained on 
the surface; however, these were removed during the 
initial electrolysis as was shown by photomicrographs 
taken after such treatment. (A polyethylene particle 
is shown in the encircled area on Fig. l a  as a dark 
gray fragment. Similar fragments are apparent). 

The Pt wire connected to the single crystal, which 
is covered by the Teflon tube, is sealed through a 
glass cap. Upon insertion of the electrode into the cell, 
the glass cap, which has a ?4 in. standard glass pipe 
connector, is connected to the cell via a Viton-A ring 
and screw clamp which gives a gas-tight seal. 

The initial set of three oriented faces was carefully 
wiped with a fine soft paper and then cleaned with 
concentrated nitric acid and rinsed with triply distilled 
water. Upon close examination scratches were noted 
on these electrodes, and after the electrochemical mea- 
surements were made, photomicrographs showed many 
fine scratches on each crystal face. These crystal faces 
were re-electropolished, and after mounting great care 
was taken not to contact the exposed faces with any- 
thing but nitric acid, triply distilled water, and elec- 
trolyte. This careful treatment avoided scratches on 
the soft exposed Pt face. Potentiostatic measurements 
on each face were repeated after another polishing, 

and for the scratch-free surfaces, the results were 
essentially the same. However, the scratched surfaces 
showed some important variations which will be dis- 
cussed. 

The first measurements on the Pt  bead (mounted in 
glass) were taken after the forming of the bead by 
melting the end of a Pt wire in a Hz/Oz flame, clean- 
ing in nitric acid, rinsing, and pre-electrolysis. To as- 
sure that the electropolishing procedure itself did not 
cause changes or leave a residue on the single crystal 
surfaces which could affect their electrochemical prop- 
erties, a second set of potentiostatic measurements was 
made on the bead after electropolishing it under the 
same conditions used for the single crystals. The elec- 
tropolished Pt bead, after the usual cleaning treatment, 
gave essentially the same results as were initially ob- 
tained before electropolishing. 

All of the Pt electrodes had mirror bright surfaces, 
but as Fig. 1 shows they were by no means flat surfaces. 
Mechanical means of flattening the surface were 
avoided since it was felt that scratching or the inclu- 
sion of polishing agents could have strong effects. It 
seems obvious that atomically smooth surfaces are not 
feasible at the present time, and it is felt that the pre- 
dominant orientation of surface atoms is influenced by 
the underlying Pt atoms of the given orientation. 

True area (4) was calculated on the basis of a one- 
to-one correspondence between each Pt atom and Osd. 
Since different crystal orientations were used, it was 
necessary to determine the number of Pt  at./cmz for 
each face and bead. Atom densities for perfectly 
smooth electrodes of the ( I l l ) ,  (loo), and (110) ori- 
entations were calculated to be 1.5 x 1015, 1.31 x 1015, 
and 0.92 x 10'5, respectively, using 3.92318, (5) as the 
lattice parameter. The atom density for the bead was 
assumed to be 1.31 x 10'5(2)). On this basis and cor- 
recting for double layer charging (36 cC/cm2), the 
number of @C/crn2 for a 1 cm2 true area electrode for 
each face and bead was calculated. The experimental 
true area of each electrode was then determined, and 
Table I shows areas of unscratched electrodes. All 
areas given in this paper are so-defined true areas. 

Two types of electrochemical measurements were 
performed. The first was the type of potentiostatic 
measurement previously reported (2)  for a bead elec- 
trode and gave the steady-state current density vs. 
potential relation for each electrode in Hz-saturated 
1M H2SO4 under conditions of very rapid stirring 
with Hz gas (> 1000 ml Hz/min). 

The second tvoe of measurement gave anodic chare- 

*The orientation, spark cutting, and x-ray difllraction confirma- ing by galvanostatic 
tion of the orientation was done by C. L. void, ~ ~ t ~ l ~ ~ ~ ~ ~  ~ i ~ i ~ i ~ ~ .  (1.2-2 A/cm2) after potentiostating the electrodes until 
Naval Research Laboratory. 

a photomicrographs of the pt electrodes were made by A, C, 
steady state was reached. In this case steady state re- 

Simon. Electrochemistry Branch. Naval Research Laboratory. fers to no change in the number of coulombs of charge 
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d s  -,: t 9  t* s d 
Fig. 1. Comparative photo- ' 

micrographs of Pt (111) before 
(a, left, 1M)X) and after (b, .- + .I.L = 1, .a " 
right, 135X) electrolysis. 

I .  r ? ,"I -.'* q 
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Table I. Pt  electrode true areas 

Electrode pC/cml Area,' cml 

Bead 
Bead, electropolished 
11111, first electropolish 
Il l l) ,  second electropolish 
I l O O ) ,  first electrapolish 
[ loo) ,  second electropolish 
(1101. first electrooollsh 
I l l O ) ,  second eleciropolish 

current ( A )  x p e c  to form one monolayer of 0 . a  
* Area = 

(pC t 36)/cmP 

required to oxidize sorbed H atoms and/or to saturate 
the surface with Oad The steady state obtained in the 
first type of measurements meant no change in cur- 
rent density with time. The times required in most 
cases to reach coulombic steady state was shorter than 
the time required to reach steady-state current den- 
sities. However, under conditions of initially high 
dermasorbed 0 content followed by a lowering of po- 
tential to a value that resulted in a large loss of derma- 
sorbed 0 ,  overnight potentiostating was necessary. 
After steady state was reached, the high-speed switch- 
ing arrangement previously reported (6) was used to 
switch from potentiostatic control to a galvanostatic 
anodic charging pulse. These measurements were car- 
ried out under initial electrode conditions of either 
no dermasorbed 0 (by first taking the potential to OV 
for at least 5 min) or fully charged with dermasorbed 
0 (by first taking the potential to 1.8V for at least 30 
min). After the initial treatment, the electrode was 
potentiostated to a set value. 

The determination of the amounts of sorbed H atoms 
oxidized and 0 atoms formed during galvanostatic 
anodic charging was done in the following way. Anodic 
charging curves applied at the H+/H2 equilibrium 
potential for each electrode were determined at the 
beginning and end of each set of measurements. The 
end of the hydrogen region and the length of the linear 
atomic oxygen adsorption, Oad, region were determined 
in the standard way (4) by drawing a straight line 
through the linear Oad region and finding the intercepts 
with straight lines drawn from the slope of the so- 
called double layer region (from about 0.5 to 0.9V) 
and from the linear extrapolation of the 0 2  generation 
region starting at  about 1.75V. Dropping a perpendic- 
ular line from the intercepts at the beginning and end 
of the Oad linear region to the anodic charging curve 
gave potentials that were considered to be the end 
of the H oxidation region and the end of the Oad 
formation region, respectively. The voltages deter- 
mined in this way varied from 0.8 to 0.95V for the end 
of the H oxidation region and varied from 1.65 to 
1.85V for the end of the Oad formation region. The 
specific voltages for a given run were very repro- 
ducible, and the actual values were directly dependent 
on the actual current densities used in the anodic 
charging pulse. The voltages determined in this way 
were used to calculate the number of coulombs, q~ and 
q0 [after correcting for double layer charging (4)], 
of sorbed H and Oad formation for each anodic charg- 
ing curve for each electrode at the various potential 
settings. This method of determining the H and 0 re- 
gions differs from the procedure used in earlier work 
(7) where these regions were always determined by 
intercepts from the linearly extended Oed region. Al- 
though the linear extrapolation method is basic in 
determining the area of the P t  electrodes (4) and is a 
reliable technique, under anodic potentiostatic control 
the H associated with the P t  is low at potentials above 
0.3V and the linearity of the 0.d region decreases. 
Therefore, the difficulty of determining the length of 
the Oad regions increases. Although a determination of 
coverage of Oad is possible by the method used in ref. 
( 7 ) ,  we feel that the present technique is less subjec- 
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tive and better defines the method of determining sur- 
face coverage. Later in the paper data will be given 
which can be compared with the data given in Fig. 2 
of ref. (7).  Such a comparison will show fairly good 
correspondence for the two methods. Although our 
measurements do not assure an absolute relation of 
amounts of H and Oad and potential, the values ob- 
tained do give a valid comparison of the four different 
P t  electrodes. The temperature was 25" ? l0C, and all 
measurements were made in HZ-saturated (1 atm) 1M 
HzSOa. 

Results and Discussion 
Area determinations.-Will (1) concluded from 

his experimental results that the areas (roughness fac- 
tors) of his P t  single crystal faces increased with in- 
creased number of potential sweeps. Recently, Biegler 
(8) reviewed the problem of area increases on poly- 
crystalline Pt and also concluded from his own work 
that there are significant increases in electrode area 
under repetitive, cyclic treatment that involved fast 
reduction of surface oxide and that smoothening can 
occur under slow reduction of oxide. Our own ex- 
perience with P t  electrodes over a period of many 
years showed that under our experimental conditions 
no significant changes in electrode areas were found 
either in the pre-electrolysis treatment or in use of 
polycrystalline electrodes over long periods of time. 
Taking into consideration the findings of Will and 
Biegler, we decided to investigate carefully the prob- 
lem of surface roughening and to determine if recrys- 
tallization or significant changes in surface atom ar- 
rangement occurred. 

We point out that our electrodes were not subjected 
to rapid repetitive, cyclic treatment and that the only 
rapid potential changes experienced by the electrodes 
were during anodic charging and switching. Figure la 
is a photomicrograph (100X) of the (111) P t  face elec- 
trode. This picture was taken immediately after elec- 
tropolishing and placing the electrode in the Teflon- 
polyethylene mount. The encircled area shows a typi- 
cal remnant of the polyethylene film stripped from the 
surface during electrode mounting. Many other simi- 
larly shaded and appearing particles of polyethylene 
can be observed on the surface. After cleaning the 
electrodes and placing them in the cell, the equilibrium 
hydrogen potential was obtained on each electrode be- 
fore any electrolysis was applied. Upon applying an 
anodic charging pulse to each electrode, it was ob- 
served that the hydrogen regions were very short and 
indistinct and that the oxygen regions were somewhat 
rounded. After applying about 10 pulses, the hydrogen 
region lengthened and the oxygen region became less 
rounded. Each electrode was then potentiostated to 
1.5V for a period of at  least 16 hr. After this time the 
anodic charging curves for each face showed a nor- 
mally clean linear oxygen region. Significant in- 
creases in area were observed over a period of several 
days. The largest change was experienced in one run 
with the (110) electrode which underwent a change 
from 0.0264 to 0.047 cmz over a period of one week. 
After these inital area changes frequent area deter- 
minations showed that each electrode experienced no 
further significant change. 

Figure l b  is a photomicrograph (135X) of the same 
electrode shown in Fig. l a  after that electrode (111) 
was in the cell for a period of two months. During that 
time the electrode underwent potentiostatic polariza- 
tion ranging from -0.04 to 2.1V for eight days and was 
subjected to potentiostatic control and anodic charging 
during a period of four more days. Figure l b  shows the 
complete removal of the bits of polyethylene and 
further shows no significant change in the P t  surface. 
The same dendritic areas, pits, terraces, and structure 
are apparent in both photos. 
Our interpretation of the initial area changes and 

shape of the anodic charging curves is that the poly- 
ethylene residue in contact with the electrodes is being 
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removed primarily by being scrubbed off by the for- 
mation of oxygen. Some oxidation of the polyethylene 
in close contact with the surface may occur. It may 
take quite a bit of time (possibly as long as a week) 
to remove the last trace of polyethylene. Once this 
initial cleaning of the surface occurs, photomicro- 
graphic evidence and electrochemical area determina- 
tions show that actual roughening or structure changes 
on the electrode surface do not occur under the con- 
ditions of our experiments. Our findings do not mean 
that roughening could not occur under Biegler's (8) or 
Will's (1) experimental conditions. However, there is 
a possibility that Will's polishing of the single crystal 
faces with alumina powder did result in an incorpora- 
tion of some alumina in the surface layer. The two 
hundred or more sweeps required to get a repro- 
ducible surface may be related to the removal of some, 
if not all, of the alumina by a scrubbing action by 
hydrogen and oxygen. 

Hydrogen overvoltage.-Hydrogen overvoltage data 
are shown in Fig. 2 and 3. The interesting feature of 
these curves is that there is no significant difference 
between the bead and ( I l l ) ,  (loo), and (110) faces. 
The Tafel b slope is -0.025, and the i, for the equi- 
librium hydrogedhydrogen ion exchange is 1.9 mA/ 
cm2. The assumed atomic densities of the four elec- 

V BEAD t 
- 0 01 

- 
0 00 ANODIC CURRENT 

-001 

Fig. 2. Dependence of current density on hydrogen overvoltage 

0 I1111 
a I1001 
0 I1101 
o BEAD 

Fig. 3. Dependence of current density on hydrogen overvoltage a t  
low values of q. 

trodes in terms of atoms per square centimeter are: 
1.5 x 1019 for ( I l l ) ,  1.31 x 10'5 for (loo), 0.92 x 1015 
for (110), and 1.31 x 10x5 for the polycrystalline bead. 
Hence, since the calculated true areas are based on 
these numbers of Pt atoms per square centimeter, one 
can conclude that Pt atom density and spacing do not 
determine the kinetics. It may be argued that diffusion 
is the rate-controlling process; however the true areas 
include a roughness factor, and since the geometric 
area is the important consideration in diffusion, it 
would be necessary to show that the roughness factor 
for all the electrodes are essentially the same. The 
method we used to mount the single crystals left an 
uneven rim of polyethylene around the edge of the 
electrode so that accurate determination of the geo- 
metric area was difficult. However, several determina- 
tions of geometric area by use of a Bausch and Lomb 
Measuring Magnifier showed differences in roughness 
factor. For example, for the (110) face the roughness 
factor after the first electropolishing was 2.1, whereas 
after the second electropolishing it was 1.4. However, 
the hydrogen overvoltage results, based on true area, 
were essentially the same. 

The data in Fig. 3 satisfactorily compares with data 
previously obtained [(9) Fig. 41, however, the Fig. 3 
data are on a more expanded potential scale. This ex- 
pansion clearly illustrates that for q > 0.5 mV the ex- 
perimental data points do not fit on an extrapolated 
linear curve from -6 mV through zero. This deviation 
shows that the amount of adsorbed H which is in rapid 
equilibrium with H+ and Hz dissolved in solution is 
very small. 

Potentiostatic anodic current density us. voltage re- 
lations.-Figures 4-6 show the potentiostatic anodic 
current density us. voltage relations for the ( I l l ) ,  
(loo), and (110) faces. Figures 7 and 8 compare the 
three crystal faces with previous results (2) for a 
polycrystalline bead electrode for the increasing and 
decreasing potential sequences, respectively. The 
former bead electrode results were checked with a new 
bead electrode, both before and after the same elec- 
tropolishing used on the single crystal faces. The pres- 
ent results confirmed the previously reported values 
and further demonstrated that effects due to electro- 
polishing and differences in solution composition were 
negligible. In addition, Fig. 9 and 10 compare three 
lightly scratched (by rubbing with soft tissue paper) 
principle faces and a Pt  bead electrode. 

-4 -3 -2 

LOG I l ~ l c r n ~ l  

Fig. 4. Potentiostatic dependence of current density on potential 
for Pt (111): A increasing potential sequence; D decreasing po- 
tential sequence; - cyclic behavior, frequency about 20 min. 
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Fig. 5. Potentiostatic dependence of cr;rent density on potential 
for Pt (100): A increasing potential sequence; V decreasing po- 
tential sequence. 

Fig. 6. Potentiostatic dependence of current density on potential 
for Pt (110): A increasing potential sequence; V decreasing po- 
tential sequence. 

The data in Fig. 4-10 show that the limiting Hp oxi- 
dation reaction is esssentially independent of crystal 
orientation. Small differences are noticeable for the 
bead and the (100) face which had about 10% lower 
limiting current densities than the (111) and (110) 
faces (see Fig. 7 and 8). Small differences can also be 
seen for the lightly scratched faces (Fig. 9 and 10). 
These differences are just about within the limits of 
the experimental error (about lo%), and even though 
these differences were consistent after two electro- 
polishings, they are too uncertain to be considered 
significant. The fact that the scratched electrodes which 
would, of course, have higher roughness factors than 
the smooth electrodes gave virtually the same limiting 
current densities further demonstrates that the limiting 
current density is not primarily diffusion-controlled. 
This conclusion holds because the data in Fig. 4-10 are 
plotted on the basis of true area (4) which means that 
if the data were plotted on the basis of geometric area, 

_______------ 
J5 ' " ) " ' -  -4 3 -2 

Lffi i l l l s n 2 1  

Fig. 7. Comparative potentiostatic relations for increasing poten- 
tial sequence. Curves ore lines shown in Fig. 4-6. 

2 0 -  

DECREASING 

0 2  - 

Fig. 8. Comparative potentiostatic relations for decreasing poten- 
tial sequence. Curves are lines shown in Fig. 4-6. 

there would be significant differences between the 
scratched and unscratched Pt faces. 

The really significant differences in the three princi- 
ple faces and the bead are in the passive (decreased 
rate of Hz oxidation) region and the transpassive (oxy- 
gen evolution) region. Figure 7 shows that the onset of 
passivity and the shape of the passive region is very 
much dependent on the orientation. For example, the 
potential at which passivity commences increases in 
the order (loo), bead, (110) and ( I l l ) ,  whereas for 
the decreasing potential sequence, Fig. 8, the activation 
(increased rate of Hz oxidation) of each electrode 
has little dependence on orientation. The differences 
for the scratched electrodes (Fig. 9 and 10) are sig- 
nificantly less. 

The differences in behavior shown in the shapes of 
the passive regions and the Tafel slopes of the oxygen 
generation region are at the same time remarkable 
and unexplicable on the basis of Pt atom geometry. 
Figure 4 shows that for the (111) face at potentials 
between 1.4 and 1.9V the current density, for both 
the increasing and decreasing potential sequences, is 
cyclic (at about 20-min intervals) over one order of 
magnitude. At and below 1.4V, dermasorbed oxygen 
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t 
INCREASING 
POTENTIAL 
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LOG I ( ~ / c r n ~ l  

Fig. 9. Comparative potentiostatic relations for scratched single 
crystals. Increasing potential sequence. Curves represent moximum 
current densities. Bead electrode is unscratched. 

0.1 OECREASING 
POTENTIAL 
SEQUENCE 

Fig. 10. Comparative potentiostotic relations for scratched single 
crystols. Decreasing potential sequence. Curves represent minimum 
current densities. Bead electrode is unscratched. 

(decreasing potential sequence data) reduces the rate 
of hydrogen oxidation until 0.7V where the derma- 
sorbed oxygen is removed. The Tafel slope of the oxy- 
gen evolution reaction is 0.180 for the increasing po- 
tential sequence and 0.095V for decreasing potentials. 
The Tafel slope for both the increasing and decreasing 
potential sequence for the bead was 0.13 (2). 

The (100) face, Fig. 5, shows no cyclic behavior at 
potentials above 1.4V, but the differences in the rates 
of oxidation between 1.4 to about 1.7V is small. Derma- 
sorbed oxygen appears to only have a significant effect 
from 1.4 to 0.8V. For this electrode, the 0 2  evolution 
Tafel b value is 0.100 for both the increasing and de- 
creasing potential sequence. 

For the (110) face, Fig. 6, there is a great deal of 
overlap and scatter of points from 1.4 to 1.9V for the 
increasing and decreasing potential sequence. Below 
1.4V the separation due to dermasorbed oxygen is ap- 
parent down to 0.75V. The Oz evolution Tafel b value 
for both the increasing and decreasing potential se- 
quence is 0.105. 

Figures 7 and 8 show that the passivation of the 
oriented single crystals are all significantly less than 
that of the bead, but there is no order as far as Pt 
atom densities are concerned. All that one can say is 
that the presence of grain boundaries or stress in the 
beads or differences in impurities in the bead and the 
single crystals greatly enhance passivation. Figures 9 
and 10 for the scratched oriented crystals also show 
enhanced activity over the bead. In this case the (110) 
scratched face is the least passivated of all the elec- 
trodes investigated. For this electrode the change in 
activity above 0.7V was small for both the increasing 
and decreasing potential sequences. In fact, the pres- 
ence of dermasorbed oxygen (Fig. 10) has only a minor 
effect on the activity of this electrode. 

Another interesting observation that was made dur- 
ing the course of the potentiostatic measurements on 
the unscratched faces was the potential at which 
visible oxygen evolution occurred. Each of the faces 
was mirror bright so that under bright illumination, 
if gas evolution occurred, the formation of extremely 
small bubbles would be obvious. On the three oriented 
iaces it was noticed that bubbles of oxygen were not 
observed unless the electrodes were potentiostated at 
1.8V or above. Figures 4 to 8 showed that at potentials 
from 1.4 to 1.8V, the current densities for each crystal 
face did not vary greatly, and at potentials down to 
0.7V the current densities generally increased. In addi- 
tion, Fig. 7 shows that at the three faces the current 
densities varied considerably at, and immediately be- 
low, 1.8V. If the net reaction were an electrochemical 
generation of On, the potential at which this reaction 
occurs should be detected easily, especially since mea- 
surements at potentials above 0.7V took anywhere 
from an hour to hours to reach steady state. The fact 
that no oxygen bubbles were evident below 1.8V 
shows that the net reaction below this value was not 
the formation of 0 2 .  

This conclusion means that there must have been 
some interaction of molecular hydrogen with whatever 
current-consuming reaction occurred. The following 
possibilities are apparent: 

Other oxygenated species can be visualized also. 
The important conclusion that one can derive from 

the observation that 0 2  bubbles are not formed until 
a potential of 1.8V is reached is that for the oriented 
single crystals, and as was previously concluded for 
a heterogenous P t  electrode (2, 7, lo) ,  Hz in solution 
reacts with oxygen or oxygenated products of water 
in the passive region. Only when the rate of oxygen 
generation (1.8V) exceeds the rate of the interaction 
of Hz with the oxygenated species is the net reaction 
the formation of 02 .  This conclusion does not, of 
course, mean that oxygenated products of water may 
not exist on the surface of P t  (or 0 be dermasorbed in 
P t )  in the passive region below 1.8V, but it does imply 
that below 1.8V saturation of the surface with oxy- 
genated species of water is infeasible. In addition, sup- 
port is given to the previously reported conclusion 
from this laboratory (2, 7, 10) that the cause of the 
initiation of passivation at  0.7V on a P t  bead is not 
due to surface coverage with oxygen or an oxygenated 
product of water, but rather by anion adsorption. As 
the potential is increased above the value where passi- 
vation is initiated, the amount of oxygen or oxy- 
genated products of water is increased, but sulfate 
ions also play an important role. In summary, the fact 
that a high voltage of 1.8 is required before visible 0 2  
evolution occurs is strong evidence that under steady- 
state conditions, the net accumulation of water oxida- 
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tion products on the P t  surface is strongly restricted 
both by the interaction with Hz and by the presence of 
sulfate ions. 

Relation between potential and amount of associated 
H atoms.-Figure 11 shows the relationships obtained 
for the dependence between the amount of hydrogen, 
qlr, oxidized by a high current density anodic pulse 
and the potentiostated steady-state potential for all 
electrodes. Figure 12 compares the four electrodes on a 
normalized scale, q~r/qrr.~=n. Since on the normalized 
scale, the q~ of each electrode is compared to its qrr at 
the H+/H2 equilibrium, the amount of coulombs is re- 
lated to the number of P t  atoms per square centimeter 
for each electrode since the ratio q ~ / q o  was about the 
same for all three faces. Thus the atom densities for 
the three faces and for the bead are normalized, and 
the curves in Fig. 12 show the fraction of the number 
of the equilibrium associated H atoms at  each potential. 
On the normalized scale, the differences between the 
four electrodes are small. Only at potentials of 0.1V 
and below does there appear to be a significant differ- 
ence between the (111) and (100) compared to the 
(110) and bead. However, Fig. 11 shows that on the 
defined (4)  true area scale, there are considerable 
differences in the amounts of H associated with each 
electrode. It is interesting that Fig. 11 shows that 
under steady-state conditions small amounts of hy- 
drogen are associated wtih P t  at  potentials above 
0.35V. 

The dashed line for the bead data in Fig. 11 is the 
q11 us. E relation for a single anodic charging curve 
from the Ht/H2 equilibrium. This dashed curve shows 
that transient and potentiostatic H content do not have 
the same dependence on potential. The steady-state 
amount of H associated with P t  at  any potential above 

E I V  vr. NHEI 

Fig. 11. Steady-state amounts of H atoms, qrr, associated with 
each Pt electrode a t  given potentials. See text for meaning of 
dashed line. 
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Fig. 12. Normalized (qrr/q11, E=O)  steady-state amounts of H 
atoms associated with each Pt electrode a t  given potentials. 

OV is always less than the high current density tran- 
sient values. 

Will ( I ) ,  using a cyclic voltametric technique, ob- 
tained a normalized q l , / q , r , ~ = ~  separation between the 
three faces in the order (100) > (111) > (110). Our 
comparative data (Fig. 12) gives (100) = (111) > 
(110) = bead. 

Relation between potential and amount of 0 atoms 
formed by anodic charging.-A series of anodic charg- 
ing curves typical for any of the electrodes is repre- 
sented in Fig. 13 by a (100) electrode. Figure 14 gives 
the q~ vs. potential data for all electrodes and Fig. 15 
gives the normalized q o / q ~ , ~ = o  data for all electrodes. 
As brought out in the experimental section of this 
paper, qo is the number of coulombs per square centi- 
meter of oxygen atoms formed on the electrode sur- 
fsce with a high current density galvanostatic pulse 
under the given potentiostatic conditions. 

All of the open symbols signify that the electrode 
was taken to open circuit (zero volt) for at least 5 min 
before the given potential was applied. The closed 
symbols signify that the electrode was taken to 1.8V 
for at least 30 min. Thus, for the open symbols, the 
initial electrode condition was the equilibrium hydro- 
gen electrode free of dermasorbed oxygen, whereas 

TIME i IOC  ~ s / c m l  - 
Fig. 13. Anodic charging curves for Pt (100) from set potentio- 

stated values. i = 1.824 A/cm2 

15 min a t  each potential 

E ( V  vs. N H E I  

Fig. 14. Amounts of 0 atoms, qo, formed on each Pt electrode 
when an anodic galvanostatic pulse is applied a t  given steady-state 
potentials. Open symbols are values for initial potentiostating a t  
OV. Closed symbols are values for initial potentiostating a t  1.0'. 
See text for meaning of dashed line. 



for the closed symbols the initial electrode condition 
was saturation with dermasorbed oxygen. 

The data in Fig. 14 and 15 show that for all of the 
oriented faces, there is a relatively small decrease in 
the amount of 0 atoms required to form a monolayer 
with the anodic charging pulse from zero to O.9V. On 
the other hand, the data for the bead is similar to 
previously reported data (7) and shows a significant 
decrease in the required amount of 0 to form a mono- 
layer at 0.4V, followed by a plateau to 0.9V and then a 
sharp drop similar to the oriented faces. The hysteresis 
(closed symbols) is believed to be caused by derma- 
sorbed oxygen. The data in Fig. 14 and 15 show that 
dermasorbed oxygen is virtually completely removed 
at a potential of 0.8V. About 16 hr of potentiostating 
at 0.8V (after saturating the electrode at 1.8V with 0) 
was required before the steady-state qo was found for 
all electrodes. This qo at 0.8V, as were closed symbol 
values at lower potentials, corresponded to the open 
symbol, initially dermasorbed 0-free cases. 

The dashed line for the bead in Fig. 14 shows the 
linear qo us. E relation for a single anodic charging 
curve beginning at the H+/H2 equilibrium. The 
amount of Oad which can be formed by an anodic pulse 
starting at a given E above 0.5V is always less than the 
O.,,I formed under high current density transient con- 
ditions starting at zero. The rapid decrease in the de- 
posited quantity of Oad at E above 0.9V supports the 
conclusion that sulfate ion adsorption does decrease 
the number of sites available for Oad. 

Because under steady-state potentiostatic conditions 
Hz will react with oxygen and/or oxygenated water 
species, the large decreases in the amounts of 0 re- 
quired to form a monolayer under galvanostatic charg- 
ing are believed to be due to anion (sulfate ion) ad- . 
sorption (2,7). Further, from kinetic considerations 
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Fig. 16. Photomicrographs of 
(a) (left) Pt ( I l l ) ,  (b) (center) 
Pt (loo), and (c) (right) Pt 
(110) after electrolysis (325)o. 

-0 ( 1 1 1 )  
---a (100) 

tween the oriented single crystal faces and the poly- 
crystalline bead. This difference indicates that factors 
such as grain boundaries, stress, and possible varia- 
tions in impurities in the Pt  can play an important 
role in some adsorption phenomena and may influence 
the catalytic activity of some reactions. Another pos- 
sible variation may be differences in the potential of 
zero charge between the bead and single crystal faces. 

The open-circuit rate of reaction of a rapidly gener- 
ated monolayer of Pt-0 formed by an anodic galvano- 
static charging pulse with HI! in solution (11) was 
determined in the hope that single crystals, which 
would be in an essentially ideally annealed state, 
would differ significantly from a bead electrode which 
would contain strains. The rates of the Pt - Oad + H2 
reaction for all four electrodes varied from about 1 to 5 
mA/cmZ. These differences were random and were 
independent of orientation or polycrystallinity. AC- 
tually, previous work (11) with bead electrodes gave 
rates which ranged both lower or higher than these 
values, so that no particular relation between the met- 
allurgical state or single crystal orientation of Pt  and 
the rate of the reaction of Pt - 0 + HZ was obtained. 

(2), it is felt that anion adsorption not only initiates 
passivation, but is the major cause of the rapid de- 

Conclusions 
Figure 16 shows photomicrographs at magnification 

of 325X of ( I l l ) ,  (loo), and (110) faces after pro- 
longed electrochemical measurements. These photomi- 
crographs show no particular metallurgical changes 
on the electrode surface as compared to those taken 
before electrochemical treatment (see Fig. 1 also). The 
present study has shown that there are areas of marked 
differences in electrochemical behavior of single crystal 
orientation as compared with a polycrystalline elec- 
trode, and that for some reactions (i.e., hydrogen over- 
voltages below 0.7V) the effects of metallurgical fac- 

I .O crease in the rate of Hz oxidation up to at least 1.2V. 
The data in Fig. 7 and 8 correspond sufficiently well 
with the sharp drop at 0.9V to show a real relation be- 

0.8 tween increased surface coverage and decreased rate 
P of Hf oxidation. The most pronounced difference in the 

four electrodes is the comparison of the bead to the 
0.6 three oriented faces. Both the drop in qo at 0.4V and 

v0 the much lower minimum current densities shown in 
0.4 Fig. 7 and 8 indicate that such differences as grain 

boundaries, stress, or differences in impurities in the 
Pt play an important role both in anion adsorption and 

0.2 passivation. The differences in the three faces are 
too small to be highly significant, but several trends 
are apparent. There is a sharper decrease in qo at po- 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
tentials in excess of 0.4V for the (110) face (Fig. 15), 
and at potentials from 0.7 to 0.9V, its behavior is 

E ( V  VS. NHE) intermediate to the ( I l l ) ,  (loo), and the bead, The 
Fig. 15. Normalized (qo/qo,~=o) amounts of 0 atoms formed qo for the (100) face drops sianificantly at 0.1V but 

on each Pt electrode when an anodic galvanostatic pulse is applied then changes very little until 0.9V. 
a t  given steady-state potentials. Open symbols are values for initial In summary, differences in behavior of the various 
potentiostoting at  OV. Closed symbols are values for initial po- orientations are apparent, but they are small and fol- 
tentiostating at  1.8V. low no logical sequence, such as atom density or spac- 

ing. The really significant differences are those be- 
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tors are minor. Changes in electrode area or in char- 
acter of the electrode surfaces were not found. Un- 
doubtedly an improved technique for polishing the 
electrode to give orientations that approach atomic 
smoothness would be desirable as would observations 
of surface atomic arrangement by such techniques as 
LEED. It is apparent that grain boundaries, stress, 
and impurity inclusions in the electrode may be of 
much, more importance in determining catalytic ac- 
tivity for some reactions than is the actual atomic den- 
sity or geometry of platinum. 

Surface defects on oriented single crystals caused 
by scratching had marked effects on the passivation of 
Pt electrodes for hydrogen oxidation starting at about 
0.7V. Comparisons with a polycrystalline bead showed 
large differences which were most likely caused by 
grain boundaries, stress, and possibly metallic im- 
purities. It is believed that the passivity behavior is 
due to anion (sulfate ion) adsorption and that the vari- 
ous defects somehow influence this factor. 

The primary conclusion that this investigation has 
led to is that there is no simple correlation between 
atomic geometry and electrode behavior. Investigations 
of other more complex electrochemical reactions and 
better definition and control of metallurgical factors 

are required before generalizations concerning atomic 
geometry should be made. 

Manuscript submitted Nov. 25, 1969; revised manu- 
script received May 20, 1970. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1971 
JOURNAL. 
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Electrochemical Oxidation of Guanine a t  the 

Pyrolytic Graphite Electrode 
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ABSTRACT 

The electrochemical oxidation of guanine at the pyrolytic graphite elec- 
trode was investigated by linear and cyclic scan voltammetry between pH 
0-12.5 and by controlled electrode potential electrolysis in aqueous 1M acetic 
acid solution. Guanine is oxidized by an initial 2e/2H+ potential determining 
attack at the -N(7) = C(8)- double bond followed by a further 2e/2H+ 
oxidation of the -C(4) = C(5)- double bond to give 2-amino-6,8-dioxy- 
purine-4,5-diol which, being unstable, undergoes further reaction by two 
routes: (a)  further electrochemical oxidation to parabanic acid, guanidine, 
and carbon dioxide; and ( b )  hydrolysis to oxalyl guanidine and carbon di- 
oxide. The exact nature of intermediate species in the electro-oxidation of 
guanine and uric acid were more thoroughly established by extensive use 
of fast sweep cyclic voltammetry. In particular it appears that in ammonia 
buffers at  moderately high pH, the intermediate is a 4,5-diamine rather 
than a 4,5-diol. 

Guanine (2-amino-6-oxypurine) is one of the two 
principal purines found in nucleic acids and as such 
is involved in many biological processes. Previous 
work has indicated a similarity between the hetero- 
geneous electrochemical and enzymatic oxidation of 
naturally occurring purines such as adenine or uric 
acid (1, 21, although this parallelism does not appear 
to extend to purines with exocyclic sulfur atoms (3, 
4). Nevertheless, the observed electrochemistry of 
these latter compounds might aid in interpreting the 
very incompletely understood biological oxidation. 
Fast scan cyclic voltammetry of several nonsulfur- 
containing purines has indicated that a general mech- 
anism might be operative involving formation of a 
common ultimate primary electrochemical product 
which has been postulated to be a dicarbonium ion or 
a 4,5-diol (5). However, recent results on some methyl- 
ated xanthines (6) which will be published shortly 
indicates that if the N-7 position is methylated, then 

Present address: Continental Oil Company, Ponca City, Okla- 
homa. 

Key words: guanine, electro-oxidation, 2-amino-6-oxypurine, bio- 
electrochemistry, ~Yrolytic graphite. 

no intermediate comparable to those observed for 
other purines can be detected or is much smaller than 
for other compounds. Faradaic n values also support 
this idea. In view of these latter findings and the im- 
portance of guanine in biological systems, it was felt 
that the electrochemical oxidation mechanism for this 
compound should be elucidated in detail rather than 
arbitrarily assuming that its oxidation proceeded by 
a route essentially identical to uric acid. A further 
reason for studying guanine was that if parabanic 
acid was an electrochemical product, then as a result 
of the effective labeling of the pyrimidine ring by the 
2-amino group, it should be possible to assign cor- 
rectly the ring origin of this acid which was not 
possible with adenine and uric acid. 

Many of the biological and chemical reactions of 
purines are presented in the reviews of Lister (7) and 
Robins (8). Little, however, appears to be known of 
the mechanism of biological oxidation of guanine. 
Generally, biological oxidation processes are charac- 
terized only in terms of the major or most easily de- 
tected products. In many animals guanine is converted 
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to uric acid and allantoin ( 9 )  although in xanthinuric 
man, guanine ingested as yeast RNA or as 3'-guanylic 
acid appears to be converted primarily to xanthine 
(10). Guanine is oxidized only slowly in the presence 
of very large excesses of xanthine oxidase to uric 
acid. Wyngaarden (11) has suggested that this process 
might be brought about by traces of guanase present 
in the xanthine oxidase. In rat liver, guanine is con- 
verted to hypoxanthine (12). Photodynamic inactiva- 
tion of DNA on irradiation with visible light in the 
presence of the dye lumichrome is due to breakdown 
of guanine (13). Using tracer techniques, the photo- 
dynamic degradation of guanine involved formation 
primarily of guanidine and parabanic acid. Urea has 
also been detected as a photo-oxidation product (14). 
Chemical oxidation of guanine by MnOr in aqueous 
suspension at 100" gave guanidine and urea (15). 

The study reported here of the electrochemical 
oxidation of guanine at controlled electrode potential 
at the pyrolytic graphite electrode (PGE) indicates 
a mechanism whereby guanine is oxidized in a primary 
4e process to give an unstable compound which has 
been characterized as 2-amino-6, 8-dioxypurine-4, 5- 
diol or -4, 5-diamine in ammonia containing back- 
grounds [equivalent to the dicarbonium ion interme- 
diate postulated for uric acid and adenine ( I ) ] .  The 
subsequent chemical or electrochemical reactions of 
this primary product decides the final nature of the 
over-all reaction. Again, it appears as if the initial 
sites of electrochemical and biological oxidation are 
similar, but the normal biological deamination reac- 
tion at C-2 does not occur under electrochemical 
conditions. 

Experimental 
Chemicals.-Chemicals were obtained from the 

sources listed; guanine (Nutritional Biochemicals) ; 
parabanic acid, guanidine sulfate, 4-chloro-meta cresol 
(Eastman) ; guanidine hydrochloride (Matheson) ; 2, 
3-butanedione monoxime (Fisher). Buffer solutions 
were prepared from reagent grade chemicals. 

Argon (Linde) used for deoxygenating purposes 
was equilibrated with water; no other purification 
was necessary. 

Apparatus.-Polarograms and voltammograms were 
recorded on a Sargent Model XVI Polarograph using 
a water-jacketed three-compartment cell maintained 
at 25" -c 0.1"C and containing a saturated calomel 
reference electrode (SCE) and a platinum gauze 
counterelectrode in saturated potassium chloride solu- 
tion. All potentials are referred to the SCE at 25°C. 
The dropping mercury electrode had normal m and t 
values. The preparation of the various pyrolytic graph- 
ite electrodes was described earlier ( 1). Apparatus 
for cyclic voltammetry, controlled potential electroly- 
sis, coulometry, and lyophylization are described 
elsewhere (3, 5). Ultraviolet absorption spectra were 
recorded on a Perkin Elmer-Hitachi Model 124 
Spectrophotometer; infrared spectra were recorded 
on a Beckman IR8 spectrophotometer. 

Voltammetric procedure.-Because of the low solu- 
bility of guanine, saturated solutions in appropriate 
buffers were prepared, the excess of guanine removed 
by filtration, and the concentration computed by 
measurement of the u.v. absorbance. A portion of these 
solutions was then placed in the polarographic cell 
and deaerated with areon for about 10 min. Once in 
position,-the 4 m i  diameter PGE was allowed to stand 
for about 30 sec without applied potential; the starting 
potential was then applied for 5 sec (usually 0.OOV) 
and the voltammetric scan commenced. 

The PGE was resurfaced before every run by polish- 
ing on a 600 grade silicon carbide paper disk mounted 
on a motor driven rotating disk. The electrode was 
washed thoroughly with a jet of distilled water; the 
surface was then very gently touched onto a clean 
paper tissue to remove excess of water. 

Cou2ometry.-A measured volume of background 
solution was electrolyzed at the appropriate potential 

in the working electrode compartment until the titra- 
tion coulometer (16) gave a small constant titration 
rate. Then, between 0.1 to 0.2 mmole of guanine was 
introduced. The electrolysis was then continued until 
all of the suspended guanine had disappeared and the 
current had decayed to the background level. Comple- 
tion of the electrolysis was always confirmed by the 
disappearance of the characteristic guanine U.V. ab- 
sorption peak. 

Macroscale electrolysis.-The same apparatus was 
used for macroscale electrolysis as for coulometry ex- 
cept that between 1 and 2 mmoles of guanine was 
suspended in 200 ml of 1M HOAc. Electrolysis was con- 
tinued until no suspended guanine remained and the 
characteristic U.V. absorption of guanine had disap- 
peared. At completion of the electrolysis, the solution 
in the working electrode compartment was shell frozen 
onto the walls of a 1 liter flask and lyophilized which 
resulted in a white fluffy powder. 

Thin layer chromatography.-With the exception of 
urea, which was spotted as a solution (1  mg/ml), all 
reference compounds and the lyophilized electrolysis 
product were applied to thin layer sheets as very small 
crystals and were dissolved by repeated addition of 
water. Two different solvent systems were employed, 
n-butanol, acetic acid, water (120-30-50) and n-pro- 
panol, water (70-30). Two thin layer supports were 
employed, silica gel with fluorescent indicator (East- 
man Chromogram 6060) and alumina (Eastman 
Chromogram 6062). 

Parabanic acid was identified as a major product as 
a spot on the fluorescing silica gel plate having an rf 
value in butanol, acetic acid, water solvent of 0.83, 
and 0.70 in propanol, water both being identical with 
authentic parabanic acid. 

Urea was detected as a very minor product using 
butanol, acetic acid, water as solvent, and the silica gel 
adsorbent with Ehrlich's reagent (rf = 0.68). Allantoin 
was not detected under the same conditions. 

Ammonia was tested for on silica gel in the same 
solvent with Nessler's reagent but was not detected. 

Guanidine was identified in the product on an 
alumina plate using propanol, water as solvent with 
sodium nitroprusside reagent (17) (rf of 0.43), and on 
silica gel in butanol, acetic acid, water with the same 
reagent (r, = 0.63). 

Ion exchange isolation and identification of guani- 
dine.-Thin layer chromatography indicated that 
guanidine was a product of electro-oxidation. Since all 
other products or potential products except urea, which 
was only a very minor product, were acidic or could 
be hydrolyzed to salts in strong base, isolation of 
guanidine was attempted. 

One hundred milligrams of lyophylized electrolysis 
product was dissolved in 30 ml water and passed 
through a Dowex X-8 ion exchange column (hydroxide 
form) and washed with 150 ml water. The effluent was 
neutralized with hydrochloric acid and lyophylized. 
The infrared spectrum of the product was essentially 
identical to authentic guanidine hydrochloride. 

Ion exchange isolation and identification of paraba~lic 
acid.-One hundred milligrams of lyophylized elec- 
trolysis product was dissolved in 30 ml water and 
passed through a column of Dowex 50W-X8 ion ex- 
change resin (strongly acid form) and washed with 150 
ml of water. The was lyophylized. The infrared 
spectrum of the product was essentially identical to 
that of authentic parabanic acid. 

Parabanic acid was further confirmed by the polaro- 
graphic behavior of the product in 1M acetic acid 
(El12 = -0.68V) and ammonia buffer pH 9 (El/;, = 
-1.06V) and from the fact that in the latter solution 
it rapidly decomposed to oxaluric acid (Ellz = 
-1.60V) (18). 

Determination of parabanic acid.-At completion of 
the electrolysis, parabanic acid was determined by 
transferring about 20 ml of the electrolysis solution to 



Vol. 117, No. 10 ELECTROCHEMICAL OXIDATION OF GUANINE 1261 

a polarographic cell, and after deaeration a polarogram lization (freeze drying), ion exchange, thin layer 
was run between 0 and -1.4V. The height of the wave chromatography, polarography, U.V. and IR spectro- 
at ca. -0.7V was compared with a calibration curve photometry, and other physical measurements. These 
prepared from authentic parabanic acid. revealed the presence of guanidine and parabanic acid 

Determination of guanidine and guanidyl residues.: 
Guinidine or guanidyl residue was determined by 
modification of the procedure described by Staron et al. 
(19). In our hands the sensitivity of this procedure was 
about five to ten times lower than claimed. In order to 
overcome this low sensitivity, the solution produced on 
electrolysis of 0.1-0.2 mmole guanine was lyophylized 
and the resulting solid product dissolved in 10.0 ml 
water. To 2.0 ml of this latter solution was added 2.0 ml 
of a 10% solution of 4-chloro-meta cresol in 95% etha- 
nol. After agitating, 2.0 ml of N sodium hydroxide was 
added followed by 1.0 ml of freshly prepared sodium 
hypobromite solution (1 ml Brp in 99 ml N NaOH). 
The absorbance of the yellow color which developed 
was measured at 440 mp in a 1.0 cm stoppered quartz 
cell. Calibration curves were prepared with guanidine 
sulfate solutions which contained between 0.2 and 2 
mg guanidine in the initial 2.0 ml aliquot of solution. 

Determination of oxalyl guanidine.-Oxalyl guani- 
dine, allantoin, or any other similar species capable of 
being quantitatively hydrolyzed to glyoxylic acid by 
sequential base then acid hydrolysis responds quanti- 
tatively to the method of Young and Conway (20). 
The experimental procedure is described elsewhere 
(1) except that under the present conditions, a 3.0 ml 
aliquot of the electrolysis solution diluted to 5.0 ml 
with 1M HOAc was employed. 

Results and Discussion 
Voltammetry.-Guanine shows a single well-formed 

anodic voltammetric peak at the stationary PGE be- 
tween pH 0 and 12.5. Above pH 11 there was some in- 
dication of a small second wave close to background 
discharge. Because these latter waves appeared only 
occasionally at very high pH, they were not examined 
further. The peak potential, E,, for the main guanine 
wave shifts linearly more negative with increasing pH 

at 3.33 mV sec-1 scan rate. The shift of peak potential 
of 65 mV per pH unit is in fairly close agreement with 
that expected for a process where the rate-controlling 
step involves an identical number of protons and elec- 
trons. Considering the guanine peak observed over the 
whole pH range study, an average current density of 
3.72 pA . mmole-1 mm-1 was obtained. However, be- 
tween pH 2.3-10 guanine is rather insoluble so that the 
data in these regions corresponds to that observed for 
essentially saturated solutions, and in these regions 
the current density was much more variable, no doubt 
reflecting contributions of adsorbed guanine to the total 
current. Below pH 2 where guanine is somewhat more 
soluble and solutions well below the saturation limit 
were employed, the mean current density was 2.72 
pA . mmole-1 mm-2. This latter figure is in good 
agreement with that expected for involvement of 4e 
per guanine molecule. In 2M HzS04 guanine shows 
linear ip-C curves between 0.005-1.0 mM which indi- 
cates that the electrochemical reactions are probably 
diffusion controlled. 

Coulometr?r.--At wH 2.3. coulometrv at  a aotential 
corresponding to the crest of the gianine oxidation 
peak gave faradaic n values ranging from 4.2 to 4.7e. 
At completion of the electrolysis, the characteristic U.V. 
absorption spectra of guanine ( h  max = 275 mp) had 
disappeared. 

Preparative electrolysis.-Exhaustive electrolysis of 
guanine at fixed anodic potential allowed the prepara- 
tion of sufficiently large amounts of products to permit 
their isolation, identification, characterization, and 
quantitative determination. Several isolation and de- 
tection approaches were employed including lyophy- 

as major products along with a slight trace of urea. 
Neither allantoin nor ammonia was detected. A species 
was detected, however, which when subjected to a se- 
quential base then acid hydrolysis gave rise to glyoxy- 
lic acid; the latter compound is readily detected and 
quantitatively determined by formation of its con- 
densation product with phenylhydrazine which is 
oxidized by ferricyanide to the characteristic red 
chromophore (20). 

Quantitative analysis (typical) of a solution after 
complete electrolysis of 0.22 mmole of guanine in 200 
ml of 1M HoAc revealed that 1 mole of guanine 
yielded 0.35 mole parabanic acid (polarography), 0.90 
mole of guanidyl residue [procedure of Staron et al. 
(19)] and 0.55 mole of a species which could be hydro- 
lyzed to glyoxylic acid [Young and Conway procedure 
(20)]. It was noted that the value of the measured n 
value in excess of 4.0 was numerically twice the moles 
of parabanic acid produced per mole of guanine. 

Cyclic voltammetry.-The involvement of about 4e 
per molecule of guanine in the oxidation suggested a 
mechanism similar to that observed for adenine (11, 
i.e., initial oxidation at C-8 followed by further oxida- 
tion of the C(4) -C(5) double bond. In order to gain 
more detail into these processes, cyclic voltammetry, at 
fast scan rates, was employed. 

Scanning from O.OV at a clean electrode toward posi- 
tive potential only a single anodic peak (peak Ia) is 
observed for guanine. Once having scanned this peak 
and then sweeping toward negative potential, however, 
at least two cathodic peaks are observed. The first 
(peak I,) always occurs at potentials more positive 
than zero, the second (peak 11,) occurs at much more 
negative potential. On the second sweep toward posi- 
tive potential a new anodic peak (peak 11,) appears 
before the peak I, and forms an almost reversible cou- 
ple with peak I,. 

Figure 1A shows a voltammogram for these first 
and second cycles. In order to detect peaks I, and II,, 
it is necessary to employ high sweep rates, i.e., > 
300 mV sec-1 (5), indicating that the product of the 
main oxidation peak I, is very unstable. Earlier re- 
ports of the electro-oxidation of uric acid (2) and 
adenine (1) postulated that the primary electrochemi- 

2 . 0  1.0 0 -1.0 - 2 . 0  

P O T E N T I A L ,  V O L T  

Fig. 1. Cyclic voltammogram of saturated solution of guanine in 
Macllvaine buffer pH 6 a t  PGE. Scan rate 8.8 Vsec-I. A, First scan 
a t  a clean electrode, sweep started at O.OV and run toward nego- 
tive potential; scan pattern, O.OV + -1.1V -t +1.05 + -1.1V. 
B, Second scan. Scan pattern: O.OV + -1.1V + +1.05V + O.OV. 
Calibration marks on current axis indicate zero current for the 
appropriate voltammogram. Current above the calibration mark is 
anodic (-1. Current sensitivity 200 per div. 
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cal product was a dicarbonium ion formed by removal although under no conditions did the reversible 
of two n electrons from the -C(4) = C(5)-double 11, - I, couple appear. Uric acid showed similar be- 
bond. However, since the peak potential for uric acid havior, namely after scanning the primary oxidation 
oxidation was shown to be pH dependent, although peak; no reversible cathodic peak was observed but a 
only two pH values were examined (2), and involved new reversible couple at  (Ep)ca~odic = -0.55V and 
direct attack at the 4,5 position unlike adenine and (E,,),,,ai, = -0.52Vappeared. 
guanine which must involve attack elsewhere in the 
molecule before the 4,5 bond is oxidized (vide infra), 
then protons must be involved in the energy (i.e., 
potential) controlling process. This led to the sugges- 
tion that the intermediate in uric acid oxidation was in 
fact 2,6,8-trioxypurine-4,5-diol (5). We have confirmed 
that uric acid is oxidized in a pH dependent process 
and that the cathodic peak due to reduction of the un- 
stable 4,5-diol is also pH dependent. At a scan rate of 
8.8 Vsec-1 the primary uric acid oxidation peak fol- 
lowed the relation 

Mechanism 
The characteristic uv absorption spectrum of guanine 

O.,,,, = 275 mp in 1M HOAc) is due to the -C(4) = 
C(5) - C(6) = 0 chromophore (21,22). In view of the 
disappearance of this spectrum and consideration of 
the adenine and uric acid mechanisms it is likely that 
the -C (4) = C (5)-double bond is oxidized. 

Removal of 4e from guanine along with the ob- 
served pH dependence of the anodic peak suggests that 
the process proceeds by two sequential two-electron, 

(E,) = 0.83 - 0.071 pH two-proton -oxidations. ~ n z ~ m e s  such as xanthine 
oxidase, always preferentially attack an -N=CH- 

between pH 1 and 12.5. The reversible cathodic peak double bond. In guanine only the -N(7) =C(8)H- 
followed the relation bond of this type is available. Theoretical calculation 

of the nucleophilic localization energy of this same 
(E,) red = 0.68 - 0.061 pH bond predicts that it will be preferentially oxidized 

(23). Accordingly it appears that the -N(7) =C(8)- 
although it was only observed distinctly between PH 1 bond is that which would be initially attacked electro- . . 
and 8. 

All of the peaks observed for guanine are pH de- 
pendent at 8.8 Vsec-1 being described by the relations: 
E, = 1.20-0.077 pH for peak I,; E, = 0.72-0.059 pH for 
peak I,; E, = -0.54-0.026 pH for peak II,, and E, = 
0.9-0.077 pH for peak 11,. A peak of similar appearance 
and pH dependence to peak 11, was also observed for 
uric acid. Actually one or occasionally two additional 
cathodic peaks were also observed at many pH values. 
These usually occurred at more positive potential than 
peak 11, except occasionally at high pH. An example is 
shown in Fig. 1B where a clear peak at -0.6V is ob- 
served before peak 11, at  -0.75V. These additional 
peaks were most clearly observed at pH 2.3 (acetate), 
3.0 (MacIlvaine), 4.0 (MacIlvaine), 4.9 (MacIlvaine), 
and 6.0 (MacIlvaine) . 

In ammonia background pH 9.1 the cyclic voltam- 
metry of guanine was considerably different to that 
observed at all lower and higher pH values (Fig. 2) .  
Thus, after scanning peak I, the primary oxidation 
peak, a peak corresponding to peak I, at positive po- 
tential did not appear (from the pH dependence of 
peak I, it should have occurred at +0.19V). Instead, a 
new peak at  -0.55V appeared followed by three more 
negative peaks one of which corresponded to peak 11,. 
Then on the second anodic sweep a new anodic peak at 
-0.52V appeared forming a reversible couple with the 
cathodic peak at -0.55V. In addition, however, a peak 
corresponding to peak 11, also appeared (E, = 0.13V) 

chemically. It is observed experimentally (1-5, 24) and 
predicted theoretically, from the energies of the high- 
est occupied molecular orbitals (23), that the ease of 
electron removal from purines increases with the num- 
ber of ring substituted oxygen groups in the molecule. 
Accordingly, once the initial potential controlling oxi- 
dation at -N(7) =C(8)- has occurred, further oxida- 
tion should take place; since the U.V. spectrum of gua- 
nine is lost, it must take place at the -C ( 4 )  =C (5)- 
double bond. 

Fast sweep cyclic voltammetry clearly allows ob- 
servation of the reduction of the unstable product 
(peak I,) of the primary electrochemical reaction 
(peak I,) and re-oxidation in turn of the product (peak 
11,) of this secondary reduction at a less positive 
potential than required for the initial oxidation of 
guanine. These latter redox processes are essentially 
reversible and are pH dependent to an extent indica- 
tive of the involvement of an identical number of 
protons and electrons. The reversible couple occurs at 
potentials very similar to those observed for the uric 
acid oxidation-reduction couple. Accordingly, the elec- 
trochemistry of the cyclic voltammetry of guanine 
(I, Fig. 3) can be interpreted as an initial two-electron, 
two-proton rate-determining oxidation to 2-amino-6,8- 
dioxypurine (11, Fig. 3) followed by a further rapid 
two-electron, two-proton oxidation to 2-amino-6,8- 
dioxypurine-4,s-diol (some of which is even further 
electrochemically oxidized to parabanic acid and 
guanidine 111) ( ~ i ~ .  3) which corresponds to peak Ia. 

I I Provided a fast enough sweep rate is employed, reduc- 
tion of I11 to I1 can-be observed and corresponds to 
peak Ic, and on the next anodic sweep, peak 11, is 
observed which corresponds to oxidation of I1 back to 
111. 

The cathodic peak (peak 11,) observed for both 
guanine and uric acid is probably due to reduction of 
a product of partial further oxidation of 111, namely, 
parabanic acid (V, Fig. 3) (25). Authentic parabanic 
acid shows a similar pH dependence to peak 11, 
although the peak potential for its reduction generally 
occurred at somewhat more negative potential. A 
possible explanation of this effect is that the parabanic 
acid produced by breakdown of intermediate I11 (Fig. 
3) is situated very close to the electrode surface and is 

I l l 1 1  I reduced under pH conditions which are quite appre- 
2 . 0  1.0 0 -1.0 -2 .0  ciably lower than those extant in the bulk solution 

POTENTIAL, VOLT owing to the liberation of protons as a result of reac- 
tion I + 11, the result being therefore a shift in the 

Fig. 2. Cyclic voltammogram of a saturated solution of guanine peak to more positive potential. The peak observed at 
in ammonia-ammonium chloride buffer pH 9.1 a t  PGE. Scan rote more negative potential than 11, at high pH is no doubt 
10 Vsec-1. First scan started at 0.OV and swept toward negative due to oxaluric acid which is known to the hy- 
potential. drolysis product of parabanic acid at high pH and 
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I, I MOLE 

H2cflf3 + 2ntt , 
OH m, l MOLE 

HZ 0.7 MOLE 
n, 0.35 MOLE P.0.35 MOLE X, 0.55 MOLE 

Fig. 3. Proposed pathways for electrochemical oxidation of 
guanine in moderately acidic solution. The molar quantities refer 
to the amount involved per mole of guanine. Compounds listed ore 
as follows: I, guanine; I I ,  2-amino-6,8-dioxypurine; I l l ,  2-amino- 
6,8-dioxypurine-4,5-diol; IV, oxalyl guanidine; V, parabanic acid; 
VI, guanidine. 

which is electrochemically reducible at more negative 
potential (26). 

The nature of the processes giving rise to other 
cathodic peaks at various pH values is difficult to 
assign. It is possible that intermediates such as the so 
called "Behrend Compound" postulated for uric acid 
oxidation (2) might exist at certain pH values and be 
electroactive. However, saturated solutions of guanine 
were employed at most pH values for cyclic voltam- 
metry; the presence of adsorption or capacitive peaks 
is also likely. The reversible redox couple observed 
for guanine and uric acid in ammonia buffer at pH 9 
is not observed at any other pH in the absence of 
ammonia and hence must be specifically associated 
with this latter species. The likely explanation of the 
effect is shown in Fig. 4, namely, that the primary po- 
tential controlling step is identical to that at other pH 
values, i.e., two-electron, two-proton oxidation of the 
-N(7) =C(8)-bond to give 2-amino-6,8-dioxypurine 
(11, Fig. 4). However, in the presence of ammonia 
two-electron, two-proton oxidation results in forma- 
tion of 2-amino-6,8-dioxypurine-4,5-diamine (111, Fig. 
4). It would then seem that it is this latter species 

Fig. 4. Proposed primary electrochemical pathways for electro- 
chemical oxidation of guanine in ammonia buffer pH 9.1. Com- 
pounds listed are as follows: I, guanine; II, 2-amino-b,8-dioxypurine; 
Ill, 2-amino-6.8-dioxypurine-4,5-diamine. 

which forms the reversible redox couple at ca. -0.5V. 
The explanation of the anodic peak at 0.15V, which is 
the potential expected for the normal peak 11, is 
difficult to decide. A possible cause is decomposition of 
the 4,5-diamine (111, Fig. 4) to an electroactive species 
capable of being oxidized in this potential region. The 
most negative cathodic peak (E, = -1.4V) most prob- 
ably is due to oxaluric acid. In moderately acid solu- 
tion, it is clear that the primary 4,5-diol product (the 
most usual product) is unstable and under conditions 
of constant potential oxidation decomposes by two 
routes, the first by further electro-oxidation to para- 
banic acid, guanidine, and carbon dioxide. Solution 
analysis supports this view since the faradaic n value 
and parabanic acid produced are in agreement with 
theory, i.e., 0.35 mole parabanic acid per mole of gua- 
nine with an n value of 4.7e. In addition, the total gua- 
nidyl residue found per mole of initial guanine ac- 
counts for 0.9 mole, while oxalyl guanidine (IV, Fig. 3) 
determined by hydrolysis to glyoxylic acid accounts 
for only 0.55 mole, which therefore by difference indi- 
cates that 0.35 mole of free guanidine (VI, Fig. 3) is 
produced. This latter figure is in accord with the 0.35 
mole of parabanic acid detected. These data further 
support the view that the parabanic acid is derived 
exclusively from the imidazole ring of guanine. 

The material balance achieved accounts for only 
90% of the initial guanine. No doubt additional hy- 
drolysis of the above products accounts for the remain- 
ing 10%. 

Conclusions 
Guanine is electrochemically oxidized by a mech- 

anism very similar to that observed for other naturally 
occurring purines such as uric acid and adenine. The 
evidence put forward supports the view that the locus 
of initial electron removal is the same for enzymic 
and electrochemical processes and is in accord with 
theoretical molecular orbital predictions. Unlike most 
enzyme reactions where the 2-amino group of guanine 
is removed, this group remains intact under electro- 
chemical conditions, and further electrochemical reac- 
tion is centered at the -C(4) =C (5)-bond. 

It is particularly striking that the photodynamic deg- 
radation of guanine and indeed DNA appears to be 
identical to the electrochemical degradation. 
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Techicnl Notes 

Effect of Sb,O, on the Microstructure of the 

PbO, Electrode 

A. C. Simon* and S. M. Caulder*' 
Naval Research Laboratory, Washington, D. C. 20390 

and E. J. Ritchie* 
Eagle-Picher Industries, Incorporated, Joplin, Missouri 64801 

Unusual properties have been attributed to battery 
plates which contain lead-antimony grids. The sup- 
position is that antimony dissolves from the grid and 
then reacts in some manner with the active material. 

In a comparison of lead-calcium vs. lead-anumony 
grids (11, it was reported that the presence of anti- 
mony increased the amount of or-PbO, during forma- 
tion, helped to retain the active material and 
capacity during cycle tests, and modified the crystal 
structure of the PbOz. Electron micrographs indicated 
that, in plates containing antimony in the grid metal, 
the PbOz material was in the form of complex 
clusters of prismatic crystals. In plates containing 
lead-calcium grids, however, the PbOz particles were 
nondescript globules. It was suggested that the pris- 
matic morphology was required to maintain firm 
texture in the active material of the PbOz/PbSOa 
electrode. It has also been suggested (2) that anti- 
mony may act as an inhibitor of PbOz crystal growth, 
the assumption here being that increasing growth size 
decreased surface area and structural strength of the 
active material. 

In the present investigation another phenomenon 
has been noted which is directly attributable to the 
antimony oxide and which offers a clue for attaining 
greater strength in the active material without the 
necessity of using lead-antimony grid alloys. A num- 
ber of cells were prepared in which various oxides or 
oxide blends had been used in the preparation of the 
plates. Duplicate cells were prepared from each of 
these paste compositions, one with plates containing 
grids of lead and the other containing grids of lead- 
antimony. Optical microscopy was used to determine 
the microstructure of the cured plates, formed plates, 
and plates that had received a number of cycles. 

'Electrochemical Society Active Member. 
1 International Lead-Zinc Research Organization Research Asso- 

ciate at the Naval Research Laboratory. 
- 

Key words: antimony trioxide, Sb208, microscopy. lead dioxide 
electrode. 

In the preparation of the plates for microscopic 
examination, use was made of a polyester resin for 
impregnation. After this hardened, the plates were 
cut and the cross section was polished. 

Usually, such polished sections, particularly of 
cured plates, are quite stable. It was noticed, however, 
that in samples taken from two of the cured plates, 
the polished surface had been etched by the atmo- 
sphere, after a considerable time on the shelf. The 
remainder of the cured plate sections were then re- 
examined and none was found with a similar etch 
pattern. 

The etch pattern was quite distinct and suggested 
that long, needlelike crystals had been present in 
the polished surface that were completely invisible 
until the etching took place (Fig. 1). When polarized 
light was used to examine the specimen at the same 
location, it was found that crystals were present at 
the areas where an etch pattern was seen. These 
crystals were colorless, transparent, and indistinct 
and blended into the surrounding material, so that 
their outline was blurred (Fig. 2 ) .  Nevertheless, they 
could be seen sufficiently well to determine that they 
usually coincided with the etched portions of the 
surface and that they were actually acicular rather 
than cross sections through tabular crystals. 

Because they had given no indication of their 
presence in the polished surface when examined by 
vertical illumination (unpolarized light) before the 
etching had occurred, these crystals had been com- 
pletely overlooked in the original examination. This 
invisibility in the polished section also indicated that 
the crystals consisted of material different from the 
usual constituents found in the uncured plate which 
indicate their presence by differences either in re- 
flectivity or in the amount of relief polishing. 

The acicular crystals, showing atmospheric etching, 
were found only in cured plates to which 0.10% of 
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Fig. 1. Distinct etch pattern suggesting the presence of long, 
needlelike crystals. 

Fig. 2. Colorless, transparent, indistinct crystals found a t  areas 
where an etch pattern was seen. 

Sb2O3 had been intentionally added to the paste 
during mixing. Two batches had contained this added 
Sb2O3 and both were otherwise identical except for a 
difference in the paste density. In the one case this 
was 64 g/in.3 and in the other, 69 g/in.3. Both of these 
formulations had been pasted on lead grids, and both 
showed similar crystals and surface etching. 

The same paste formulation, without the added 
Sbz03, did not show any indication of such crystals as 
have been described, even when pasted on lead-anti- 
mony alloy grids. All indications were that this 
crystal type appeared only when Sb203 was a con- 
stituent of the paste mix. 

The most interesting point, however, was that 
needles with very similar acicular shapes were also 
found in the formed plate (Fig. 3 ) .  These were com- 
posed of PbOp and were easily seen in the polished 

Fig. 3. Acicularly shaped needles found in the formed plate 

sections and in size and shape suggested a relationship 
with those in the cured but unformed plate. These 
areas of PbO, with acicular external form were 
found only in the formed plates to which SbzOs had 
been added in the original mixing. 

The lack of these needlelike crystals of PbOz in 
the formed plates with lead-antimony grids indicates 
that the amount of antimony that can be obtained 
from the grid is insufficient for the formation of such 
crystals. This is particularly true because the type of 
crystal responsible for the acicular PbOz crystals in 
the formed plate was first formed in the cured plate. 
Under curing conditions the electrolytic action neces- 
sary for solution and transport of the antimony is 
missing. 

In the samples examined which contained 0.10% 
Sbz03, the number of needlelike PbOz groups formed 
seemed insufficient to bind the plate active material 
together, either by intergrowth at contacts (such as 
seems to have occurred at several points in Fig. 3) or 
by the formation of an interlocking structure. 

It would seem advisable to investigate this 
phenomenon further by using various amounts of 
Sbp03 in the paste and combining this with capacity 
and life-cycle tests to see if this type of structure can 
be improved and whether it proves to be beneficial. 
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Mass Transport Limitations in Lithium-Cupric Fluoride Cells 

R. Keller* 
Research Division, Rocketdyne, 

A Division of Nodh American Rockwell Corporation, Canoga Park, California 91304 

The lithium-cupric fluoride battery system which 
has an excellent theoretical energy density has been 
studied by various investigators (1). Severe per- 
formance limitations were encountered in regard to 
discharge rates. Such limitations appeared to depend 
on the electrolyte, e.g., they were significantly greater 
in propylene carbonate electrolytes than in those 
based on methyl forrnate. 

It appears that the performance of the cathode 
generally is the factor limiting the performance of 
lithium-cupric fluoride batteries under study. Factors 
possibly limiting cathode performance include (a) 
internal conductance of the cathode material, if reduc- 
tion occurs in situ; (6) dissolution rate of the electro- 
active material, if reduction of dissolved copper 
species occurs; (c) formation of complexed copper 
species causing changes in discharge potentials and/or 
loss by diffusion and migration; (d) blocking of dis- 
charge sites by reaction products, particularly insolu- 
ble lithium fluoride; and (e) mass transport in the 
electrolyte. Mass transport limitations are being 
scrutinized in this note. It is shown below that, in 
certain cases, mass transport in the electrolyte alone 
may account for the observed performance limitations. 
It should not be implied, however, that the factors 
limiting the performance of prototype cells in actual 
discharge tests have been identified. 

The lithium-cupric fluoride cell, e.g., with a LiC104 
electrolyte, is somewhat unique inasmuch as the cation 
of the electrolyte is being precipitated at the cathode 
during cell discharge, according to 

Lithium fluoride has generally a very low solubility 
in aprotic solvents and solutions; some solubility 
values obtained in our laboratory are given in Table 
I. Because of this very low solubility of LiF, and 
since lithium is the only cation present (disregarding 
copper), practically all fluoride ions potentially 
formed at the cathode are readily precipitated. This 
causes a depletion of the electrolyte at the cathode. 
Under limiting conditions, this depletion will be 
complete, and mass transport cannot be increased by 
higher electric fields (higher IR-drops). A similar 
effect, incidentally, can occur also in aqueous systems, 
e.g., when insoluble hydroxide forms at the anode; in 
such "conventional" cases, this effect is, however, 
much less critical because of higher diffusion coeffi- 
cients and because a higher amount of electrolyte 
solute (as reservoir) can be tolerated without 

Table I. Solubility of LIF 

Solubility of LiF, 
Solvent/solution Temp. 'C moles~liter 

Propylene carbonate 25; 6 0  <5 X 1Dd 
1M LiClO&/PC 25 1 X 10-1 
Dimethyl formamide 25 3 x lod 
D~methyl formamide 6 0  5 x 103 
Acetonitrile 25 2 X lod 
Methyl formate 25 3 x 1 0 4  

Table I I .  Calculation of limiting current 

i 
Li precipitated as LiF at cathode: ~ L I , <  = - - 

F 

i . t+ 
Lit transported by migration: ~ I . I S " ~  = - 

F 

~ C L I  
Li+ transported by (linear) diffusion: i ~ l , d  = - D -  

dU 

Li* transported by convection: Zero 

the anode will correspond to a saturated LiC104 solu- 
tion and will be practically zero at the cathode. 

The diffusion limiting current for such a case is 
calculated for a simplified, linear model where: (a) 
no separator is present; (b) the distance between 
anode and cathode is d = 1 mm; (c) convection is 
negligible; (e) the diffusion coefficient, D, is Constant 
throughout the cell; and (f) the solubility of LiClO, 
at the anode is 2.1 moles/liter, the solubility of LiF at 
the cathode is negligible, and a linear concentration 
profile for LiC104 forms between anode and cathode. 
The concentration gradient for the lithium ion can 
then be represented by 

d C ~ i  AC -2.1 x 10-3 
-=-= moles cm-4 [2] 

dy d 0.1 
Lithium ions are transported by migration and dif- 

fusion (convection neglected). At steady-state limit- 
ing conditions, the amount of lithium ions reaching 
the cathode equals the amount of lithium ions precip- 
itated at the cathode. The limiting current, i l ,  can be 
calculated as shown in Table 11. 

severely jeopardizing the energy density of the cell. F.ACLI 
In the following, a lithium-cupric fluoride cell with i l =  - D- 

t-.d P I  
a 1M LiClO4 in propylene carbonate (PC) electrolyte 
shall be considered as an example. At a discharge 
under mass transport limitations, an electrolyte con- SEPARRTOR 

centration profile, shown schematically in Fig. 1, will 
eventually result. The electrolyte concentration at I C~~~~~~~~ --- 

Electrochemical Society Active Member. 
Key words: lithium cells, copper fluoride cathode, mass trans- 

port, nonaqueous battery. 
'According to solubility studies, the reaction 2LiCl01 t CuF2 = 

2 2  t Cu(Cl0,)~ may occur on open circuit, although such studies 
have indlcated that it may progress very slowly. It is not certain 
how far such a reaction would extend i.e: , i f  Cu(CI0,)z would AHDDE CATHODE ANODE CATHODE 
form in significant amounts beyond the ;olub;hty of this compound 
in an actual electrode. Such a process would cause a depletion of 
the electrolyte, but, overall, an excess of CuF? would have to re- 
main because in a practical system a stoichiometric amount of (A) Y ~ T H  SEPARATOR C10r could not be permitted without jeopardizing the high-energy 

(8) SEPARATOR NOT CONSIDERED 

density feature of the cell. After an initial discharge of CU(CIO~)~, 
the limiting conditions would therefore occur as discussed. Fig. 1. Schematic electrolyte concentrotion profile 
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Selecting the value of D = 2.6 x 10-6 cmp sec-1 Conclusions 
determined as the integral diffusion coefficient for a ~ i ~ i t ~ t i ~ ~ ~  to low or moderate discharge rates can 
1M LiClO,/PC solution at 25°C in this laboratory (21, be predicted for certain lithium cells because of 
and a value of t- = 0.75 based on transference and transport limitations in the electrolytes. I t  appears 
conductance measurements (3), a value of essential to consider such factors. 

Limitations by mass transport as discussed may be 
reduced by: 

results for d = 0.1 cm and 4C = - 2.1 moles/liter. 1. Use of electrolytes with higher diffusion co- 
By assuming a simple cell model, some factors have efficients; 

not been considered: 2. Use of an electrolyte or a cathode material which 

1. Convection has been neglected. I t  was found ex- 
perimentally by Boehm and Ibl (4) for an aqueous 
system that convection was negligible at electrode 
distances smaller than about 0.4 to 0.6 mm. Because 
the distances between walls in the presence of a 
separator should be assumed to be smaller than 0.5 
mm, and, in addition, the viscosity of the propylene 
carbonate electrolyte is higher than the viscosity of 
aqueous solutions, disregard of convection effects is 
indeed appropriate. 

2. The diffusion coefficient in the separator material 
is lower than in the electrolyte, and somewhat lower 
values for limiting currents should result if the pres- 
ence of separators is considered. 

3. Increases in cell temperatures during discharge 
cause higher diffusion rates and hence higher limiting 
currents; a temperature increase from 25" to 70°C 
might be expected to approximately quadruple the 
limiting current in analogy to aqueous solutions (5). 

4. A reservoir of electrolyte may be contained in 
the cathode. However, such excessive amounts of 
electrolyte solution or solute depress the total cell 
energy density. 

5. A layer of saturated LiClOd solution may build 
up at the anode if sufficient LiC104 is available and 
hence increase the concentration gradient by reducing 
the distance between saturated solution and cathode. 

6. Higher currents will be obtained in the transition 
period before diffusion limitation will be reached. 

does not form insoluble cathode discharge products; 
3. Use of excess electrolyte solute as ion reservoir 

at the cathode; 
4. Proper choice of separator to minimize separator 

action as diffusion barrier; 
5. Reduction of the electrode spacing. 
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Rapid Determination of Electronic Conductivity 

Limits of Solid Electrolytes 

D. A. J. Swinkels* 

Ceittral Research Laboratories, The Broken Hill Proprietary Company Limited, Shortland, N. S. W. 2307, Australia 

Solid oxide-ion conductive electrolytes have found 
many applications for the determination of oxygen ac- 
tivities at elevated temperatures. However, at low oxy- 
gen activities and high temperatures, such as for ex- 
ample in the determination of dissolved oxygen in 
liquid steel ( I ) ,  the onset of electronic conductivity 
causes a reduction in cell emf from that calculated 
from the simple Nernst equation. 

Schmalzried (2,3)  has treated the emf relationships 
for solid electrolyte cells in which the electrolyte 
shows mixed ionic and electronic conductivity. Free 
electrons may be generated by the reaction 

where 0, is an oxygen atom in a regular oxygen site, 
V;. is a doubly ionized oxygen vacancy, and e- is an 
excess electron. For heavily doped materials such as 
(ZrOr) 0.9 (Yr0:~)  0.1 or (Z~OB)O.RP, (CaO) 0.19, Oa and V;. 
are approximately constant, and hence the electronic 
conductivity at a given temperature will vary with 

' Electrochemical Society Active Member. 
Key words: oxide ion conductor, oxygen pump, coulometric 

titration. 

oxygen pressure according to 

u, = u,"Po*- '1.l [21 

The resulting cell emf for a cell with oxygen pressures 
P I  and P2 is then given by 

where Po is the oxygen pressure a t  which the electronic 
conductivity becomes equal to the ionic conductivity, 
i.e., the ionic transport number t i  = 0.5. Equations 
similar to [2] and [3] are available for materials show- 
ing hole conductivity and for materials showing both 
electron and hole conductivity. The current analysis is 
limited to materials showing only ionic and electron 
conductivity. Values of P,, have been determined from 

resistance measurements as a function of Po, (4), from 
emf measurements on cells with known oxygen activi- 
ties (5, 6 ) ,  from polarization measurements between a 
reversible and a nonreversible electrode (41, and by 
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coulometric titration procedures (7). Resistance mea- 
surements result in limited precision values of P o  

since extreme experimental difficulty exists in fixing 
the very low Poz values which are required. At high 
temperatures, errors due to changes in surface and gas 
conduction and to contact resistances can readily occur. 
Methods involving emf measurements all require quite 
impervious electrolyte specimens and mountings since 
otherwise the resulting lower emf values are due to 
gas permeability, but may be interpreted as being due 
to electronic conductivity. 

A new technique similar to the coulometric titration 
method (7) or the oxygen pumping approach of Yuan 
and Kroger (8) is proposed. Such a method can be 
used with both porous and dense samples, and P ,  

values, over a wide range of temperatures are deter- 
mined in a single run. An emf cell is made up, from the 
sample of the electrolyte to be tested, with a Pt-air 
electrode on one side and a liquid metal electrode on 
the other side (see Fig. 1 for typical geometries). Fine 
silver (99.95%+ Ag) was used in our measurements 
since the temperature range of interest was 1000"- 
1650T, but other metals can be used at  lower tem- 
peratures. Contact to the liquid silver was made via an 
iridium wire. 

Oxygen is pumped from the metal side of the cell by 
passing a d-c current in the appropriate direction, and 
the cell becomes polarized to an extent determined by 
the rate of oxygen removal with the current and by 
the leak rate of oxygen back into the system through 
the sample or its mounting or from the argon cover 
gas. The current is increased until it exceeds the total 
leak rate. The oxygen level in the metal is then re- 
duced to an extremely low level. Further increases in 
current rapidly increase the proportion of the elec- 
tronic current through the sample. Under these con- 
ditions Pz >> PO >> PI and hence Eq. [3] may be 

sim~lified to 

where Pz = 0.21 atm. Em is obtained by momentarily 
interrupting the current and measuring the cell emf 
without IR drop and correcting for the Ir-Pt thermal 
emf. The open-circuit emf decays at a rate determined 
by the total leak rate of oxygen back into the silver. 

Fig. 2. Values of log P e determined from resistance measure- 

ments (A) and by the present polarization technique (0). 

i.e., the sum of molecular oxygen flow (through pores) 
and 0 - - flow (balanced by electronic flow). 

Results obtained for a high-purity 7 m/o Yz03 sta- 
bilized zirconia material prepared by coprecipitation, 
calcining, pressing, and sintering (9) are shown in 
Flg. 2. The sample consisted of a Vs in. diameter 1 in. 
long cylinder mounted in an alumina tube using 
Ceramabond 503 alumina cement. The polarizing cur- 
rent was interrupted for 0.5 msec at  50 msec intervals 
and the emf was measured by a track-store circuit syn- 
chronized with the interruptions and displayed on a 
DVM. Pe  values calculated from 2 terminal resistance 

measurements in air and in Hz/HzO atmospheres at 
1592 Hz are shown for comparison. The resistance mea- 
surements were reproducible to 21 in the value of lag 
Pa  calculated while the polarization measurements 

were generally reproducible to 20.2 in log Pa. 
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Evidence for a Complex Chloromolybdate Ion 

in a Molten Salt Medium from Transference Experiments 

Vernon A. Lamb 

National Bureau of Standards, Washington, D. C. 20234 

Considerable indirect evidence exists for the pres- 
ence of anionic chloro complexes of molybdenum in 
molten alkali chloride media, based mainly on emf 
measurements (1-4). It was thought that experiments 
that would provide direct evidence for the existence 
or absence of such complexes would be worthwhile. 
A transference technique was chosen for this purpose. 
The molten system was a solution of KaMoC16 in 
KC1-LiCl eutectic. 

If, at a particular temperature, the equilibria be- Fig. 1. Design of Vycor transference cell. A, B, C, porous quartz 
tween Mo(II1) ions and chloride ions lie predominantly diaphrams; D, LiCI-KC1 eutectic + AgCI, 25% by wt; E, KsMoCls 
in the direction of negative Mo-containing species, $ LiCI-KC1 eutectic; F, LiCI-KC1 eutectic; G, caps to reduce 
MO should be electrically transported from the cathode evaporation of salt. 
comaartment to the anode com~artment of a trans- ~ - . - - - - - 
ference cell. A blank experim&t (no current) run 
under similar conditions should give the amount of about 7000 coulombs, whereas .2600 was the largest 
transport by diffusion. A positive difference between passed I).  
Mo in the anode compartment resulting from elec- The quartz disks shown in Fig. 1 were 1.5 mm thick 
trolysis and from diffusion would indicate the presence and had a pore diameter Of <I5 pm. As Ob- 

in the molten system of a preponderance of negatively tained from the manufacturer they had pore 
charged complex ions. on the other hand, if no elec- ranging from 33 to 45%. Under a pressure differential 
trical transport to the anode compartment were found atml the flow Of water 
it would indicate that either the transference numbel: these disks was 10-15 ml/min. To reduce the porosity 
of the complex is zero, or that it is dissociated to such of the disks and, hence, the interdiffusion rate between 
a degree that neutral M ~ C ~ ~  or positive chlorocom- the contents of the cell compartments, the disks were 
plexes of ~ ~ ( 1 1 1 )  predominate. the latter case, partially plugged with silica by treating successively 
electrical transport of molybdenum into the cathode with ethyl silicate and hydrochloric acid, followed by 
compartment could be detected by electrolysis of a baking at 800" (5). Disks so treated to give a water 
cell in which the molybdenum salt was initially pres- flow under of about 0.5 mi/hr were used 
ent only in the anode compartment. Lunden (61, who estimated their effective total pore 

cross section to be about 0.3 to 0.4%. In our exoerience. 
Experimental 

Preliminary experiments showed that it was neces- 
sary to pass a large number of coulombs through a cell 
to produce transport of sufficient molybdenum to 
permit its measurement with reasonable accuracy. The 
cell shown in Fig. 1 was, therefore, designed to per- 
mit a large coulomb flow. Silver chloride is used in 
cathode compartment D. This arrangement prevents 
deposition of molybdenum from cathode compartment 
E that would occur if compartment D were absent 
and the cathode were placed directly in compartment 
E. The diaphram, C, between the two sections of the 
anode compartment prevented large amounts of nickel 
from entering compartment B-C. The number of cou- 
lombs that could be passed was limited by the amount 
of silver ion in the cathode compartment and the 
mass of nickel anode in contact with the eutectic melt 
in the anode compartment. These had capacities of 

Key words: hexachloromolybdate complex ion, molten salt, trans- 
ference numbers. 

disks this tightly plugged were extremely'difficult 
to impregnate with molten salt, passed only a very 
small current at several hundred volts, and showed 
evidence of conductance by arcing. Most of the runs 
were therefore made with cells containing disks 
plugged to a flow under 1 atm pressure of 3-10 ml/hr. 
Such disks were estimated to have a pore cross section 
of about 3%. They permitted passage of currents of the 
order of 100 mA at cell potentials in the range of 
5-10V, and interdiffusion was adequately reduced, as 
shown by the data in Table I. 

Preparation of salts.-Potassium and lithium chlor- 
ides were purified by the method of Maricle and 
Hume (7). Potassium chloromolybdate was prepared 
by the method of Senderoff and Brenner (8) and 
purified by heating in vacuum at 150°C for 3h hr, 
followed by successive washes in water, HC1-methyl 
alcohol, methyl alcohol, and ethyl ether, followed by 
vacuum removal of the ether. Analysis gave Mo, 
19.95%; C1, 49.6%. Theoretical: Mo, 23.1%; C1, 51.2%. 

Table I. Summary of experiments on transport of molybdenum 

Current. 
Disk flow Initial Mo found in 

Exp. No. Temp. 'C m A 
at 1 atm, location 

Time, hr Coulombs 
opposite com- 

mlhr  of IGMoClu partment, m g  t~10c1:- 

Part A. Control experiment 
16B 720 None 53 None la - 0.55 

Part B. Transport experiments 
5 800 1.8 520 
14 

80 
800 23 

42 
5 410 

Cathode 2.1 

8 
2.2 Cathode 

0.012 

800 140 4 2,000 3.5 
1.5 

Cathode 
0.011 

15 800 180 4 2,600 10 
4.9 

Cathode 
0.0074 

12 800 100 2.8 1,000 4.0 
5.3 

Anode 
0.0062 

0.9 - 

Arithmetic mean 0.009 
Standard deviation 0.0028 
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The found analysis is approximately accounted for if 
the preparation contained 12% of excess KC1. A eutec- 
tic mixture of LiCl and KC1 plus potassium chloro- 
molybdate was prepared that contained LiCl, 40%; 
KCl, 47%;. KzMoC16, 13% by weight (57, 41, and 2 m/o, 
respectively) of the constituent salts. On melting the 
molybdenum salt-eutectic mixture, a small amount of 
black precipitate formed, which was probably a molyb- 
denum oxide or a higher valent chloride. I t  was 
separated by settling, freezing, and mechanical re- 
moval. Transfer and mixing operations were done in 
a dry-box. 

Procedure.-The cells described above were filled in 
a dry-box and stoppered during transfer to the fur- 
nace tube. They were exposed to air only briefly 
while inserting the electrodes, capping the openings, 
and placing in the furnace tube. The Vycor furnace 
tube, 6 cm OD, was then sealed, evacuated, filled with 
argon, and heated in a horizontal tube furnace. When 
the salt had melted, several successive evacuations and 
pressurizations were usually required to cause filling 
of the disk pores, indicated by good electrical conduc- 
tivity. Coulombs passed were measured by integrating 
the current-time curve recorded on a strip-chart. 

After electrolysis was completed, the cell was al- 
lowed to cool in the furnace and was then removed. 
To recover the salt from the segment B-C (Fig. I ) ,  
the cell was broken at the respective disks and the 
salt dissolved in water in a beaker. Molybdenum in 
the portion of salt from segment B-C was determined 
spectrophotometrically by the thiocyanate method. 
Separate experiments with known mixtures showed 
that nickel from the anode compartment did not inter- 
fere. The accuracy of the molybdenum determinations 
is judged to be within L 3%. 

Results.-The results are summarized in Table I. 
The control experiment, 16B, shows that the amount 
of molybdenum transferred by diffusion to the ad- 
jacent section of the cell that initially contained no 
molybdenum salt is negligible (0.01 mg/hr). The 
amounts of molybdenum found in the anode com- 
partments, B-C, in experiments 5, 8, 14, and 15 defi- 
nitely indicate transport of molybdenum by a negative 
molybdenum-containing complex ion. 

The data in the last line of Table I, experiment 12, 
show that there was no significant transport of a 
molybdenum-containing ion from the anode to the 
cathode compartment. This result reinforces the evi- 
dence of experiment No. 5, 8, 14, and 15 and indicates 
that any positive chloro complexes of Mo(III), if 
present, are in rapid equilibrium with the predominant 
negative complexes. (The small amount of molybde- 
num found in the cathode compartment in this ex- 
periment is ascribed to diffusion and to trace con- 

tamination from the adjacent Mo-containing com- 
partment, which is difficult to avoid completely when 
the frozen salt is salvaged for analysis.) 

The values for the transference number in the last 
column of Table I were calculated from 

t- = 
(96500) (mass of Mo transferred) 

(coulombs) (Equivalent wt. of Mo) 
Dl 

The undissociated hexachloro complex ion is assumed 
for calculating the tabulated transference numbers; 
hence, the equivalent weight of molybdenum is 1/3 
of its molecular weight. 

Conclusions 
With the apparatus and procedure described, direct 

evidence for the existence of an anionic chloromolyb- 
denum complex at 800" has been obtained. Its 
transference number of approximately 1% in the KCl- 
LiCl solvent has been determined with an accuracy 
of about *30%. This value of the transference number 
of the complex shows that alkali and free chloride 
ions carry most of the current, and its magnitude is 
reasonable in view of the mol fraction of molybdenum 
in the melt (2%). 
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The Electrodeposition of Nickel from Heavy Water 

F. E. Ammermann, S. Ghosh, J. A. Larson, and C. R. Lewis 
Research Oftice, Product Planning and Development, Chylsler Corporation, Detroit, Michigan 48231 

Since no information was available concerning the 
effect of substituting deuterium for hydrogen in elec- 
troplating solutions, a short experiment was under- 
taken to determine the effects of this substitution. 
Nickel was deposited from baths identical except for 
the presence of hydrogen in one and deuterium in the 
other, and the resulting deposits were subjected to 
metallographic and x-ray diffraction examination. 

Procedure 
For the electrodeposition experiment, two solutions 

were made, each containing 2.4g of nickel chloride 
Key words: deuterium, electroplating, stresses, nickel. 

(NiC12) and 13.9g of nickel sulfate (NiS04) as des- 
sicated salts. One was dissolved in 100 ml normal water 
and the other in a like amount of heavy water. One 
drop of hydrochloric acid was added to each solution 
to suppress hydrolysis and each was allowed to stand 
for 24 hr. Anodes were prepared from rolled elec- 
trolytic nickel. Cathodes, 1 in.2 were cut from polished 
brass sheet. The anodes were bagged in filter paper. 

Electrolysis was performed in glass jars at  room 
temperature. The electrodes were spaced 1 in. apart. 
The systems were connected in series and current 
supplied from a rectifier at the equivalent density of 
30 A/ft2 at the cathode. Each jar contained one cathode 
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and anode arranged so that the opposed surfaces car- 
ried the principal amount of current and the backs 
were shielded. It was recognized that the conditions 
of high pH, low temperature, and lack of buffer 
(usually boric acid) would yield a burned and brittle 
plate, but it was felt that the unfavorable circum- 
stances were more likely to emphasize any significant 
differences in deposition. 

At the onset of deposition it was noted that hydro- 
gen evolution was much reduced in the deuterium 
oxide solution. The cathodes were periodically ex- 
amined in order to note significant alterations in 
appearance. As expected, the deposits were cracked 
and burned but that from the deuterium oxide much 
less so. Deposition was stopped when a sufficient 
thickness of nickel had been deposited to permit fur- 
ther examination. The total plating time was 2.5 hr 
during which the current was kept constant by periodic 
adjustment. Visual inspection showed the deuterium 
plate to be relatively smooth and metallic, whereas 
the normal system had produced the expected scaled 
and discolored surface. Somewhat unexpected was the 
appearance of the anodes. The anode from normal 
water appeared uniformly pitted but the heavy water 
anode was distinguished by large widely spaced holes 
in the surface. 

Metallurgical Results 

Both anodes and cathodes were given a detailed 
metallurgical examination. Because the deposits, es- 
pecially from the normal water, were curled and 
fragmented, superficial hardness measurements were 
not taken. Figures 1 and 2 show the microscopic aspects 
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of the anode dissolution. Since both the anodes and 
plating conditions were the same, any differences must 
be attributed to the presence of the heavy water in 
the electrolyte. The internal cavity structure and the 
nature of localized, uniform, tri-axial dissolution, ir- 
respective of grain orientation, appears to be the same 
in both cases. Therefore, the difference lies in the 
behavior of the anode surface layer in the presence 
of the two electrolytes. In the heavy water solution, 
the surface characteristics of the anode appear to 
present no problem for dissolution (Fig. 4 ) ,  whereas 
in the normal water solution, the surface layer appears 
to be passivated (Fig. 3)  to a high degree. The im- 
proved anode utilization in the heavy water cell is 
apparent. 

Figures 5 and 6 show cross sections of the deposits 
from heavy and normal water, respectively. The fol- 
lowing observations can be made: 

1. Both systems produced a deposit almost similar 
in appearance except for depth, uniformity, and 
tenacity with the substrate. 

2. Both deposits are difficult to etch, basically 
columnar in nature and similar in microstructure ex- 
cept for the grain size difference. 

3. The deposit from the heavy water system shows 
more ductility and better metallurgical bond with the 
substrate than the deposit from normal water. 

4. In both systems, the structural continuity is 
broken by intermittent plating, indicating perhaps 
the effect of oxidation. Electron microscopic investiga- 

.2 rnm 

Fig. 1. Anode appearance after plating sequence in normal water 

Fig. 2. Anode appearance after plating sequence in heavy water 

Fig. 3. Microstructure of anode surface dissolution pattern 
(normal H20) (10OX). 

Fig. 4. Microstructure of anode surface in pit area (heavy water). 
(loox). 
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Fig. 5. Microstructure of plate from heavy water 

Fig. 6. Microstructure of plate from normal water 

tion of the structure of both the anode and the plating 
is being pursued and may reveal further information. 

X-Roy Results 

Since distinct differences in grain size and stress 
levels were apparent in the two deposits, Fourier 
analysis of the x-ray diffraction peak shapes was 
undertaken to make these differences more quantita- 
tive. The analysis was performed on the (200) and 
(400) lines using copper radiation. Since the Rachinger 
(1) technique for doublet separation depends heavily 
on the tails of the diffraction lines, an interfering 
line from the brass substrate (which was evident in 
the tail of one diffraction line), made doublet separa- 
tion difficult. Therefore, a computer program based 
on the unresolved doublet was used (2).  The correction 
for instrumental broadening was made with the 
method devised by Stokes (3), using annealed nickel 
powder as the instrumental standard. The separation 
of the broadening into microstrain and particle size 
terms was accomplished utilizing the Warren and 
Averbach technique (4). The results of this analysis 
are shown in Table I. 

The values of De and microstrain shown in Table I 
are in order-of-magnitude agreement with those given 

Table  I. X-my results 

Effective 
Plating particle size Microstrain 
solution Dem. A A > ' w  <EPlmn > 'I'm 

Da0 140 Very small Very small 

by Hinton (5) for electrodeposited silver. The general 
conclusion from the results shown is that the observed 
physical difference between the two plates can be at- 
tributed primarily to microstrains. In interpreting 
these microstrain differences, one must keep in mind 
that, since the Fourier analysis was carried out cen- 
tered on the mid-point of the annealed peak, the 
microstrain values obtained must be corrected for any 
macrostrain which may be present. i.e., the observed 
values are actually equal to [<EL2> - <EL>2]1/z. 
However, due to the poor adherence of the plates, it 
can probably be assumed, in this case, that any macro- 
strains have been relieved. It should also be noted that 
it is apparently possible for hardness (or ductility) 
differences to be accounted for by twin faults (5), and 
these were not evaluated in this case. However, it is 
felt that the large differences in microstrains are the 
primary cause of the ductility variation between the 
two plates, and twin fault variations are probably 
small. 

It is apparent that visual, structural, and physical 
differences do exist in nickel deposited from normal 
and heavy water under the conditions described. The 
major effects are a lower stress level and smaller grain 
size in the nickel deposits and a more uniform removal 
of the anode surface from the heavy water solution. It 
is likely that these differences would diminish under 
conditions conducive to a more normal deposit such as 
higher temperatures, although the effects on anode dis- 
solution should not depend strongly on this particular 
plating condition. The anode effect may represent a 
combination of DzO as a solvent and the changes rela- 
tive to Hz0 during a plating cycle. 

There are certain difficulties inherent in  lat tine ex- 
periments using deuterium oxide that arise from the 
necessity of excluding normal hydrogen and the fairly 
high cost of deuterium oxide. However, the interesting 
results achieved in a simple experiment suggest that 
further investigation of deuterium oxide in both the 
deposition and etching of metals would be fruitful. 
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ABSTRACT 

The effect of the variables, temperature, and pressure, on the kinetics of 
the reaction of fluorine with silver were studied. The temperature range of 
the investigation was from 25" to 300°C, and the reaction was measured at 
fluorine pressures of 50-600 Torr. The reaction was found to be pressure de- 
pendent. Three reaction products are identified: silver subfluoride, silver 
monofluoride, and silver difluoride. No simple rate law could describe the data 
over the entire time interval of the reaction. 

The majority of the kinetic studies on heterogenous 
systems that have appeared in the literature in general 
discuss metal-oxygen systems. There have been some 
kinetic studies reported on metal-fluorine systems (1- 
15); however, the majority of the research on metal- 
fluorine systems has been compatability studies. In the 
present investigation the fluorination of silver was 
studied by exposing silver coupons to fluorine gas and 
following the reaction by the pressure drop method. 
The effect of both temperature and pressure on the 
rate of reaction are presented. 

Experimental 
The system used to study the fluorination of silver is 

shown in Fig. 1. Fluorine is brought from the tank 
through copper tubing into the system which is Pyrex 
throughout except for the reaction furnace which is 
made of quartz. A cold trap using a methylcyclohexane 
slush (-116°C) was used to remove any hydrogen 
fluoride impurity from the fluorine. The fluorine is 
analyzed by reaction with mercurv in the still (1). 

known volume containing the silver sample. In order 
to maintain approximately constant fluorine pressure, 
the pressure was allowed to drop only about 2 Torr 
and then more fluorine is introduced to return the 
pressure to its initial value. Pressures are recorded 
automatically by the pressure transducer and record- 
ing system. The perfect gas law was used to calculate 
the amount of fluorine consumed from the incremental 
pressure drop, the vessel volume, and the temperature. 
From the calibrated volume of the system, pressure 
changes on the time trace can be converted to milli- 
liters of fluorine consumed at STP. After approxi- 
mately a 4-hr exposure time the heaters were turned 
off, the system was allowed to cool to 25"C, and then 
the fluorine was pumped out of the system through the 
two soda lime scrubbers. The system is then brought 
up to atmospheric pressure with argon. A dry box is 
connected to the end of the furnace and the sample 
is pulled into it under flowing argon to prepare it for 
chemical and instrumental analysis. 

.-, 
Analysis of the fluorine indicated 95.83% fluorine plus 
0.17% HF before purification and 100% fluorine after Results and Discussion 
purification. Enough purified fluorine for one run is The fluorine consum~tion by the silver samples was 
stored in the storage bulb. The mercury manometers in measured at several temperatures and pressures. The 
the system indicate the pressures in the storage and reaction was followed as a function of time and is 
reaction sections of the apparatus, A layer of fluoro- reported as milliliters of fluorine consumed at STP per 
carbon oil is floated on top of the mercury to prevent it Square centimeter of silver surface based on the gee- 
from reacting with the fluorine. All readings are cor- metrica1 area of the surface. 
rected for density differences between the oil and the 
mercury. The metal samples are silver plates 1.27 x 
15.24 x 0.012 cm. Spectrographic analysis gave a purity 
of 99.999%. 

A plate is inserted into the cold reaction furnace 
under flowing argon and is positioned upright in the 
center of the furnace. The end plug is put in place and 
the argon pumped out. The furnace is turned on and 
the reaction section brought up to the appropriate 
temperature. Temperature profiles have been run with 
an instrumented metal sample, and the results show 
that the temperature variation across the sample is not 
more than 1°C. Meanwhile the storage section is filled 

RtMRDiNG SYSTEM- with fluorine. The general experimental method used 
to determine the rate of fluorine consumption by silver 
was to measure the pressure decrease in a vessel of 

Electrochemical Society Active Member. t+J MANOMEKR 
Key words: kinetics of fluorination of silver, fluorination of sil- 

ver. Fig. l. Fluorination apparatus 
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The effect of temperature on the reaction at  a con- 
stant fluorine pressure of 50 and 200 Torr is shown in 
Fig. 2 and 3, respectively. The effect of pressure on 
the reaction at a constant temperature of 100" and 
200°C is shown on Fig. 4 and 5. Note that at both 
temperatures there is a pressure reversal. This ob- 
served reversal in pressure dependency is not unique 
to this system but has been observed in other fluorina- 
tion studies where multiple products are formed (16). 

Data were not obtained at t = 0, the initial contact 
time of fluorine with the silver, because it takes a 

1.2 - I Indicates transition time 

0 20 40 60 80 100 120 140 160 180 200 220 240 
Time, min 

Fig. 2. Temperature effect a t  50 Torr Ft  pressure 

Time, min 
Fig. 3. Temperature effect at 200 Torr Fz pressure 

finite period of time to pressurize the apparatus with 
fluorine. 

No simple rate law will describe the silver-fluorine 
reaction over the entire time interval studied. A linear 
rate law is applicable at short times, but as the time 
interval increases the data points deviate from a 
straight line as illustrated in Fig. 6. The data at the 
longer time intervals can best be described by a para- 
bolic rate law as shown in Fig. 7. 

Several products are formed when silver is reacted 
with fluorine at the temperatures and pressures 
studied. The products were identified by x-ray diffrac- 
tion and by chemical and physical analysis as the 
subfluoride AgzF, the monofluoride AgF, and the di- 
fluoride AgF2. Where more than one fluoride appeared 
the films were layered with the fluoride richest in sil- 
ver adjacent to the metal and the one richest in 
fluorine at the gas-fluoride surface. The monofluoride 
was found as the middle layer. The relative amounts of 

" 
I I I I I I 

0 20 40 60 80 100 120 140 
Time, min 

Fig. 6. Linear plot of fluorine consumption (lW°C, 300 Torr) 

lndicates transition time 

300 torr, 
lndicates transition time 450 torr,\, 

0 40 80 120 160 200 240 280 
N Time, min 

LL E 
Fig. 7. Parabolic plot of fluorine consumption (50 Torr, 100°C) 

0 20 40 60 80 100 120 140 160 180 2M) 
Time, min 

Fig. 4. Pressure effect a t  100°C 

I I I I I I I I I I I I I  

0 20 40 60 80 100 120 140 160 180 200 220 240 
Time. min 

5 1W 2W 
Temperature, 'C 

Fig. 5. Pressure effect a t  200°C Fig. 8. Relative amounts of each product in the film 
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each product in the film, obtained from cross-section 
microscopy are shown in Fig. 8 for two pressures as a 
function of temperature. The amount of Ag2F is shown 
by the circular symbols. As the temperature increases 
the amount of AggF decreases. At 25°C only AgeF is 
formed a t  both pressures. The amount of AgF, shown 
by the square symbols, seems to increase to a maxi- 
mum amount and then decrease as the temperature in- 
creases. The amount of AgF? is shown by the diamond 
symbols. No AgFg is formed a t  50 Torr regardless of 
the temperature while at 200 Torr the amount in- 
creases as the temperature is increased. Not only tem- 
perature but pressure also affects the products formed. 
At 25°C and all pressures studied the only product 
formed was the subfluoride Ag2F. As the temperature 

0 M torr 
0 2Wtorr 

Fig. 9. Effect of temperature on rate constant in the boundary 
controlled region. 

0 M t o r r  
2W torr 

2 - 

8: 
I I I 

'2.0 2.4 2.8 3.2 3.6 
UT'KXIO-~ 

Fig. 10. Effect of temperature on rate constant in the diffusion 
controlled region. 

is increased, one or more reactions are possible includ- 
ing the decomposition of the subfluoride. 

At 300°C the product melted even though the tem- 
perature was well below the reported melting points of 
the monofluoride (435°C) and the difluoride (690°C) 
This could be due to the formation of a known low 
melting eutectic AgF.AgF2 (17). 

Reaction rate constants are plotted against 1/T on 
Fig. 9 and 10. The data on Fig. 9 show a pressure 
effect. Brown and Crabtree (1) observed a pressure 
effect on the activation energy, but could offer no 
explanation. 

The reaction of silver and fluorine is a complex 
reaction and the applicability of different rate laws is 
difficult to explain in the absence of definitive solid- 
state data. 

Summary 
The experimental results presented in this paper 

point to the fact that the reaction between fluorine and 
silver is a complex reaction, and the kinetics are not 
simple. In a study of this type it is the over-all rate 
that is determined, and no attempt was made to deter- 
mine individual specific rates. 

Manuscript submitted Feb. 9, 1970; revised manu- 
script received ca. June 15, 1970. This was Paper 408 
presented at the Montreal Meeting of the Society, 
Oct. 6-11, 1968. 

Any discussion of this pa er will appear in a Dis- 
cussion Section to be pubyished in the June 1971 
JOURNAL. 
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Effect of Sealing Variables on the Degree-of-Seal 
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ABSTRACT 

At least three separate effects occur during sealing (a) gross water adsorp- 
tion by the bulk and surface of the porous layer, probably also accompanied 
by anion loss (as in the case of HaSO1-anodized films), (b) an oxide transition 
near the barrier-porous layer ~nterface, which results in a net decrease in 
the amount of barrier layer and a net increase in the amount of porous layer 
cross-linking, and (c) a seemingly thin-layer effect that takes place with 
aging and may be localized in the pore base region of the porous layer. A two- 
step current density program was used to prepare 7.4-7.6 pm (0.3 mil) anodic 
films on alloy 1100, using a 1.7M H2S04 electrolyte at 25°C. These coatings 
were then sealed for from 10 to 65 min, at temperatures from 65" to 95"C, in 
weakly buffered sealing baths whose pH was adjusted wlthin the region of 
5.0 to 6.5. Corresponding films were also left in the unsealed condition. Data 
for these films were obtained using 1 kHz impedance measurement of coating 
permeability, effluent gas detection (EGD technique) of partial water contents, 
and infrared determinations of coating structures. For these 7.4-7.6 pm (0.3 
mil) coatings, the greatest benefit was derived with the following sealing 
conditions: sealing pH range, 6.15 -c 0.15; seal time, 30 min, but not more 
than 40; sealing temperature, 95°C-to-boiling, or higher, as might be achieved 
by pressurized steam sealing. 

References (1) and (2) describe the "inner seal" 
effect and point out its potential importance in the 
over-all mechanism of sealing. This involves a struc- 
tural transition that appears to take place, as a re- 
sult of sealing, near the interfacial region between the 
secondary phase barrier layer and the anodic oxide 
porous layer. It seemingly is an hydration effect that 
has the nature of a structural hydrate rearrangement, 
the net result being a forming together (or agglomer- 
ation) of oxide at the base of the individual alumina 
fibrils that comprise the porous layer. This is apart 
from surface hydration changes and anion loss that 
occur elsewhere in the porous layer oxide. 

Earlier work dealt with the "effect" itself, and not 
with factors introduced by changes in sealing variables. 
Only one set of sealing conditions was employed for 
this: pH 6.0 boiling water, with a seal time of 10 min. 
Now we seek to determine the varying results that are 
brought about by employing different sealing tempera- 
tures, seal times, and pH values. 

This sealing effect was limited to only thin films 
(-2 pm) when conventional anodizing conditions were 
employed (2): 1.3 A/dmz, 1.7M HzS04 and 25°C. How- 
ever, the same effect could be achieved with three-fold 
thicker films (7.4 pm) when the proper oxide transition 
structure was obtained with a two-step anodizing cur- 
rent density program (2) in this same electrolyte. An 
initial current density of 1.3 A/dm2 was used to de- 
velop a near-optimum oxide structure. This structure 
was then "frozen" by a higher current density (3.5 
A/dmz) that allowed the film to thicken normally 
while nevertheless maintaining the oxide structure 

completion of a slow reaction. There is, too, the po- 
tential effect of sealing pH, which may also be a factor 
if the mechanism of this transition involves hydrogen 
or hydroxyl ion from the sealing medium. 

Experimental 
Sample preparation.-Alloy AS32 (alloy 1100 clad 

with 1100: 99.2% Al) sheet coupons were cleaned and 
chemically brightened, then anodized in 1.7M HzSO4 
at 25°C. The initial current density of 1.3 A/dmz was 
maintained for the first 4.84 x 102 coulombs/dm~ of 
current quantity (6.25 min at 1.3 A/dmz), then the 
current density was immediately raised to 3.46 A/dm2 
and maintained at that level for the balance of the 
anodizing period. The total current quantity expended 
was 13.9 x 102 coulombs/dm2, equivalent to a 7.4 pm 
film thickness. 

The various seals were prepared from distilled water 
containing 5 x 10-6M acetic acid as a buffering additive 
and were adjusted to the desired pH with sodium hy- 
droxide. The pH value was measured at the tempera- 
ture selected for operation of the seal. Four pH values 
were employed: 5.0, 5.5, 6.0, and 6.5. Sealing tempera- 
tures were 65", 75", 85", and 95°C. Sealing times ranged 
from (a) unsealed, to (b) 10, 20, 30, 50, and 65 min. 
Impedance and EGD values were determined immedi- 
ately, and the same coupons were then re-examined 
periodically over storage periods of up to 100 days, 
stored in a clean environment, at ambient room hu- 
midity. Infrared data were obtained after an approxi- 
mate 30-day storage period following sample prepara- 
tion. 

characteristic of the thinner -5 pm film. In this man- 
ner, at least for -7 pm (0.3 mil) films, the inner seal Test gas detection (EGD) data 

effect could be realized independent of actual film were obtained as before (3). The anodized sample was 
IL1_l-_ __- ~ l a c e d  in a leak-tieht chamber within the oven of a 
bIIICKIlt3J.  

However, this sealing transition, or inner seal effect, 
is undoubtedly sensitive to changes in sealing vari- 
ables, although in this regard it should be no different 
from films prepared by more common practice. High- 
temperature sealing conditions may rapidly create sur- 
face blockage that could close off otherwise reactive 
sites, or the effect that we describe could be a slow re- 
action and relatively independent of surface effects: 
dependent only on temperature, in a nondehydrating 
environment. Additional boiling water seal times might 
be required, beyond the 15-min time period normally 
employed with -7 pm films, in order to realize the 

Key words: anodic aluminas, sealing. 

gas chromatograph; then continuously purged with 
helium which passed on to a thermal conductivity de- 
tector. The chamber was heated from ambient tem- 
perature to 350°C, at a rate slightly less than 1O0C/min 
(3). As volatile materials, in this case, water, are 
evolved from the sample, the water-bearing helium 
effluent is carried on to the detector which then pro- 
vides a continuous plot of evolved water us. tempera- 
ture. The result is exactly the same as a thermo- 
balance operated in differential mode, but provides 
far more sensitivity. 

Impedance values were measured with a 1 kHz im- 
pedance bridge (Twin City Testing Corporation's 
Z-Scope), using a 3.5 w/o NaCl media. The data re- 
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ported are average values taken from multiple read- 
ings with each anodized coupon. Infrared spectra were 
obtained within the 4000-35 cm-1 ranges of the Beck- 
man IR-7 and IR-11 spectrophotometers, according to 
procedures already described (4). 

Results and Discussion 
Efluent gas detection (EGD).-A limitation of this 

technique is its failure to allow for baking tempera- 
tures above 350°C, which is usually insufficient to 
allow complete dehydration of most types of anodic 
coatings. Nevertheless, it has been shown (1-3) that 
the partial water content, measured by the lower-tem- 
perature EGD method, has value. This fraction of the 
films' total water content apparently corresponds 
directly with that portion of the oxide that is altered 
by the barrier layer sealing transition; EGD data are 
seemingly a reliable indicator for the degree of com- 
pletion of the inner seal effect. The partial water mea- 
sured by the EGD technique is independent of total 
porous layer oxide thickness and is independent of 
total water content, with neither of these two factors 
directly influencing the inner seal effect. The EGD data 
provide isolated data pertaining only to the inner seal 
effect itself and, when coupled with data sensitive to 
other changes within the coating structure, should pro- 
vide a clearer picture of over-all sealing mechanisms. 

The EGD technique proved not to be sensitive to 
effects related to the aging of sealed coatings (Fig. l ) ,  
and these sealed films were therefore stored, for con- 
venience, prior to EGD measurement. Unsealed films 
are, however, affected by aging (Fig. I ) ,  and sub- 
sequent coatings were tested immediately after air 
drying. Figures 2 through 5 show these EGD data 
plotted us. sealing time, and including the effects of 
different sealing pH and temperatures. These curves 

Age Time Before EGD(Hrs.1 

Fig. 1. Effect of aging on partial water content (EGD) of sealed 
and unsealed coatings. 

I I I I 1 I I o 10 20 30 40 so 60 m 
S e a l  T i m e  (Mln) 

Fig. 2. Partial water content (EGD) of coatings sealed at  p H  5.0; 
tie line notation gives seal temperature: 'C. 

I I I I I I I 
0 10 20 30 40 50 60 70 

S e a l  T i m e  (Minl  

Fig. 3. Partial water content (EGD) of coatings sealed at pH 5.5; 
tie line notation gives seal temperature: "C. 

oL Ib i o  i o  i o  &J sb 70 
S e a l  T i m e  (M in )  

Fig. 4. Partial water content (EGD) of coatings sealed at  p H  
6.0; tie line notation gives seal temperature: "C. 

c 
0 10 20 30 40 50 60 70 

S e a l  T i m e  (Min)  

Fig. 5. Partial water content (EGD) of coatings sealed at  pH 
6.5; tie line notation gives sealed temperature: "C. 

are symmetrical except for the low-pH seal data 
(Fig. 2, pH 5.0) which show what might be regarded 
as a solubility effect, with prolonged seal times, that 
becomes more pronounced as sealing temperature is 
increased toward boiling. This would indicate that, 
except for pH 5.0 seals, the apparent solubility effects 
did not penetrate down to that portion of the oxide 
that is responsible for the EGD data, the barrier- 
porous layer interface. 
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Figures 3-5 show (with seals at pH 5.5 or higher) 
a plateau or maximum endpoint in the sealing reaction. 
Beyond this point, further sealing times had no effect. 
This maximum value (63 pg HzO/cm2) represents the 
apparent completion of the sealing reaction, at  least so 
far as the inner seal is concerned. 

Earlier (4) the inner seal effect was proposed. to be 
a structural conversion of pre-existing aluminum hy- 
droxide. It was proposed that the secondary phase 
barrier layer hydroxide converted into a lower poly- 
mer form of hydroxide that was incorporated into 
the porous layer at  the base of its individual alumina 
fibrils. If such was the case here, there should be a 
plateau or maximum endpoint in the sealing reaction, 
since all oxide (secondary phase barrier layer) avail- 
able for this transition would have been converted. 
If the EGD technique is sensitive only to the quan- 
tity of this transformed oxide and not to other sealing 
reactions such as gross water content, then these data 
should show (as is seen in the data, Fig. 3-5) a maxi- 
mum value that remains unchanged by further sealing. 

With freshly anodized unsealed films, the 1 kHz a-c 
impedance correlates with the primary phase barrier 
layer thickness, giving the following relationship: 
14.2 A/kohm/cmz impedance. This places the average 
primary phase barrier layer thickness for these coat- 
ings at  180A. Similarly, using earlier IR data (2, 5), 
and the current IR data to be discussed later, the aver- 
age unsealed (initial) secondary phase barrier layer 
thickness may be calculated as 1.12 x 104.4. Using den- 
sities of 2.7 and 2.4 g/cm3 for these oxides, respec- 
tively, complete dehydration to the monohydrate 
should release, at most, a quantity of water cor- 
responding to 23% of the initial oxide weight. This 
would be 63 pg H~O/cmz, exactly the value of the 
plateau (endpoint) region shown in Fig. 3-5. Assuming, 
still speculatively, an initial trihydrate composition for 
the unsealed secondary phase barrier layer, and assum- 
ing that the plateau maximum value corresponds to an 
endpoint in the depolymerization reaction for this 
oxide, as one result of sealing, then the following inter- 
pretation can be made: 

( A )  Initially and before sealing, the EGD technique 
detects only a small fraction of the trihydrate water 
that is actually present in this oxide sublayer: about 
10%. 
(B) After a short but inadequate seal time, some 

of this trihydrate has undergone the depolymerization 
transformation. While its composition remains un- 
changed, the partial transformation increases the per- 
centage of water driven off from this oxide by the 
temperature-limited EGD technique. 

(C) Correspondingly more water is detectable via 
EGD as more of the oxide is converted by further seal- 
ing. Eventually, sealing consumes all of the oxide that 
is available for transformation. Beyond this point, the 
EGD data show no further increase in apparent water 
content as a result of further sealing. A maximum- 
value plateau has been reached. 
(D) While the initial EGD data show only about 

10% of theoretical water content for unsealed samples, 
this percentage increases as the degree of sealing be- 
comes complete. Samples that have reached the maxi- 
mum value plateau region should release (via EGD) 
an amount of water corresponding to 2 moles of water 
for each mole of sublayer oxide. 

This does not mean that this particular water has 
been gained as a result of sealing. It may already have 
been present but needed the impetus of sealing to 
transform the oxide structure into one that dehydrates 
more readily: into an oxide that dehydrates under the 
low-temperature conditions (to 350°C) of the EGD 
technique. 

Similar plots (unpublished) of water released us. 
sealing pH for varying seal times at 95" show a maxi- 
mum value that appears to lie near pH 6.0. The 10-min 
seal data show this more clearly, since data in the 

plateau region mask out the effect of pH. The trans- 
formation, once complete, is unaltered by changes in 
seal pH (except for what might be solubility effects 
near pH 5.0). While sealing is ordinarily carried out in 
the pH range of 5.5 to 6.5 (61, there may be more 
advantage to sealing near pH 6.0. This is consistent 
with Bogoyavlenskii and Belov (7) and may also be 
seen with impedance data to be discussed shortly. 

An attempt at  kinetic data, using Van't Hoff's 
differential method, provides another tool for the in- 
terpretation of these data. Ordinarily, such data are 
obtained by measuring the decrease in reactant con- 
centration as a function of time, with varying initial 
reactant concentrations. Where cl and cz denote two 
different initial concentrations and where n denotes the 
apparent order of the reaction with k being the rate 
constant, or specific reaction rate, then 

-dcl/dt = kcln 
and 

- dcz/dt = kcz" 
and 

log (-dci/dt) - log (-dcz/dt) 
n = 

log C l  - log cz 

A plot of log (-dcl/dt) us. log c, will be linear and 
the slope will be the apparent order of reaction, n, if 
the reaction proceeds without complication. Extraneous 
features in the reaction will, on the other hand, yield 
a curved plot to indicate that the reaction proceeds 
without a simple order. 

Sealing eventually produced the same maximum- 
value plateau (end point) in the EGD data: 63.4 pg 
HzO/cmz, a value which remained unchanged with 
further seal times. Unsealed samples, prepared in an 
identical fashion, also gave a constant EGD value of 
8.54 pg H~O/cmz. Therefore we assumed that the 
amount of alumina being transformed, on sealing, was 
equivalent to the difference between these two values, 
or 54.9 pg HzO/cmz. This value serves as "initial re- 
actant" for the Van't Hoff concentration term "c". 
After. for exam~le.  a 10-min seal at OH 5.5. the EGD 

7 - -  - 

technique detecied' 22.8 pg HzO/crnZ indicating a "re- 
actant" concentration equivalent to 40.6 pg HpO/cm" 
remaining. Then one point on the plot would be rep- 
resented by log (-dcl/dt) = log (54.9-40.6/10), with 
log cl = log (54.9). Similar calculations led to the 
values that are plotted in Fig. 6 through 8; calculations 
were prevented for the pH 5.0 data, because of what 
appear as solubility effects (Fig. 2) in this low pH 
seal. 

I 
0 1.0 1.5 2.0 2.5 3.0 3.5 

Log C 

Fig. 6. Kinetic data for coatings sealed at  pH 5.5, with tie line 
notation giving seal temperature: "C. The apparent reaction order 
was, at  65"C, 1.7; at  75"C, 1.4; at  85"C, 1.5 and, at  95"C, 1.0. 
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causing the greater degree of transformation. At a 
given temperature, the pH 6.5 seal gave a greater de- 
gree of barrier-to-porous transformation than did the 
pH 5.0 seal. 

Figure 10 shows the amount of porous layer cross- 
linking plotted vs. sealing time for each sealing tem- 
perature and at pH 6.5. Before being sealed, each coat- 
ing had about the same amount of porous layer cross- 
linking. After sealing, this amount varied greatly de- 
pending on seal time, pH, and temperature. However, 
just as the amount of barrier layer always decreased 
on sealing, due to the secondary barrier-to-porous 
layer transformation, the amount of porous layer 
cross-linking always increased on sealing. 

Figure 10 also shows the generally adverse effects 
of too prolonged a sealing time, although this decrease 
in cross-linking was usually more pronounced for the 
95" seals. These data show that maximum sealing 
benefit is obtained near a sealing time of 30 min. Seal- 
ing at a lower temperature tended to retard the ap- 
parently detrimental effect due to oversealing, but 
lower temperatures also gave lesser amounts of porous 
layer cross-linking. These porous layer data are, of 
course, not specific for changes that occur near the 
barrier-porous interface, but would include cross-link- 
ing changes in the bulk of the porous layer as well. 
While these data show the advantages of 95°C and 30- 
rnin sealing conditions (as did the EGD data) there is 
still reason to suggest that still higher seal tempera- 
tures would further accelerate the sealing process, 
perhaps a pressurized steam seal at 150°C, with con- 
densate pH controlled. 

Impedance.-Figure 11 shows the initial impedance 
values plotted vs. sealing time and temperature at a 
sealing pH of 5.5. These values were obtained im- 

10 2b 3'0 40 5b 6'0 70 
S e a l  T i m e  (MIn.1  

Fig. 10. Amount of porous layer cross-linking ( IR)  for coatings 
sealed a t  pH 6.5; tie line notation gives seal temperature: "C. 

S e o l  T ime  (Min.) 

Fig. 11. Initial impedance values for coatings sealed at  pH 5.5, 
with the tie line notation giving seal temperature: 'C. 

mediately after air-drying the coatings and before 
any storage period. At 95°C (and regardless of seal 
pH) the impedance increased almost linearly with seal 
times of up to 30 min. After 35 min, the rate of im- 
pedance change lessened to form a plateau beyond 
which the impedance change (with further seal time) 
was comparatively slight. This point (-38 kohms/cmZ 
impedance) would correspond to the total imperme- 
ability of this oxide and would reflect changes taking 
place both in the barrier layer region of the film and 
elsewhere in the porous layer, and also at the oxide 
surface (9, 10). 

At progressively lower sealing temperatures, there 
appeared to be an initial period during which minimal 
impedance change took place. Afterward, the im- 
pedance increased quickly. The time span of this 
initial period was greatest at low temperatures but 
showed no obvious dependence on pH. This is seem- 
ingly indicative of a temperature-dependent reaction 
rate, consistent with the "inner seal effect" mechanism 
described earlier. A plot of log impedance us. sealing 
temperature is essentially linear for most of these data. 

Figure 12 shows the effect of sealing pH on im- 
pedance levels. For each sealing time period, the im- 
pedance increased as the seal pH increased toward 
pH 6.0, then decreased beyond that. Extrapolation 
would seem to indicate that optimum results (highest 
impedance) were obtained at pH 6.15 k 0.15. 

Aging also alters (increases) the 1 kHz a-c impe- 
dance of sealed films but, as seen in Fig. 13, aging pro- 
duces little change in unsealed films. The same figure 
also shows data for marginally sealed films: films 
sealed at pH 5.0 and 65"C, also showing only a minor 
increase in impedance with aging. In contrast, films 
sealed at the same pH (pH 5.0) but at 95°C and for 
30 min, showed a pronounced change in impedance 
value on aging. Figure 14 shows other such data for 
these sealing temperatures at pH 6.0 with 30-min 
sealing time. 

Generally and exclusive of unsealed and marginally 
sealed films, impedance values increased most rapidly 
during the first 5 days of aging. The impedance in- 
crease, with aging, then lessened but continued until 
the film had aged -30 days. Afterward, comparatively 
little or no further change in impedance took place. 
There are also the following additional observations 
that may be made for the generalized effect of aging 
on sealed films. 

1. Aging prior to exposure has no recognized, or at 
least reproducible, effect on the results of outdoor ser- 
vice testing of sealed films. 

2. Similarly, aging does not alter the results of 
aggressive laboratory-accelerated corrosion tests: pit- 
ting corrosion tests such as CASS, or acid solubility 
tests such as Kape (sulfurous acid solubility). 

Fig. 12. Initial impedance values for coatings sealed at  95°C. 
with the tie line notation giving sealing times: minutes. 
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Fig. 13. Effect of aging on impedance values for (a) unsealed 
coatings and for coatings marginally sealed, a t  pH 5.0 and 65"C, 
by immersion for: (b) 10 min, (c) 20 min, (d) 30 min, and (e) 50 
min. 

- 
8= 

0- 

C 

d 2b 40 $0 (;O loo 
(c) Ape T i m e  (Days) 

Fig. 14. Effect of aging on impedance values for coatings sealed 
a t  pH 6.0 for 30 min. 

3. Aging (with sealed films only, not the case with 
unsealed films) does not alter the EGD test results, 
which would detect changes related to the barrier layer 
sealing transition, or inner seal effect. 

4. Aging does alter (increase) the results of tests 
that are surface sensitive. The FACT test (dielectric 
breakdown in an acidic copper-containing electrolyte) 
is one such example (9). 

5. While aging doubles the impedance value of 
sealed films, this effect may be virtually eliminated 
(and the impedance restored to approximately the 
initial value) by a brief exposure to a mildly aggres- 
sive environment (10). A few seconds in boiling dis- 
tilled water, or immersion in room temperature dilute 
acid, will suffice. 

It seems reasonable, therefore, to suggest that aging 
is a short-ordered effect that is of little consequence, 
when the anodic film is placed in a mildly aggressive 
environment where it is rapidly degraded. The effect 
of aging might be speculated to be equivalent to the 
formation of a thin film, from agglomerate particles. 
If such a filmlike thin layer were at the outer surface 

Id Sealing 
E f f ec t  

3 r d  Sealing 
E f f ec t  

2nd S ~ a l l n g  
Sacondory Phase E f f e c t  

B a r r i e r  Laya r  

Fig. 15. Illustration of proposed sealing effects: 1st sealing ef- 
fect [according t o  Wood et  a/. (11, 1211: A pore closure mech- 
anism that  probably does not alter gross pore (large central pore) 
diameter t o  point of closure. Pores that are affected are micro- 
pore channels or permeable sites that lie within the fiber itself. 
2nd sealing effect: An oxide transition, from barrier into porous 
layer oxide that results in a relatively impermeable gel formation 
a t  the base of the porous layer. 3rd sealing effect: A short-ordered 
thin f i lm effect of glazing a t  the surface of the porous coating gel 
layer. 

of the anodic coating, however, impedance values 
would likely have been increased far more than was 
observed; no more than a twofold increase was found 
on aging. By contrast, a thin oil layer at the outer 
coating suface raises impedance beyond the range of 
our instrument. Thus, instead of a surface condition, 
it seems reasonable to suggest that the aging effect 
might represent a coalescence of fibrils at  the base of 
the porous layer, equivalent to a film at the surface 
of any agglomerate particles created by the inner seal 
effect. 

A summary illustration of these sealing effects is 
shown in Fig. 15. 
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Side Reactions during the Anodization of Aluminum 

in a Glycol Borate Electrolyte 
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ABSTRACT 

A study of the anodization of aluminum in a glycol borate electrolyte at 
voltages sufficiently high for side reactions to occur, but below the sparking 
voltage, showed that the formation of barrier oxide was accompanied by 
solvent oxidation, aluminum dissolution, and production of a thick oxide that 
grew in cracks of the barrier film. Surprisingly, the presence of the crack net- 
work has little effect on electrical properties. It is believed that side reactions 
initiate at flaws in the barrier oxide. 

In suitable electrolytes, anodic oxide films can be 
grown on metals such as aluminum or tantalum at  
100% current efficiency. For an anodization at  con- 
stant current a film thickness is finally reached, char- 
acteristic of each system, above which current is 
consumed in other anodic reactions and the rate of 
film growth decreases. Continued passage of current 
may ultimately result in sparking (scintillation) over 
the anode surface. 

Some observations on the sparking process have 
been presented recently ( I ) ,  but it is still not a well 
understood phenomenon. Little information appears 
to have been published on the processes preceding 
sparking (2). This region is of practical importance 
to the operation of electrolytic capacitors since the 
onset of side reactions limits the maximum voltage of 
these devices. In this paper we report our observations 
of the secondary reactions that occur at  an aluminum 
anode in a glycol borate electrolyte. The nature of the 
reactions and their effect on surface morphology and 
electrical characteristics are considered. 

This type of electrolyte was chosen for several rea- 
sons. It is typical of systems used in electrolytic 
capacitors. Oxide can be formed at 100% current 
efficiency and contains little incorporated matter 
from the electrolyte ( 3 ) .  For some electrolyte com- 
positions there is a wide voltage range in which side 
reactions can be studied prior to the onset of sparking. 
A disadvantage of using this electrolyte is that the 
chemical species in solution are not well defined. 
Borates react with glycol to produce coordination 
compounds, esters, and water (4). 

Experimental 
Anodizations were performed in an electrolyte of 

17.2 w/o (weight per cent) ammonium pentaborate 
(NH4BjOs.4H20) in ethylene glycol (17% APB-EG): 
High-purity (99.97%) aluminum foil and wire were 
used as anodes. These were prepared by chemical 
polishing in a HNOa-H3P04 mixture (15 ml of 70% 
HNO,, 85 ml of 85% H3P04) for 2 min at 85"C, 
followed by a 10-min etch in 1M NaOH at room tem- 
perature. Anodization was at room temperature at 
constant current densities in the range 0.1-1.2 mA/cmZ. 

Series capacitance and RC of anodized foils were 
measured at  several frequencies using a conventional 
resistance ratio arm bridge with an a-c signal less than 
100 mV. Measurements were against platinized elec- 
trodes in either aqueous 0.8M H3B03 with sufficient 
NH40H added to give a resistivity of about 225 ohm- 
cm, or aqueous ammonium formate with a resistivity 
of 10 ohm-cm (ca. 2N). 

In some experiments gas generated at the anode was 
collected and analyzed in a dual column, programmed 

temperature gas chromatograph, using a molecular 
sieve column. Aluminum in solution was measured 
using a previously established photometric procedure 
(5). 

Results and Discussion 
Description of side reactions.-A typical voltage- 

time recorder trace is shown in Fig. 1. The voltage at  
which dV/dt started to decrease was little affected by 
current density. For example, in one experiment it 
was about 2478 at 1.0 mA/cmhnd increased to 260V 
when the current density was dropped to 0.10 
mA/cm2. Weight measurements showed that during 
the initial voltage rise all the charge can be accounted 
for by production of an anodic A1203 film. In the re- 
gion of reduced dV/dt the following events were ob- 
served: 

1. Sharp decreases in voltage accompanied by 
equally rapid return. The frequency and intensity of 
these excursions increased as the voltage increased. 

2. Gas bubbles were evolved at points on the anode 
surface. 

3. Weight measurements showed that anodic oxide 
was produced at less than 100% efficiency. 

4. The anode surface appeared blemished. At low 
magnification it was seen that the oxide had cracked, 
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Fig. 1. Typical voltage-time trace for anodization in 17% APB- 
capacitors. EG a t  1.24 mA/cm2. 
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and in the cracks had grown a new solid many times 
thicker than the barrier film. 

5. Analysis of the electrolyte showed the presence 
of dissolved aluminum. 

6. The solution turned yellow and eventually 
sparking took place at about 450V. 

These observations will now be described in more 
detail. 

Gas evolution.-In a typical experiment, a current 
density of 0.33 mA/cmhpplied overnight resulted in 
the production of a volume of gas equivalent to 0.013 
ml/coulomb. Gas collection was halted prior to the 
onset of sparking. Analysis of the gaseous products 
from two experiments gave an average composition of 
40% CO, 10% COB, and 50% Hz. The carbon monoxide 
and carbon dioxide must have been the products of 
glycol oxidation. The hydrogen did not come from 
the cathode compartment but was a true anode 
product. Since it could not be produced electrochemi- 
cally at the anode, the hydrogen most likely was the 
result of some subsequent chemical reactions at the 
anode. 

Cracks and new oxide growth.-Cracks in the oxide 
started at apparently random points on the surface 
and then spread in a network pattern. In Fig. 2a and 
2b an early and a later state of crack development 
are illustrated. Examination of a number of specimens 
showed that in general crack initiation is not as- 
sociated with grain boundaries of the substrate metal 
( 6 ) .  Even after prolonged anodization the cracks 
never covered more than a few per cent of the sur- 
face. 

The cracks were filled with a white solid many 
times thicker than the surrounding barrier oxide film. 
In the metal substrate was found a pattern of deep 
grooves identical to that of the cracks, suggesting 
that the new phase extended below, as well as above. 
the level of the original barrier film. The cracks were 
bounded by what appeared to be small tight cylinders 
of curled barrier film. The light outline of the empty 
cracks in Fig. 2c is believed to be an optical effect of 
this curled film. 

No positive identification of the new solid material 
could be made. It was white, translucent, and gave no 
x-ray diffraction pattern. It was not soluble in some 
common organic solvents and heating for 2 hr at 900°C 
produced no change in appearance. We believe it to be 
an aluminum oxide. Perhaps it is similar to the 
material observed on aluminum after prolonged ex- 
posure to this 17% APB-EG electrolyte at high tem- 
perature (5). 

An important observation was that during anodiza- 
tion gas bubbles were produced only at the tips of 
cracks. This indicates that the new oxide material 
was not a good electronic conductor, and that it main- 
tained intimate contact with barrier film along the 
length of the cracks. It suggests that the secondary 
reactions took place only at the growing tip of a 
crack, a potentially complex region in which four 
phases could be in contact, viz., metal, barrier film, 
new oxide, and electrolyte. 

Some of these observations are similar to those 
made by Vermilyea on the field crystallization of 
amorphous anodic Ta205 films (7). In that case, under 
the influence of a strong electric field, crystalline 
TaiOa nucleated at the metal/film interface, broke 
through the barrier film, and spread over the surface 
as irregular polygons until the amorphous film was 
completely replaced. 

Dissolved aluminum.-During anodization up to about 
250V no significant amount of aluminum was detected 
in solution. Coincident with a decreased dV/dt and 
the onset of gas evolution, the aluminum concentra- 
tion began to increase uniformly with time. For a 
specimen that was anodized at 1.24 mA/cmZ, dis- 

Fig. 2. Micrographs of Al foil anodized in 17% APE-EG at 0.27 
mA/cmZ to 320V. (a) Early state of crack development; (b) later 
state; (c) transmitted light through isolated oxide. Dark back- 
ground is barrier film, white network is new oxide. Outlined pat- 
tern on right resulted from loss of new oxide during handling. 

solved aluminum accounted for 10% of the charge 
passed following the onset of secondary reactions. 

Distribution of aluminum oxidation reactions.-The 
amount of charge consumed in each of the aluminum 
oxidation processes (barrier film formation, new 
oxide growth, and metal dissolution) was estimated 
from measurements made on specimens anodized at 
1.24 mA/cmz. A typical voltage-time curve is shown 
in Fig. 1. The charge passed during the initial period 
of 100% barrier film production and the sample 
weight at the end of this period were measured. After 
further anodization the specimens were again weighed 



1284 J. Electrochem. Soc.: SOLID STATE SCIENCE October 1970 

and finally the weight was obtained after stripping 
oxide in HsP04-CrOs solution. Oxide stripping was 
done in two stages, an initial room temperature im- 
mersion followed by one at 85°C. The new oxide was 
removed much more rapidly than the barrier film and 
the two materials could be easily distinguished at 
room temperature during a series of successive 
stripping measurements. The remaining barrier film 
was removed at 85". The weight of aluminum con- 
sumed in all oxidation reactions was determined as 
the difference between the specimen weight after 
stripping and the weight of base metal at  the onset of 
side reactions. This latter figure was obtained by 
subtracting from the specimen weight at that point 
the calculated weight of anodic oxide produced at  
100% efficiency. 

The results are listed in Table I. The charge con- 
sumed in aluminum dissolution was taken as the dif- 
ference between that calculated for metal consump- 
tion and that used in oxide formation. For the pur- 
pose of calculating charge consumption the thick oxide 
was assumed to be Alz03. 

It appears that these measurements were made in a 
region where the barrier film continued to thicken at  
a steady though reduced rate. This is indicated by the 
constant fraction of charge used for film formation. 
The weight of the new oxide was only about 4% of 
the total barrier film weight. The fraction of the sur- 
face covered by this material would be even smaller. 

Other reactions.-The details of the glycol oxidation 
reactions resulting in CO and COz production are not 
known, but the maximum charge consumed in these 
reactions was estimated by assuming that no more 
than three electrons were transferred per mole of CO 
and five electrons per mole of CO2. From the volume 
and composition of gas collected it was calculated 
that these reactions could account for up to 9% of the 
charge passed in the region of low dV/dt. Since total 
metal oxidation accounted for less than 30% of the 
charge, clearly other anodic reactions took place. 

In a recent study in our laboratory (8), Vijh found 
that in acidic aqueous solution the major products of 
glycol oxidation at a smooth Pt  electrode were 
glyoxal and oxalic acid. The gaseous product ac- 
counted for only 1-2% of the total charge passed and 
was composed of roughly equal volumes of CO and H? 
with a slight amount of Cop. The similarity in the 
compositions of the gas phases produced at the 
smooth Pt and the oxidized aluminum electrodes and 
the fact that in both cases the gaseous products ac- 
counted for only a small part of the total charge, 
suggested that at the aluminum electrode the re- 
mainder of the charge might be accounted for by 
production of glyoxal and oxalic acid. However, any 
glyoxal produced in the glycol borate electrolyte 
would be complexed by borate (9) and hence escape 
detection, and no test for carboxylates was found 
that was sufficiently sensitive in this solution. Thus, 
we were unable to verify the reactions that consumed 
more than half the charge passed during side reactions. 

Eaect of side reactions on electrical properties.- 
It was expected that the heterogeneous nature of the 

Table I. Aluminum oxidation reactions during period of 
side reactions 

Weights,. fig/cma 
Per cent of charge 

Total 
Charge.' Barrier New Al con- Barrier New A1 
coul/cm? oxide oxide sumed oxide oxide diss.t Total 

' Measured from onset of side reactions. 
t By difference. 

cracked oxide film would have a significant effect on 
dielectric properties. Young has suggested that the 
presence of fissures can be demonstrated by a depen- 
dence of impedance on measuring electrolyte resistiv- 
ity (10). To investigate this, foil specimens were 
anodized in the 17% APB-EG electrolyte at  1.0 
mA/cm"o several voltages up to 400V. At the higher 
voltages cracks had developed to a considerable 
extent. The series capacitance and resistance were 
measured at several frequencies in electrolytes with 
resistivities of 230 and 10 ohm-cm. 

The frequency dependence of reciprocal capacitance 
and series resistance for a 400V specimen are shown 
in Fig. 3 and 4. The frequency dependence of 1/C 
was unaffected by electrolyte resistivity. Although a 
higher resistance was obtained in the low resistivity 
solution at low frequencies, the increase was small 
and no greater than was encountered with normal 
barrier films. Thus, at  these ambient conditions there 
appeared to be no significant electrolyte penetration 
through the cracked areas. 

I I 

4 0  100 400 1000 

f (HZ) 
Fig. 3. Frequency dependence of series capacitance of 400V films 

formed in two electrolytes and measured in two solutions. Triangles 
= 17% APB-EG anodization; circles = 39% APB-EG anodization. 
Open symbols = 230 ohm-cm measuring solution; filled symbols = 
10 ohm-cm measuring solution. 

Fig. 4. Frequency dependence of series resistance of 400V films 
lormed in two electrolytes and measured in two solutions. Same 
symbols as Fig. 3. 
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The presence of the new thick oxide within the 
cracks could make the film behave like a two-phase 
dielectric which might have different properties than 
a normal barrier film. To examine this, use was made 
of another glycol borate electrolyte. A solution of 
39% APB in ethylene glycol will support anodization 
at 100% current efficiency up to 450V. Specimens 
were anodized in this electrolyte at 1.0 mA/cm' to 
400V, forming barrier films free of cracks. The fre- 
quency dependence of these samples is also shown 
in Fig. 3 and 4. 

A comparison of the results obtained with the 
cracked and crack-free oxides shows that the capaci- 
tance level of the films is about the same but the 
cracked film exhibits a slightly greater frequency 
dependence of capacitance and a much greater fre- 
quency dependence of series resistance. At the lowest 
measuring frequency the resistance of the film formed 
in 17% solution was more than twice that of the film 
formed in 39% electrolyte. 

The effect of the crack network on leakage current 
was examined by comparing results obtained with 
films formed in the two electrolytes. Foils were 
anodized to 400V at 0.28 mA/cm2 in both of the APB- 
EG electrolytes. The samples anodized in the 17% 
solution have well-developed cracks whereas those 
processed in the 39% solution were free of cracks. 
Leakage currents were measured in the 39% electro- 
lyte at several voltages up to 350V. At all voltages, 
the leakage current decreased slightly with time for 
both sets of samples, and the current was somewhat 
lower for the cracked oxide. For example, after 3 hr 
at 350V the leakage current was 1.8 pA/cm2 for the 
uniform film and 0.7 pA/cm2 for the cracked oxide. 

From the a-c and d-c properties it can be inferred 
that the oxide in the cracks is in sufficiently intimate 
contact with the barrier film to prevent electrolyte 
paths through the film. Also, the new oxide is an in- 
ferior dielectric, though a relatively good insulator. 

Some details of anoditation with side reactions.- 
An important observation was that when foils with 
uniform, thick (e.g., 400V) films formed in the 39% 
APB-EG electrolyte were anodically polarized in the 
17% solution, side reactions took place at voltages as 
low as 250V. After such treatment the appearance of 
thick films was the same as that of films grown in the 
17% electrolyte (compare Fig. 5 with Fig. 2). Thus, 
side reactions in a particular electrolyte started at a 
voltage that was independent of film thickness. This 
is not an unusual observation, since many workers in 
this field have observed that anodization electrolytes 

Fig. 5. Micrographs of Al foil anodized to 400V at 0.27 rnA/cm" 
in 39% APG-EG and then held a t  0.27 rnA/cm2 in 17% APE-EG 
for 140 rnin. Final voltage was about 300V. 

appear to have a limiting voltage, as measured by 
leakage current, gassing, etc., that is not very de- 
pendent on barrier oxide thickness. 

The rate of the side reactions seemed to depend on 
film thickness and current density of formation. Foils 
were anodized in the 39% APB-EG electrolyte to three 
film thicknesses at each of three current densities. 
Reciprocal capacitance was the measure of film thick- 
ness. These specimens then were polarized anodically 
in the 17% electrolyte for 3 min at 350V. This was 
sufficient for new oxide growth to start at a number 
of points on the surface. The density of growth spots 
seen at 150X was taken as a measure of the extent of 
side reactions. The results are listed in Table 11. 
Samples with the smallest initial film thickness had 
the greatest spot density. Moreover, the current 
density of film formation affected the extent of side 
reactions, with films formed at the lowest current 
density exhibiting the smallest amount of growth of 
new oxide. It should be noted that the initial films 
were all formed at 100% current efficiency, and bridge 
measurements showed no differences in dielectric 
properties among these samples other than those ex- 
pected on the basis of film thickness. 

The films formed in 39% APB-EG could be uni- 
formly thinned in H3P04-Cr03 stripping solution at 
85"C, as determined from the correlation between 
capacitance increase and weight loss. The films on 
some 400V specimens were thinned to approximate 
the thickness (weight basis) of 350 and 300V films. 
When these were immersed in 17% APB-EG elec- 
trolyte for 3 min at 350V the spot density was an 
order of magnitude greater than for comparable un- 
thinned samples. The results are shown in Tabre 111. 
It appears that chemical thinning exposed many 
points for subsequent side reactions. 

Behavior of cracked oxides.-Some experiments were 
done using foil that was first anodized to produce a 
uniform film and then the oxide was cracked by 
bending the specimen. On re-anodizing such samples, 
three observations were made. First, any thick oxide 
growth was seen only within these cracks or in cracks 
that had obviously initiated at these induced cracks. 
Second, when re-anodization was done at constant 
current, thick oxide was observed only when the 
current density was relatively high. At low current 
densities the cracks appeared to be healed with 
normal barrier film, although voltage fluctuations ac- 
companying this process indicated the possibility of 
other side reactions. For example, a 200V cracked 
film re-anodized to 200V in 17% APB-EG had thick 
oxide growth in the cracks when the C.D. was 280 
pA/cm2 (based on total area) but exhibited no signs 
of the new oxide when the C.D. was 28 pA/cmz. This 
example also illustrates the third important observa- 
tion. There was evidence of side reactions on these 
flexed specimens at voltages much lower than 
encountered during normal anodizations. In the above 
case, voltage fluctuations were observed at 75V when 

Table I I .  Growth spot density as related to anodization current 
density and film thickness 

Thickness 
Current density, 

&A/crnn Volts P d - 1  Spots/cm= 

* Thinned in H3PO~-CrOa solution. 
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the C.D. was 280 cA/cmY and at 120V when the C.D. 
was 28 pA/cmz. 

From these observations we infer that the growth 
of the thick oxide occurs preferentially in cracks and 
is promoted by high current density. Furthermore, 
under normal anodizing conditions cracks must not 
develop until high voltages are reached, for example, 
250V in 17% APB-EG and 450V in 39% APB-EG.1 

Conclusions 
I t  is likely that the sites for the initiation of side 

reactions are flaws in the barrier oxide film similar 
to those found in anodic Ta205 films (11). Although 
direct evidence for this is lacking, it does seem signifi- 
cant that slight chemical thinning of the oxide re- 
sulted in an order of magnitude increase in sub- 
sequent growth centers (Table 11). This corresponds 
to Vermilyea's observation that flaws in Ta205 films 
were preferential sites for chemical dissolution (11). 

It would be expected that reactions at  a cracked 
flaw would be like those at  a crack produced by flex- 
ing in that the resulting high local current density 
would result in production of thick oxide rather than 
barrier film. This more voluminous oxide would cause 
a strain in the surrounding barrier film sufficient to 
crack the film and side reactions would then occur in 
this region. The cycle would continue until the crack 
reached a point where the growth of new oxide 
sealed off the tip of the crack before the strain in the 
surrounding barrier film produced further extension. 
It is believed that the immediate cause of the forma- 
tion of thick oxide rather than barrier film is the oc- 
currence of the glycol oxidation reaction. This parallel 
reaction might change the local electrolyte composi- 
tion so that normal barrier film could not be produced. 

The high degree of reproducibility of the voltage at 
which side reactions start is apparently a characteris- 
tic of the initial film fracture process. From the ex- 
periments with flexed specimens it is evident that 
side reactions can occur over a wide range of lower 
voltages if cracks are present. It is surprising that the 
critical voltage for side reactions was independent of 
average film thickness in these experiments. It is re- 
ported that flaw thickness increases less rapidly with 
formation voltage than does the average thickness 
(11). Perhaps some flaws reach a limiting thickness 
which is maintained as the formation voltage in- 
creases. 

1 Further support for this came from an anodization in the 39% 
solution which was followed with an oscilloscope set at a sweep 
rate of 50 &sec/cm and a sensitivity of 20 V/cm. No discontinuities 
in the voltage trace were observed up to 350V, at which point the 
anodization was stopped. 

Reactions at  flaws may play a role in all aluminum 
anodizations when the eventual decrease in current 
efficiency occurs. Other features of the present case, 
such as the development of a crack network, are 
probably specific to the particular system. For ex- 
ample, one can picture a side reaction in which no 
product is formed that affects the composition of the 
growing oxide. In that case barrier film formation and 
side reaction would proceed in parallel at the cracked 
flaw until film growth stifled the side reaction. The 
net effect would be growth of barrier oxide at reduced 
current efficiency. 

Apparently the presence of the thick oxide network 
might not be objectionable in an electrolytic capacitor 
since it only affects the series resistance. It is the 
growth process which is undesirable in a device 
since it would give rise to high leakage currents and 
inability to support a steady voltage. Moreover, the gas 
generated at both anode and cathode during side reac- 
tions would contribute to other failure modes (12). 
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Effects of Material and Processing Parameters on the 

Dielectric Strength of Thermally Grown SiO, Films 

N. 1. Chou and 1. M. Eldridge 
IBM Tlloit~as J. Watson Researciz Center, Yorktow?~ Heights, New York 10598 

ABSTRACT 

The influence of several material and processing parameters on thc di- 
electric strength of thermally grown Si02 films on silicon has been assessed. 
This was accomplished by statistically analyzing the breakdown character- 
istics of a large number of MOS capacitor structures, which had been fabri- 
cated in various ways. Although the results of this investigation are only 
c~ualitative, they clearly demonstratc that the cffcctive breakdown strcnath of 
these films is strongly dependent on: SiOz purity, structural perfection and 
thickness; the presence of a passivating phosphosilicate glass layer; the pres- 
ence and reactivity of the metal electrode; and, the duration of the post- 
metallization heat treatment. The morphology of certain micron-size defects 
~vhich dcvelop in the MOS structure during annealing is described in some dc- 
tail, since these faults are apparently responsible for oxide shorting in some 
instances. 

Since the oxide layer under the gate electrode in 
MOSFET's is subjected to very large electric fields 
(up to 2 MV-cm-I), its dielectric strength has an 
important bearing on the reliability of these devices. 
Although interest in electrical breakdown phenomena 
in such films has increased in recent years, along with 
the rapid development of MOSFET technology, the 
effect of various process and material variables on 
thc effective dielectric strength of thermally grown 
SiOz films has not yet been well characterized. This is 
due to the extreme sensitivity of this property to 
rhanges in oxide composition and structure, which are. 
in turn, quite dependent on device fabrication pro- 
cedures. An additional uncertainty is introduced by 
the dependence of the breakdown characteristics on 
the particular testing technique employed. 

The dielectric strength of thermally grown SiOz has 
been reported by Deal (1) to increase with the 
density of the insulating film, going from 4.8 to 5.5 
MV-cm-1 as the density was raised from 2.04 to 2.22 
g-cm-T Breakdown strength values of 4 to 6 
MV-cm-1 for 2000A thick SiOz films on silicon were 
found by Ainger (2) ,  who also observed that lower 
values were encountered on oxide films grown on 
more heavily doped, p-type silicon. A more thorough 
investigation of breakdown phenomena in Al-SiOz-Si 
structures has been made by Klein (3,4), who found 
that a succession of breakdown events could be 
initiated at low fields (< 2 MV-cm-1) when the ap- 
plied voltage was slowly increased. These events 
produced visible spark discharges which created in- 
dividual macroscopic holes in the capacitor, due to 
localized evaporation of oxide and metal. Such events 
were labeled "single-hole" or "self-healing" because 
the test capacitor was still operational after they oc- 
curred. When the applied field reached the 5 to 9 
MV-cm-1 range, the dielectric failure was accom- 
panied by arcing or by propagation of single-hole 
events to adjacent sites. This resulted in permanent 
destruction of the capacitor. Consequently, Klein's 
data indicate that the effective breakdown strength of 
SiOa films does not have a well-defined value but in- 
creases as the weak spots in  the oxide are eliminated 
by continued testing, until the ultimate value (in the 
range, 5 to 10 MV-cm-1) is reached. I t  should be 
noted that this range of ultimate strength values is 
appreciably higher than those observed in earlier 
studies where unspecified measurement and testing 
techniques were employed (1, 2). 

Key words: dielectrics, dielectric strength. MOSFET devices, 
morphology of SOl. 

In a different approach, Fritzsche (5) examined the 
statistical distribution of breakdown strength values of 
a large number of Al-SiOz-Si capacitors. Here, the 
breakdown field was taken as the value at  which the 
first breakdown event occurred in a capacitor, self- 
healing or otherwise. His results are typically shown 
in Fig. 1, where the fraction (AN/N) of capacitors 
tested, which break down in a small interval of field, 
is shown as a function of the corresponding field. 
Maxima were observed which consistently fell into 
three ranges: 0-0.6, 1-3, and 7-9 MV-ern-'. According 
to Fritzsche: the peak labeled "primary" represents 
the intrinsic (or electronic) breakdown strength of 
the oxide; the "secondary" one is attributable to the 
presence of small, randomly distributed, crystallized 
regions (structurally similar to quartz, too minute to 
be detected by conventional techniques but large 
enough to cause breakdown by serving as flaws in the 
otherwise amorphous dielectric); and the "tertiary" 
to the effect of gross structural defects such as pin- 
holes. Note that the primary strength corresponds to 
the ultimate dielectric strength values reported by 
Klein and his co-workers (3, 4). Fritzsche's in- 
terpretation was supported by the following observa- 
tions: (i) the temperature dependences of the primary 
and secondary peak positions are similar to those of 
amorphous silica and crystalline quartz, respectively; 
(ii) as-grown anodic SiO:! is amorphous and fails to 
exhibit a secondary-type peak until it  has been sub- 
jected to heat treatment probably capable of inducing 
recrystallization; (iii) the tertiary failure mode is 
promoted by mechanically damaging the oxide; and 
(iv) the expected random nature of oxide defects can 
be inferred by the increase in secondary and tertiary 
breakdown with the electrode area (5). 

SECONDARY - 

BREAKDOWN FIELD, MVOLTS-cm-I- 

Fig. 1. Typical breakdown strength distribution curve for Al-SiOz- 
Si (after Fritzsche). 
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Fritzsche found that the primary mode of break- 
down in SiOz was electronic in nature, thus exhibiting 
no dependence on the duration of the applied field. In 
contrast, Worthing (6) found that when a constant, 
positive voltage was applied to the metal for the time 
required to cause breakdown, the breakdown field of 
SiOz films on n-type, degenerate Si was proportional 
to (time) -1'4. This particular time dependence has 
been frequently observed for bulk insulators where it 
is known as Peek's law (7 ) .  This has the effect of 
lowering the dielectric strength of the SiOz film from 
6.7 MV-cm-1 for fast stressing rates to approximately 
3 MV-cm-1 for a testing voltage applied at an in- 
finitely slow rate. However, no time dependence was 
observed by Worthing when the metal was negatively 
biased. 

The present investigation was undertaken to as- 
certain the influences of various processing and ma- 
terial parameters on the dielectric strength of oxide 
films and to resolve the apparent differences in the 
findings of some of the above investigations. An 
attempt was made to separate the effects of these 
variables, in view of the fact that they were found to 
interact frequently to alter the breakdown character- 
istics. Since the breakdown behavior is also affected 
by measurement technique, this separation was 
facilitated by employing a standardized testing 
procedure. The statistical approach (5) was then 
utilized to evaluate the dependence of the dielectric 
strength of the thermally grown oxide on SiOz purity 
and thickness, phosphosilicate glassing, electrode 
metal reactivity, and post-metallization heat treat- 
ment. Although most of the results of this investiga- 
tion are of a semiquantitative nature, many of these 
will be seen to be quite relevant both to the develop- 
ment of MOSFET technology and to the understand- 
ing of the mechanism of oxide breakdown. 

Experimental Procedure and Results 
Specimen preparation.-Various types of oxide films 

were prepared in the following ways on Mon- 
santo chemically-mechanically polished, <loo>- and 
<Ill>-oriented silicon substrates of 2 to 10 ohm-cm 
resistivity. 

"Regular" SiOz preparation.-The as-received sub- 
strates were cleaned in transistor grade reagents ac- 
cording to the following sequence: boiling trichloro- 
ethylene, boiling isopropyl alcohol, de-ionized (DI) 
water, boiling nitric acid, DI water, dilute hydro- 
fluoric acid, DI water, and blown dry in Ng. Therm- 
ally grown Si02 films of so-called "regular" quality 
were formed with the desired thicknesses (in the 
200-2000A range) at 1100°C in a single-walled, high- 
purity silica tube in a resistance-heated furnace. As 
will be seen later, SiOs films prepared in this manner 
under normally clean laboratory conditions have quite 
reproducible dielectric breakdown characteristics and, 
as such, provided a convenient reference material for 
this investigation; hence, they have been designated 
to be of "regular" quality. The mobile cation (presum- 
ably Na+ ions) concentration of such films, as estab- 
lished by measuring the flat-band voltage shift upon 
bias-temperature stressing (8), was typically w 2 x 
lo1' Na+ ions-cm-2. It should be emphasized that this 
concentration (assuming the mobile species is Na+ 
ions) represents only a fraction of the total sodium 
content of the oxide (9). 
"Ultraclean" SiOz preparation.-Ultra-pure SiOz films 
were prepared also by using extremely clean condi- 
tions. The silicon substrates were vapor-etched first 
in a very pure and dry HC1-HZ ambient, followed by 
an in situ oxidation at 1100T in dry 0 2 .  Heating was 
accomplished using a silicon carbide-coated graphite 
susceptor placed inside a water-cooled, fused silica 
jacket. The mobile cation concentrations of these films 

was established to be < 2 x 1010 cm-2; i.e., about an 
order of magnitude less than that of "regular" SiOr. 

Phosphosilicate glass preparation.-Other specimens 
were prepared by alloying the surface of "regular" 
SiOl with P205 to form phosphosilicate glass (PSG)- 
SiOz layered structures. These glass films were 
typically thin and relatively low in phosphorus con- 
tent [e.g., 125A thick with 4 m/o (mole per cent) 
P105](10). Since these thin PSG-SiO, composite 
layers are particularly effective for preventing thres- 
hold drifts in MOSFET devices (11-13), such struc- 
tures are termed "stabilized" in this paper. 

Metallization and annealing.4ixty-four metal elec- 
trodes of a given area (in the range 0.05-1.3 mmn) 
were deposited through metal masks onto each wafer. 
The high purity metals (99.999+% aluminum, for 
example) were evaporated, using an electron gun heat 
source. Finally, the completed structures were heated 
for 5 min at  500'C in a nitrogen ambient in order to 
anneal out the E-gun induced radiation damage at the 
oxide-semiconductor interface. Any departures from 
the above preparation procedures will be detailed 
when necessary. 

General testing procedure.-In order to select ap- 
propriate breakdown testing conditions, the following 
series of measurements were carried out on Al-SiOa 
(1000A, regular)-Si structures. Large numbers of 
capacitors (typically 100 to 200 samples) were tested 
by applying a voltage, which was made to increase 
linearly with time, to each electrode until breakdown 
(self-healing or otherwise) occurred. In this tech- 
nique, the development of breakdown causes the ap- 
pearance of an abrupt departure from linearity in an 
otherwise smooth voltage us. time trace. The break- 
down field is evaluated at this point which corre- 
sponds to a current density on the order of approxi- 
mately 10-6 A-cm-2. The resultant breakdown dis- 
tributions were then displayed as bar graphs, wherein 
those fractions (AN/N) of capacitors failing in a 
small interval (0.5 MV-cm-1) of field are plotted 
against the corresponding breakdown fields. 

Electrode area.-Typical breakdown distributions for 
regular SiO2 films are shown in Fig. 2, where it may 
be seen that the secondary failure mode increases with 
electrode area (F). As shown in the Appendix, the 
oxide defect concentration can be estimated from this 
areal dependence. When this is done, a value of -10 
defects-cm-"s obtained, which is significantly lower 
than the estimated value (-80 cm-2) (5) for the 
SiOa film shown in Fig. 1. In view of their better per- 
fection, it is not surprising that the films in Fig. 2 do 
not show a tertiary peak. In general, the 0.5 mm2 
electrode seems to provide a useful reference distri- 
bution for further work because the secondary failure 
mode is significant with this area although most of 
the breakdown is still intrinsic. 

Field application rate.-Both the intrinsic strength 
and the mode of breakdown of 1000A, regular SiOz 
films are unaffected by decreasing the rate of field 
application over the range from 1 to 0.01 MV-cm-1- 
sec-1. Only for films with much higher defect con- 

101 I bl Id 
BREAKDOWN FIELD. MMLTS-cm-' d 

Fig. 2. Area dependence of the breakdown strength distribution 
for regular oxide in AI-1000A Si02-Si structures. 
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centrations (>90 defects-cm2) was a significant shift 
of the primary peak toward lower field values ob- 
served to occur with decreasing ramp speed. We 
believe that this effect of defect concentration on the 
rate dependence of breakdown strength may account 
for the discrepancy between the findings of Fritzsche 
(5)  and Worthing (6). However, the relationship be- 
tween the extent of this shift and the ramp speed (or 
biasing time) was not established in the present in- 
vestigation because this would have required the 
preparation of oxide films with reproducibly high 
defect densities. Since the specimens to be tested were 
of a lower defect density, it was feasible to use the 
highest ramp speed tested (i.e., 1 MV-cm-1-sec-1) 
in order to minimize the measuring time. 

Temperature.-A limited amount of testing indicated 
that the statistical distributions of breakdown 
strengths were relatively insensitive to changes in 
the testing temperature, in the 25"-150" range, for 
regular oxide and for phosphosilicate glass-SiOn 
composite layers. Hence, all subsequent measurements 
were done at room temperature. 
Polarity.-In order to avoid loss of field across a 
depletion region in the semiconductor, breakdown 
measurements in this investigation were carried out 
with a field polarity such that an accumulated silicon 
surface was always maintained.' This was accom- 
plished by biasing the metal positively for n-type and 
negatively for p-type substrates. When breakdown 
data were taken under this polarity restriction, the 
distribution curves for the A1-Si02 (1000A, regular) - 
Si structures showed no significant dependence on 
the duration of the applied field. 

Eflects of material and processing parameters on 
oxide breakdown.-Type of oxide film.-In contrast 
with that observed for regular oxide films, the break- 
down distribution curves for ultraclean SiOz exhibited 
no measurable areal dependence (cf. Fig. 2 and 3a). 
Although the intrinsic strengths of both grades of 
SiOz are the same (i.e., 6 to 9 MV-cm-I), the higher 
purity films exhibited no noticeable defect-related 
breakdowns. It is important to note that when HCl 
vapor-etched Si substrates are thermally oxidized in 
a resistance-heated, fused silica tube, the resultant 
breakdown properties are generally quite similar to 
those of regular oxide. These results suggest that the 
lower impurity (most likely sodium) concentrations 
that are typically attained in the oxidation step of the 
ultraclean processing procedure lead to superior SiOz 
breakdown characteristics. To understand this im- 
purity effect, it may be instructive to note that the 
structure of thermally grown SiOz is apparently quite 
similar to that of fused silica. That is, it is comprised 
of SiO4 tetrahedra (with Sit4 ions in their centers) 

'Numerous comparative tests have shown that inflated values of 
dielectric strength are obtained when Si surfaces are depleted dur- 
ing breakdown measurement since part of the potential drop occurs 
In the semiconductor. 

la1 "ULTRACLEAN" SiOZ Ibl PHOSPHOSlLiCATE GLASS ON Si02 

BREAKDOWN FIELD. MVOLTS-ern-' - 
Fig. 3. Dielectric strength distributions for: fa) Al-SiOz (1000A. 

ultra-clean)-Si; and (b)  AI-PSG (125A. 4% P20s)-SiOz (900i, 
regular)-Si structures. Note absence of defect-related breakdown 
in both oxides. 

which are linked together at the corners or oxygen 
sites to form a three-dimensional network essentially 
devoid of long-range order. Although phase trans- 
formations are very sluggish in this oxide, they are 
greatly accelerated by the addition of small quantities 
of network modifiers, such as sodium (14). For ex- 
ample, sodium contamination has been reported (15) 
to result in the formation of locally crystallized re- 
gions in thermally grown SiOz films, thereby causing 
defect-related breakdown. Depending on the magni- 
tude of this phase transformation, it should first ap- 
pear as an increase in secondary breakdown [in 
accord with Fritzsche's model ( 5 ) ]  and eventually as 
a rise in the incidence of tertiary oxide failures. It 
will also be seen that shorting can develop as a re- 
sult of a solid state reaction between the metal elec- 
trode and the oxide during post-metallization an- 
nealing. 

In the case of PSG-stabilized specimens, the glass 
addition was found to virtually eliminate defect-type 
breakdown in regular SiO2, and to raise its primary 
strength to 9-12 MV-cm-I (cf. Fig. 2 and 3b). The 
first improvement may be accounted for by the fact 
that the phosphosilicate layer is liquid at its tempera- 
ture of formation (10, 16), and therefore would form 
a continuous film over the underlying SiOa. The sec- 
ond beneficial effect can be largely attributed to the 
higher dielectric strength of the PSG itself (17). 
Oxide thickness.-For regular and stabilized films 
prepared with various total oxide thicknesses (in the 
200-880A range), the likelihood of defect-related 
breakdown was found to increase appreciably with 
decreasing insulator thickness (see Fig. 4). The addi- 
tion of a PSG layer is again seen to substantially re- 
duce the frequency of defect-related breakdowns. 

A quantitative determination of the oxide defect 
density (p ,  cm-2) was carried out for the data in Fig. 
4. The predicted proportionality between In P (P 
being the fraction of primary breakdowns) and F was 
obtained for several thicknesses (Fig. 5). The ap- 
parent departure from linearity for the 200A, regular 
SiOz at the largest electrode area may be due to the 
use of too small a sampling. Defect densities of the 
films were estimated from the slopes and are listed in 
Table I. It may be seen that the density of defects of 
regular SiOp increases by a factor of approximately 
sixty as the thickness is reduced from 630 to 200A. 

The enhancement of the intrinsic strength by PSG 
is again evident in Fig. 6. The rise in dielectric 
strength, on going from 880 to 410A, can be attributed 
to the relative increase in the PSG-to-SiOz thickness 
ratio. However, the primary breakdown strength for 
both oxides decreases significantly for thinner 
(< 400A) films and shows a marked dependence on 
area, in contrast to the thicker oxides. Thus, the 
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Fig. 4. Dependence of breakdown mode for regular and phos- 
phosilicate glassed oxides on thickness. Note that the PSG addi- 
tion is relatively most beneficial for the thinnest films. 
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OXIDE TYPE 

STA8lLlZED 
THICK.. 

/ 

*- 
0 0.5 1.0 1.5 

ELECTRODE AREA, F, mm2 - 
Fig. 5. Dependence of the fraction (P )  of the total film area 

exhibiting primary breakdown on insulator thickness and electrode 
area for regular and phosphosilicate glassed oxide. 

f REGULAR PSG- ELECTRODE 
Si02 STABILIZED AREA mm2 

A 0.05 

6 . 0.5 

TOTAL OXIDE THICKNESS, 1 - 
Fig. 6. Dependence of primary breakdown strength on total thick- 

ness of regular and phosphosilicate glassed SiOs films, where the 
thickness of the PSG layer is held constant at  125A. Note that this 
strength is independent of electrode area, except for films thinner 
than 400A. 

mechanism responsible for primary-type breakdown 
is apparently no longer electronic in nature for these 
highly defected, very thin films. This change is con- 
sistent with the development of field-induced thermal 
instabilities at weak spots (3,4) and may well give 
rise to a time-dependence of the strength (6). 
Impurities introduced after formation of SiO2.-Pro- 
tracted, post-metallization annealing treatments (viz., 
on the order of 30 min at  500°C) can promote ex- 
tensive, tertiary-type breakdown (18) (see Fig. 7) .  
The catalytic effect of certain cationic impurities in 
accelerating the devitrification of Si02 (14,15), prob- 

Table 1. Dependence of defect density on oxide thickness 

"Regular" SiQ 750 65 12 12 

PSG-stabilized 120 30 <l <1 

SiO2 - 
GRADE 

SUBSTANDARD 
REGULAR 

ULTRA-CLEAN 
REGULAR 
REGULAR 

I I I I I I I 
0 20 40 60 80 200 

ANNEALING TIME AT 500°C (N2). MINUTES - 
Fig. 7. Combined effects of electrode metal reactivity and post- 

metallization annealing on the development of electrode shorts in 
metal-1000A SiOz-Si structures, where the purity of the oxide is 
varied. 

ably accounts for most of this behavior since it is most 
severe for films grown with a high sodium content 
and when highly reactive metal electrodes are used. 
In fact, electrical shorts (i.e., tertiary breakdown) 
were rarely observed in oxide areas that were not 
covered by metals, or when noble metal electrodes 
such as gold were used, even after many hours of 
heating at 500°C. Mechanical stresses, arising from 
steps in the oxide thickness or from differences in the 
thermal expansion coefficients of the components on 
the MOS structure, may also contribute to oxide 
deterioration. Protracted annealing at 500°C also re- 
sults in the growth of gross structural defects, under 
the edge of the metal electrode (181, which are prob- 
ably responsible for the shorting. This particular type 
of tertiary failure mode will be described later. 

The role of the metal electrode on the development 
of tertiary breakdown in stabilized film was evaluated 
by depositing 0.5 mm2 dots of several metals on PSG 
(125A, 4 m/o Pz05) -Si& (900A, regular) -Si sub- 
strates, followed by determinations of the statistical 
breakdown distributions in both the unannealed and 
annealed (100 min at  500" in Nz) conditions. From 
the results in Fig. 8, it is apparent that Mg, Ti, and Ni 
markedly promote oxide failure, while Al and Au 
have essentially no effect for PSG-stabilized struc- 

- ---- BEFORE ANNEALING 
AFTER ANNEALING 11OOmh Q 5 W ° C l  

GOLD 

BREAMDOWN FIELD. MOLTS- 0m-I- 

Fig. 8. Combined effects of electrode metal reactivity and post- 
metallization annealing on the breakdown strength distributions in 
PSG-stabilized, lOOOA oxide films. 
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tures. A comparison of the results for aluminum 
electrodes on regular and PSG-stabilized SiOz in- 
dicates that the PSG layer has the effect of retarding 
the development of electrical shorts due to extended 
annealing treatments. This retardation effect of the 
glass is more pronounced for structures with mag- 
nesium electrodes (cf. Fig. 7 and 8). 

It is well-known that impurity ions can be intro- 
duced into the oxide in ways other than by electrode- 
oxide interactions. Thus, it is important to evaluate 
the possible effects of this type of contamination on 
breakdown. It was found in this investigation, for 
example, that when sodium (in concentrations of 
approximately 5 x 1012 cm-2) was added after oxide 
formation (by boiling the oxidized wafers in 
NaCl-Hz0 solutions prior to aluminization), relatively 
little additional deterioration was observed relative 
to the untreated, regular SiOz control material, for 
heating times up to approximately 50 min at 500°C. 
Therefore, it would appear that Na+ ions which are 
introduced after SiOz formation, do not have much of 
an effect on crystallizing the oxide during subsequent 
post-metallization annealing at these temperatures. 

In order to investigate the effect of localized damage 
in the insulator and at the insulator-semiconductor 
interface on tertiary breakdown, ultraclean SiOz films 
were irradiated with various O+ dosages (using a 
constant beam energy of 75 keV). After deposition of 
0.5 mm2 A1 dots, the capacitors were annealed for 
various times at 300°C in N2 and tested in the usual 
way. Although the unannealed specimens exhibited 
the usual primary strength and essentially no indica- 
tion of oxide deterioration, extensive shorting ap- 
peared after a very modest anneal of 20 min at tem- 
peratures as low as 300°C (see Fig. 9). Oxide failure 
was markedly increased by a small rise in the 0+ 
dosage and by a reduction in the oxide thickness. As 
in the earlier cases, oxide deterioration is intimately 
related to the presence and reactivity of the metal 
electrode. That is, electrical shorts were not observed 
in areas not covered by metal during heating [as 
subsequently established by using a removable 
mercury probe (19)l or when deposited gold elec- 
trodes are used. The network damage, due to im- 
plantation, apparently accelerates the metal-oxide 
reaction, thereby promoting shorting (18). 

Glassing of Na+-contaminated SiO2.-Since sodium 
can be introduced inadvertently into SiO? during 
MOSFET processing before the PSG protective layer 
is added, it is very important to know what such con- 
tamination can do to the dielectric strength of the 
resulting layered oxide. This is of particular concern 
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Fig. 9. Development of electrical shorts on annealing a t  300°C 
in ultra-clean SiOz films, implanted with various Of ion dosages. 
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Fig. 10. Effect of post-metallization annealing on the breakdown 

characteristics of lOOOA SiOz films, deliberately contaminated with 
sodium, prior to phosphosilicate glassing. Characteristics of un- 
contaminated films are included for comparison. 

because the glassing is carried out at  temperatures, 
(800"-1100°C) where the promotion of crystallization 
by sodium is at a maximum (14). Therefore, the 
breakdown distributions were determined for oxide 
films prepared by: (i) growing IOOOA SiOz films of 
regular quality, (ii) immersing these oxidized sub- 
strates for 15 min in boiling NaCl-Hz0 solutions to 
incorporate Na+ ions in the oxide (8), (iii) diffusing 
PlOs into the outer SiOz surfaces (at 800"-1000T) to 
form phosphosilicate films, ( i v )  depositing 0.5 mmz 
aluminum dots, ( v )  annealing at 500°C (Nz) for 
various times, and ( v i )  breakdown testing. The severe 
deterioration of oxide quality due to Na+ contamina- 
tion is quite apparent in the results shown in Fig. 10. 
Experiments on regular SiOz films, subjected to the 
salt-water and subsequent high-temperature treat- 
ment (30 min at 1000°C in 02) before aluminization, 
indicated that this oxide exhibited much more 
deterioration than the glassed ones. It may be con- 
cluded that even the addition of a PS8G layer cannot 
prevent the formation of oxide faults at high tem- 
peratures when appreciable sodium concentrations 
are present in the SiOz. 

Morphology of annealing-induced defects.-The gross 
structural features of large defects, produced by ex- 
tended annealing of Al-Si02-Si structures (see sec- 
tion on Impurities introduced after formation of SiOz), 
are described below. It may be seen that these defects 
are quite massive, relative to the thickness of the 
insulating film. As such, they are probably mainly 
responsible for most of the tertiary breakdowns, even 
for the case where the capacitors have been subjected 
to a normal post-metallization heat treatment (e.g., 
5 min at 500"). 

Metallographic examination of shorted capacitors 
reveals the presence of well-defined, oriented defects 
on the periphery of the aluminum. Although partially 
covered by metal, their shapes are clearly rectangular 
and triangular for <loo>- and <Ill>-oriented 
silicon, respectively, while their sides coincide with 
the (110) family of directions in the substrate. 
Evidently, the heating required to produce such 
defects decreases with a lowering of oxide perfection. 
Thus, they are readily visible at 500X magnification 
after an hour of annealing 1000A, regular SiOz 
capacitors at 500°C, and ion-implanted oxide at 300°C. 
While becoming larger and more numerous with an- 
nealing time, they only develop under or in close 
proximity to reactive metal electrodes. The defects do 
not appear in regions away from the aluminum, for 
example, or in gold-deposited capacitors. 

Conventional collodion replicas were made of the 
oxide surface for examination by electron microscopy, 
after removing the aluminum in a dilute HCl etchant. 
For specimens previously subjected to severe anneal- 
ing treatments for aluminized structures (e.g., - 2 
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Fig. 11. Electron microscope rep- 
licas (at 90WX) of gross defects, 
developed in Al-SiOn-Si structures 
during protracted annealing, as 
they appear after the aluminum 
is etched off. (a) and (b) show the 
faceted pits developed in < l o o > -  
and <I 1 1  >-oriented Si, respec- 
tively, where pit sizes can be com- 
~ a r e d  with that of %p latexsphere 
iisible in (a). A typical, irregular- 
ly shaped raised area in the sub- 
strate is shown in (c). 

', , . 
(I,. . 

.,% . . 
:..: ,' 

hr at 500°C), the metallized oxide region was readily 
discernible, since considerable surface roughening 
had occurred as a result of a solid state reaction be- 
tween the SiO2 and Al. Electron micrographs of the 
replicas show that these defects are faceted pits, 1-lop 
on a side and extending 1-2p into the silicon (see Fig. 
l l a  and b) .  With the aluminum removed, it was ap- 
parent that the pits are preferentially located along 
the perimeter of the metallized region, rather than in 
the center. Based on crystallographic considerations, 
it is evident that the facet faces are (111) planes. 

Black films line the (111) faces of the pits. Since 
this material adheres to the collodion, it was possible 
to identify it as y-Al203, using electron diffraction 
and microprobe analyses. Electron microprobe meas- 
urements, on specimens still covered with aluminum 
(i.e., unetched), indicated that the faceted pits are 
filled with metallic aluminum, while the adjacent 
electrode region is depleted of metal. Finally, large 
irregularly shaped plateaus (approximately half a 
micron high) were frequently observed to occur in 
the substrate, adjacent to the pits (see Fig. l l c ) .  
Thus, the growth of pits and plateaus in close 
proximity and the presence of ?-A1203 in the pits 
suggests that a rapid transfer of mass occurs during 
annealing. It appears that silicon atoms can diffuse 
away from the receding faceted planes to form raised 
areas in the substrate covered by aluminum, while 
aluminum can penetrate the relatively thin oxide 
barrier to fill the ?-A1203 lined pits in the silicon. It 
is expected that large flaws in the oxide layer would 
also result from the development of the plateau re- 
gions. One effect of this mass rearrangement is the 
appearance of extensive shorting in MOS structures 
subjected to severe post-metallization heat treatments. 
As such, it constitutes another mode of tertiary 
failure, in addition to the presence of pinholes which 
develop during oxide growth. 

Summary 
Electrical breakdown characteristics of Si02 films 

thermally grown on silicon have been found to depend 
strongly on oxide preparation and various subsequent 
treatments: 

1. While a lowering of the concentration of mobile 
impurities reduces the occurrence of defect-related 
breakdowns, it does not change the magnitude of the 
intrinsic breakdown strength of $202. Appropriate 
phosphosilicate glassing, on the other hand, not only 
effectively obliterates oxide defects but also raises the 
intrinsic strength of the composite films. 

2. Under identical SiO;! growth conditions, reduction 
of film thickness is accompanied by an increase in the 
density of oxide faults. Excessively high defect density 
in the oxide gives rise to a time dependence of the 
breakdown characteristics and can therefore lower 
the magnitude of the primary breakdown strength 
under certain testing conditions. The addition of a 

PSG layer removes this dependence by eliminating 
the effect of oxide weak spots on breakdown. The 
amount of glassing required for this purpose is greater 
for SiOz films which have initially a higher defect 
density. 

3. Sodium contamination can result in severe oxide 
deterioration, especially during film growth at tem- 
peratures in the 1000"-1200" range. In contrast to 
this, sodium contamination after SiO2 growth has 
much less of an adverse effect on the dielectric prop- 
erties. 

4. Protracted annealing of MOS structures (e.g., 
30 min at 500°C) can cause oxide deterioration by 
promoting a solid state reaction between certain 
electrode metals and SiOz. This effect is more pro- 
nounced for oxides having a higher defect concentra- 
tion. When aluminum is used, micron-size structural 
defects develop, concurrently with increased defect- 
related breakdown. These results suggest that another 
mechanism for oxide shorting can be operative, in 
addition to the breakdown which can be attributed to 
pinholes produced during oxide growth. This newer 
mode involves a rapid redistribution of massive 
quantities (relative to the dielectric thickness) of 
aluminum and silicon during the annealing process. 

5. Lattice defects created by ion implantation have 
virtually no effect on the breakdown strength prior to 
annealing. Deterioration of implanted oxide during 
annealing at 300°C may be attributed to either an 
accelerated injection of electrode metal ions into the 
film, or by local crystallization facilitated by the 
presence of lattice defects. 

The above observations are consistent with 
Fritzsche's breakdown model (5) which implies that 
processing steps promoting local crystallization of the 
oxide will result in an increase in defect-related 
breakdown, while glassing has an opposite and 
beneficial effect. Furthermore, the structural mis- 
match between the crystallites and the oxide matrix, 
which provides rapid diffusion paths, may also ac- 
count for the observed annealing failure mode in 
Al-SiO2-Si structures. 

APPENDIX 
The defects are assumed to be randomly distributed 

and have a size roughly comparable to the film 
thickness (therefore, much smaller than the elec- 
trode area, F). The total area ( A )  of the film may be 
subdivided into N cells of an area a,  which is just 
large enough to accommodate a defect if it happens to 
be there. It follows that the probability (p) of ran- 
domly selecting an occupied cell is equal to 
n / N  = p . a ,  where n is the total number of occupied 
cells. Conversely, the probability ( q )  of picking an 
unoccupied cell is equal to (1-p). 

When an electrode is deposited, the number of cells 
covered by metal is n' = F/a .  Consequently, the prob- 
ability (P) for the electrode to not cover a defect is 
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Since n <<N, it can be shown that 

I n P =  - - F a p  PI 
A fraction P, of the total film area, will consequently 
exhibit primary-type breakdown. Equation [2], whicli 
was also used by Fritzsche, was derived here to give 
the reader a better appreciation of the significance of 
the results that can be determined by its application. 
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ABSTRACT 

The d-c characteristics (luminance-voltage-current) of electroluminescent 
films of ZnS:Mn,Cu,Cl prepared by two different methods were investigated 
during the operating life of the films. For the devices investigated a shift in 
the characteristics and an increase in the efficiency with operation time was 
observed. It is suggested that the terms forming and aging do not describe 
the time-dependent changes in the characteristics, but rather reflect practical 
aspects of the properties of the films. 

Electroluminescence (radiative emission on applica- 
tion of an electric field) in activated ZnS has been re- 
cently reviewed in general (1, 2) and for the case of 
thin film devices (3 ) .  The usual configuration for in- 
vestigating the electroluminescence of thin films of 
ZnS resembles a capacitor in that it consists of a film 
of ZnS sandwiched between two parallel electrodes, of 
which one is transparent to permit the observation of 
the emitted light. 

Under operation ZnS:Mn,Cu,Cl films undergo time- 
dependent changes in the observed characteristics 
which are commonly referred to as forming and aging. 
Forming (4, 5) describes the observation that, on first 
applying a voltage to a film of this composition, a large 
current flows but no emission occurs. With the subse- 
quent gradual decrease in current electroluminescence 
commences and increases in luminance. The duration of 
this process depends on the fabricating method and is 
typically a few seconds to as much as an hour (6, 7 ) .  
One of the reasons that electroluminescent devices 
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Key words: aging, electroluminescence. forming, thin films, vac- 

uum deposition, zinc sulfide. 

have not been more successfully applied is the aging 
effect or deterioration of emission on operation (8 ) .  
The longest half-life (time to half initial luminance) 
for a ZnS thin film was reported to be just over a 
thousand hours (9) under a-c excitation. The d-c half- 
life of thin films is considerably shorter than that ob- 
tained under a-c conditions, and in some instances the 
devices are unstable (10).  

In common terminology forming and aging are used 
to designate apparently distinct periods in the operat- 
ing life of ZnS:Mn,Cu,Cl films. This paper describes 
the results of an investigation to determine whether a 
significant change in the d-c device characteristics can 
be associated with forming and aging, and whether 
these two phenomena are affected by the method of 
preparing the devices. 

Experimental 
The devices investigated consisted of a layer of 

phosphor sandwiched between two electrodes in a 
capacitor arrangement, and supported by a glass sub- 
strate. The phosphor used as source material for these 
experiments was ZnS:Mn,Cu,Cl with the following 
impurity concentrations determined by activation 
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analysis: Cu 1.676, Mn 0.2%, and C1 less than 0.1%. It IA- -14 
was not possible to establish the corresponding con- 
centrations in the films. A tin oxide layer on the sub- 
strate constituted the transparent electrode, and a - 

12 
matrix of 1 mm square aluminum electrodes on the 
phosphor film completed the array of devices. All 
evaporations of materials other than metals were per- 
formed in an Edwards High Vacuum Ltd. Model 12EX - 10 

coating unit. The equipment had been modified to ac- 
commodate the special requirements for the produc- 
tion of uniform thin films. In pre-evaporation pump- 
down the pressure observed on the dry air calibrated 
ionization gauge was approximately 1 x 10-5 Torr. A 
range of phosphor film thicknesses between 0.2 and 
2.0p was investigated. Interferometric measurements 
were used to determine the thickness of the films and 
also to calibrate the crystal monitor used for rate 
control. 

Two methods were employed for the preparation of 
phosphor films. A procedure that gives good control 
over the impurity incorporation and satisfactory re- 
crystallization is based on diffusing the impurities from 
a relatively large bulk of powder of desired impurity 
content into the film, previously deposited, contiguous I I 

0 10 20 30 40 50 
to the powder under equilibrium conditions (11). The RATE (A/SEC) 
substrate with the evaporated ZnS film is embedded in 
the activated powder and the is heated in Fig. 2. Effect of film deposition rate on: 1, break-down field; 2, 
a double crucible (12) to approximately 750°C for a luminance. 

brief period. Using diffusion-activation relatively good 
films can be made, although only certain types of glass tion rates in excess of 10 A/sec the breakdown field of substrate and tin oxide layer survive this treatment. the film decreased and reduced the attainable lurni- 

The alternate method, deposition-activation, is based nance of the device (Fig. 2). For deposition rates less 
on the crystallization and activator incorporation dur- than 5 A/sec, presumably as a consequence of the 
ing the deposition of the film (13). The source material, residual gas at the vacuum prevailing during evapora- 
sintered ~ressed  pellets of phosphor, was deposited tion, the maximum attainable luminance also de- 
onto a heated substrate. A very efficient method of sub- creased. The properties of the deposited film depend on strate heating consisted of using the tin oxide layer on the constitution of the vapor from which it condenses. 
the substrate (subsequently used as transparent elec- For the given vacuum environment and boat design an trode) as a resistive heater (14). In preliminary ex- optimum substrate temperature of approximately 
periments it was found that the characteristics of de- 240°C and deposition rate of 5 A / ~ ~ ~  were used in the 
vices prepared by deposition-activation were ~ r i -  preparation of films on which change in characteristics 
marily sensitive to the substrate temperature and the measurements were made, 
deposition rate. With increasing substrate temperature, The three variables that describe the operation of an 
the condensation rate decreased as in Fig. 1. A series of electroluminescent film are the voltage (v)  applied to 

f d  the tin oxide and aluminum terminals, the current (I) 

A,sec by varying the source temperature, For deposi- through the device, and the luminance (L).  The elec- 
trodes were connected in series with a large resistor to 
a stabilized voltage supply. The voltage across the film 
was monitored with a Keithley 601 electrometer. A 
small series resistor was used to record the current. 
Reproducible luminance results were obtained with a 
Spectra Pritchard photometer. The characteristic 
curves, L-V-I, were recorded with a Honeywell 550 
recorder. 

Observations 
Both deposition-activated (80 films) and diffusion- 

activated (44 films) films were investigated. Although, 
under d-c operating conditions, diffusion-activated 
films generally showed a higher luminance (maximum 
observed 240 fL) than deposition-activated films (max- 
imum observed 50 fL) the change in characteristics on 
operating was qualitatively similar, and consequently 
only representative results for deposition-activated 
films are presented. 

In preliminary experiments it was observed that, for 
the devices investigated, emission was most effective 
when the aluminum electrode was made positive. In 
order to investigate the change on operation in d-c 
characteristics this polarity (aluminum positive) was 
therefore used. From first turn-on to the final break- 
down of the device the current was maintained con- 
stant at 1 mA. 

The voltage across the device and the luminance 
I 1 

20 80 140 200 260 were continually monitored as a function of time. The 

SUBSTRATE TEMPERATURE ( C )  
voltage and luminance history for film 5-31 is des- 
cribed in Fig. 3. For constant current the voltage in- 

Fig. 1. Relative deposition rate as a function of substrate tem- creases continuously. The actual trace, from which 
perature. this graph is constructed, shows that as the break- 
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VOLTAGE (VOLTS) 

Fig. 4. For film 5-31, voltage variation with current after operat- 
ing device for the following period: 1, start; 2, 72 min; 3, 117 min; 
4, 133 min; 5, 141 min; 6, 157 min. Solid line: aluminum electrode 
positive; dashed line: aluminum electrode negative. 

TIME (MINUTES) 

Fig. 3. Time-dependence of voltage and luminance for constant 
current for film 5-31. 1, Luminance; 2, voltage. 

down voltage is approached the device becomes very 
noisy and final destructive break-down is preceded 
by numerous voltage spikes to low resistance values. 
Near break-down the luminance reaches a maximum 
value and decreases again. This decrease can be ex- 
plained by the observation that near break-down in- 
dividual portions of the device extinguished. Con- 
sequently the photometer, integrating over a large 
portion of the device, records a decreasing luminance. 

In order to determine the change of the device char- 
acteristics as a result of operation, the V-L-I charac- 
teristics were plotted periodically. In earlier experi- 
ments it had been established that interrupting the 
current through a device did not result in a relaxa- 
tion to a lower voltage on turning the current back on. 
It could be assumed, therefore, that the characteristics 
at any point in time described the degree of change in 
the device. To ensure that the measurements of the 
V-L-I curves did not affect the device significantly 
the current was limited to a range less than 1 mA. 

The variation of voltage with current is shown in 
Fig. 4. It appears that the device was initially linear, 
but with operation became increasingly nonlinear and 
asymmetrical. Measurable emission started as the de- 
vice became nonlinear and was macroscopically uni- 
form over the entire electrode area. 

Electroluminescent devices are often described by 
their L-V curve. The interpretation of the electrolu- 
minescence mechanism is also often based on this 
relationship. For the film already described the L-V 
graph at various points during its operating life is 
given in Fig. 5. It is noticed that the curves are parallel 
and progressively displaced to higher voltage values. 

The L-I characteristics are shown in Fig. 6. It is ob- 
served that emission efficiency (in fL/mA) increases 
both with time of operation and, for small values of 
current, with current. For large currents near break- 
down, as for example curve 4, the efficiency decreases 
presumably as active areas of the device are eliminated. 

In order to determine to what extent the change that 
had occurred during operation was irreversible, 
several films were operated under conditions where 
the voltage polarity was regularly reversed. At no 
point could the previous characteristics be regained. 
Although a minor degree of recovery occurred, a 
permanent change had been established that modi- 
fied the device characteristics. 

0.0001~ I 

1 10 100 

VOLTAGE (VOLTS) 

Fig. 5. For film 5-31, luminance variation with voltage after 
operating device for following period: 1, 117 min; 2, 133 min; 3, 
141 min; 4, 157 min. 

To establish whether the time-dependent effects 
observed could be associated with the formation of 
an oxide between the film and the aluminum elec- 
trode (15) the measurements were repeated on a 
matrix of devices which included a SiO layer between 
the film and the opaque electrodes, for which a num- 
ber of different metals were used. For this case it was 
observed that emission commenced on first applying 
a voltage to the device, but that the same shift in 
characteristics occurred as with devices that did not 
have an oxide layer, and that in the presence of the 
oxide layer metals other than aluminum also led to 
electroluminescence. 

Discussion 
The terms forming and aging, as applied to thin 

films of ZnS:Mn,Cu,Cl, are commonly used to refer 
to apparently identifiable distinct processes. Thus, the 
virgin device on first application of a voltage under- 
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0.0001- 
0.01 0.1 1.0 

CURRENT (MA) 

Fig. 6. For film 5-31, luminance variation with current after op- 
erating device for following period: 1, 117 min; 2, 133 min; 3, 141 
min; 4, 157 min. 

goes forming, whereupon electroluminescence is possi- 
ble. Once emission has been achieved, the film is sub- 
ject to aging, or decrease in luminance on constant 
voltage operation. The observations reported in this 
paper suggest that forming and aging are two labels 
that are convenient but arbitrary in the description of 
the time-dependent behavior of the devices under op- 
eration, since they reflect practical aspects of the 
devices rather than any distinct phase of device 
change. 

For every device investigated electroluminescence 
was associated with nonlinear I-V characteristics. The 
initial linear I-V curve, not observed in the experi- 
ments with an additional oxide layer, is probably 
caused by parasitic conductive paths which must be 
eliminated for electroluminescence to occur. 

Two possible explanations for the shift in device 
characteristics suggest themselves: the growth of an 
oxide layer at the aluminum electrode, and a change 
in the bulk of the film. The observation that, in the 
presence of a SiO layer, the shift in device characteris- 
tics occurred with metals other than aluminum would 
indicate that the formation of an aluminum oxide layer 
probably serves to eliminate parasitic conductive paths, 
but that changes in the film bulk cause the observed 
shift. 

The nature of the change in the ZnS:Mn,Cu,Cl 
films has not been conclusively demonstrated. In the 

fabrication of certain types of rectifiers and transis- 
tors an electronically active region is created by a 
"forming" process that involves substantial ionic cur- 
rent (16). It is proposed that, in view of the concentra- 
tion of copper in the films greatly in excess of the 
solubility ( 17), copper ions diffuse to capturing bound- 
aries creating electronically active phases of Cu,S (18, 
19) and leading to an electroluminescence mechanism 
described by Vlasenko and Gergell (20). The con- 
stancy of slope of the shifted I-V curves and the in- 
creasing efficiency with operation of the devices 
support this interpretation. 
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ABSTRACT 

The luminescent properties of the green emitting YzOzS:Pr+3 have been 
studied. The emission lines in the visible region are assigned to the transitions 
from "0 to ~ H J  and to W2 of Pr+3; the main green emission lines around 514 
nm are attributed to the transition 3Po + 3H4. There was a small shift, about 
160 cm-l, of the emission lines to higher energy with an increase in host 
cation radius (Y to Gd to La). The two broad excitation bands in Y z O Z S : P ~ + ~ ,  
centered at 255 and 290 nm, are due, respectively, to host excitation and to 
excitation associated with an interaction of activator and host. The optimum 
activator concentration of Y202S:Pr+3 phosphor is at about 1 x 10-2 mole 
PrzOzS per mole of phosphor. Quadrupole-quadrupole interaction is involved 
in the concentration quenching of the green emission. 

Y(Gd and La)zOzS:Pr+3 phosporsl emit a green 
emission under cathode-ray or ultraviolet excitation 
(1, 2) .  The energy levels of Pr+3 in PrCl3 (3, 4), in 
LaBq (5, 6), in YC13 ( I ) ,  in other crystals (8, 9), 
and in the vapor state (10) have been studied in 
detail from their absorption and fluorescent spectra. 
However, it is somewhat difficult to assign the elec- 
tronic transitions within the Pr+3 (4f2) configuration 
which are responsible for the emission and excitation 
lines in Y(Gd and La)202S because there is some 
discrepancy, about 400 to 1800 cm-1, between the 
positions of the observed emission and excitation 
lines of Y(Gd and La)pOzS:Pr phosphors and the 
positions of the lines reported in ref. (3) - (10). 

In this paper, the assignment of the emission and 
excitation lines of Y202S:Pr phosphor is made by 
comparison with the energy levels of Pr+3 in YCl3. 
The small shift of the Pr t3  emission lines with a 
change in host cation radius, the origin of the two 
broad excitation bands, the optimum activator con- 
centration, and the concentration quenching mech- 
anism of the P r t 3  emission in Y202S are also re- 
ported. 

Experimental 
The rare earths used2 were yttrium oxide 6N, 

gadolinium oxide and lanthanum oxide 5N, and 
praseodymium oxide 3N. The rare earth oxide as 
host component and praseodymium oxide were dis- 
solved in hot nitric acid and precipitated with oxalic 
acid. The precipitate was dried, then heated in air at 
900°C for 2 hr to convert to the oxide, using alumina 
crucibles. This mixed oxide (1 mole) plus sulfur (3 
moles) and sodium carbonate as flux (1  mole) were 
mixed in a mortar and then fired at 1100°C for 2 h r  
in air. After firing, the samples were washed with 
hot deionized water several times. By this treatment, 
residual sulfur and sodium compounds were removed 
from the phosphors. The samples obtained were con- 
firmed as the oxysulfide by x-ray diffraction analysis. 

The emission, excitation, diffuse reflectance spectra, 
and cathodoluminescence data were obtained with the 
equipment described elsewhere (11). No correction 
of the emission spectra was made for the spectral re- 
sponse of the monochromator and photomultiplier. 
The concentration dependence of the intensity of 
selected lines was determined from the recorded 
emission spectra by measuring their amplitudes. 

Results and Discussion 
Assignment of lines of Pr+?-The emission and 

excitation spectra of Y202S:Pr phosphor were similar 
to the spectra of GdzOzS: Pr and of LazOzS: P r  phos- 
phors. For this reason, the spectrum of the Y20zS:Pr 
phosphor is primarily discussed in this paper. The 
small differences between the emission spectra of 
the Y(Gd and La)zOzS:Pr phosphors will be dis- 
cussed in the section on Effect of host cation radius on 
the emission line wavelength. 

The emission spectrum of Y202S: P r  phosphor under 
254 nm radiation from a low-pressure mercury lamp 
is shown in Fig. 1. No change of the emission spectrum 
was observed under excitation by other wavelengths 
or by cathode rays. In Fig. 1, the weak emission lines 
at wavelengths longer than 540 nm are also shown 
with higher magnification (about 10 times). The 
emission spectrum consists of lines ranging from 
about 410 to 700 nm. The main group, which con- 
sisted of many lines, peaks at about 514 nm, so that 
the emission color of the phosphor appears green. The 
Yz0zS:Pr emission spectrum is due to the transitions 
between the energy levels of the 4fz configuration of 
Prt3. 

The position of the lines and bands in the excitation 
spectrum of the 514 nm emission was coincident with 
the position of the lines and bands in the excitation 
spectrum of the 610 nm emission. Since the direct 
excitation spectrum of the 610 nm emission clarified 
to a greater extent the distinctions between the ex- 
citation lines, a study of the excitation spectrum of 
the 610 nm emission was made. 

Electrochemical Society Active Member. I Key words: multipolar interaction, concentration dependence, I 

excitation spectra, transition, emission line shift. 
'The Pr+3 was substituted for a portion of the rare earth host 

4 00 500 600 700 
cation in all preparations as for example (Yt..Prz)20.S. However wavelength i n  nm 
the conventional phosphor notation will generally be used, i.e.: 
YeO>S:Pr. Unless indicated otherwise. Pr is always trivalent. 

Wbtained from Lindsey Division. American Potash and Chemical 
Fig. 1. Emission spectrum of YzOzS:Prf3phosphor. Above 540 

Corporation. nm the highly magnified spectrum is also shown. 
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wavelength i n  nrn 

Fig. 2. Detail excitotion and emission spectra of Y20zS:Prt3 
phosphor. The lines are assigned as the transition between ground 
level 3H4 and excited levels. 

The excitation spectrum of the 670 nm emission con- 
sisted of two broad and strong bands centered at 
about 255 and 290 nm, respectively, and of several 
weak lines at wavelength longer than 450 nm. The 
broad excitation bands are described in more de- 
tail below. The direct (line) excitation spectrum is 
shown in Fig. 2. Figure 2 also gives the green emission 
spectrum of Y202S:Pr obtained with 290 nm excita- 
tion. The emission lines coincided in position with the 
excitation lines for the 670 nm emission. The direct 
excitation spectrum of Y202S:Pr was classified into 
three groups: 463, 486.5, and 503 nm. These excita- 
tion lines may be attributable to direct transitions 
from the 3H4 ground level to the excited levels of the 
Pr+3 ion. However, as shown in Table I the positions 
of the lines were about 1800 cm-1 lower in energy 
from those for the free ion (12). The large differ- 
ences of the energy level positions between free Prf3 
and Pr t3  in YzOzS is due to the fact that the position 
of the J levels of Pr+3 in crystals depends on bonding 
character of Pr t3  with the nearest neighbor anions 
and that the separation decreases in energy with an 
increase in covalent bonding (5, 9) .  Ionic character of 
bonding increases with an increase in electronega- 
tivity of the elements. 

The P r f 3  energy levels which participate in the 
direct excitation and emission lines of Y202S:Pr 
phosphor are comparable to the energy levels of Pr+3 
in YCl3 which may have a little more ionic bonding 
than Y202S. By assuming that the position of the 
energy levels of 3 P ~  Prt3 in Y202S is about 400 cm-1 

Table I. 3 P ~  and '16 excited energy levels of free PrC3  and 
P r + 3  in yttrium compounds 

Energy Free ion* YCL* Y2&S 
levels em-1 n m  cm-1 n m  cm-I n m  

lower than the corresponding position of the energy 
levels of Prf3  in YC13 (7) because of more covalent 
bonding than in the chloride, the groups of the direct 
excitation lines of Y202S:Pr, 463, 486.5, and 503 nm, 
can be attributable to the transitions from the P r f 8  
ground level 3% to the excited levels 3P2, 3P1, and 
VO, respectively. The strong excitation lines at 486.5 
and 490 nm in Fig. 2 may be due to transitions to the 
sublevels of 3P1 which is split by the crystal field. 
There may be a line around 460 nm which corresponds 
to the transition 3H4 + 116 but it is too weak to verify. 
The weak excitation lines at wavelengths longer than 
503 nm in Fig. 2 are attributable to the transitions 
from the 3H4 ground level, which is split into many 
levels by the Stark effect, to the 3P0 which is not 
split. 

In the emission spectrum of Y202S:Pr shown in 
Fig. 1, there are no emission lines originating from 
the levels above 3Po because there is no change of the 
emission spectrum of Y202S: Pr  under direct excita- 
tion of the  PO, 3P1, or 3P2 levels, i.e., with 503, 486.5, 
and 463 nm radiation, respectively. The emission lines 
of the Y202S:Pr spectrum consisted of four main 
lines, 514, 548, 640, and 670 nm. These were attribut- 
able to the transitions from 3Po to 3H4, 3H5, 3H6, and 
3F2, respectively. 

The transition between  PO and 3H4 is an electric 
dipole transition (3, 13) and this transition is allowed 
when a Pr+3 ion occupies a lattice site lacking a 
center of symmetry. The crystal structure of Y(Gd 
and La)202S crystals belongs to the D3a space group 
and the rare earth cation site symmetry is C3,(3m) 
(14). The rare earth ion is coordinated with seven 
anions; four oxygens and three sulfurs, having dif- 
ferent bonding lengths; 2.23 and 2.90A. The Pr+3 ions 
are expected to occupy the cation sites in Y(Gd and 
La)202S crystals, so that electric dipole transition 
which give rise strong emission is allowed. 

Effect of host cation radius on the emisshon line 
wavelength.-It was observed that the positions of 
the emission lines of Prf3  in Y, Gd, and La oxysulfide 
phosphors did change with wavelength with a change 
in host cation. Since these oxysulfides all have the 
Lat03 structure, the change in line position must be 
due to a change in the crystal field caused by the 
change in host cation. Figure 3 gives the relationship 
between the wavelength (in cm-1) of several emis- 

0 

ionic r a d i u s  ( A  ) 

Fig. 3. Relationship between the position of the emission lines 
and ionic radius of rare earth cation in Y(Gd and La)202S. Lat- 
tice constant o, also indicated in the figure. 

* From ref. (7). 
1 Fluorescent main line. 
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Fig. 7. Recorded excitation spectrum (uncorrected) of the green 
emission of Gd202S:Prt3 phosphor. Lines superimposed on the 
broad bands are believed due to absorption by paired gadolinium 
ions. 

bands. However, there was evidence of the energy DY p,.,m,.m-,.3,ie- 

transfer from trivalent gadolinium to PrC3 resulting 
. 8 .-,..~,.,,~,,",, 

in Pr+3 emission for the samples containing above Fig. 8. Relative emission intensity from 3Po (514 nm) and from 

0.01 mole gadolinium, but there was no evidence of ID2 (-1 ~ m )  per one P r C 3  ion (IOblC) of YzO~S:P~+~ phosphor. 

energy transfer below 0.005 mole gadolinium. This 0 values for 514 nm emission is 10.5 and for the 1 am emission is 
result is similar to that obtained with mixed 8. Concentration is mole PrzOgS per mole phosphor. 
(Y,Gd)203 phosphors activated with the rare earths 
where the energy transfer involved pairs of trivalent 
gadolinium ions (17). Therefore, it is deduced that 
the energy transfer from gadolinium to Pr t3  emission 
in Gd2OzS:Pr may occur in a similar way. 

Concentration dependence.-As already shown in 
Fig. 5, the optimum praseodymium concentration 
markedly changed with a change in the exciting 
modes: 0.25 m/o (mole per cent) under cathode rays, 
0.3 m/o under 255 nm, 0.5 m/o under 290 nm, and 
1.0 m/o under 460 nm. 

Since the weighted number of nearest neighbor 
cation sites of YzOzS crystal is twelve, the optimum 
activator concentration should be at  0.08 mole, if the 
concentration quenching is due to a decrease in the 
concentration of the isolated single activator ions (18). 
If so, an electrostatic multipolar interaction is in- 
volved in the concentration quenching (19). 

When electrostatic multipolar interactions are in- 
volved in concentration quenching, the observed 
emission intensity Ioh as a function of the activator 
concentration is given by the following expression 
(20) 

lob  = KIo [I  - exp(- a C)] [I  + p (C)ef3]-1 [I] 

where I, is intensity of the exciting light, a effective 
absorption coefficient for the exciting light, C activator 
concentration, @ a constant for each interaction in a 
given structure, 0 is 6, 8, or 10 for dipole-dipole, 
dipole-quadrupole, quadrupole-quadrupole interac- 
tion, respectively, and K is a constant. This expression 
indicates that the optimum activator concentration is 
not only a function of the luminescent centers but also 
of the absorption coefficient for exriting radiation. The 
experimental results agree qualitatively with the 
results predicted by expression [I]. Since it is difficult 
to determine the n value of powder phosphors, no 
quantitative analysis could be done. For the exciting 
radiation used here, Fig. 5, the absorption coefficient 
decreased with exciting wavelengths. For a weak 
absorbing exciting radiation, Eq. [I] becomes 

The value of e for the green emission of Pr t3  
(514 nm) in Y202S was 10.5 as indicated in 
Fig. 8. Therefore, quadrupole-quadrupole interaction 
( 0  = 10) was involved in the concentration quenching 
of the green emission of Y20zS:Pr phosphor. This 
result agrees closely with the result which quad- 
rupole-quadrupole interaction predominantly in- 

volved in the concentration quenching of Pr+3 
emission in LaF3 (21). When the interaction of Pr+3 
ions with each other increases as the praseodymium 
concentration increases, the excited electrons in the 
TO level of one P rC3  ion relax to 1Dz. This relaxation 
energy 3Po + ~ D z ,  3800 cm-1, is simultaneously trans- 
ferred to other Pr+3 ions by the transition 3H4 + 3H6, 
4100 cm-I. Because the ground level 3H4 of P r f3  in 
YzOpS crystal is split into many levels (maximum of 
2J + 1) with energy difference of 450 cm-1, the 
energy difference of 300 cm-1 is inconsequential and 
the energy transfer from 3 P ~  + ID2 to 3H4 --) 3H6 
occurs readily. 

When a multipolar interaction is involved in 
emission quenching, the decay time of the emission 
should vary according to the intensity of the multi- 
polar interaction. Since the decay time of the green 
emission of Y202S:Pr was very fast, several micro- 
seconds, the change of the lifetime due to multipolar 
interaction could not be detected in this study. 

The optimum activator concentration of the emis- 
sion from the lowest emitting levels of Eu+3 and of 
Tbt3 in Y202S is 0.08 mole fraction (20). However, 
the optimum activator concentration for the emission 
line from the lowest emitting level of Prt3, ID*, h 
about 1 pm, was about I x 10-2 mole fraction. The 
slope of the (Iob/C) curve was 8/3 as shown in Fig. 8. 
Thus dipole-quadrupole interaction was involved in 
the concentration quenching of the Pr+3 ID2 emission 
line. The transition responsible for this interaction is 

Under cathode-ray excitation, all of the excitation 
modes are involved in the excitation process. How- 
ever, the host excitation may be dominant among 
these excitation modes. If so, then the concentration 
dependence curve for cathode-ray excitation of the 
phosphors which have a host excitation band should 
be similar to the concentration dependence curve 
under host excitation. As shown in Fiq. 5, the con- 
centration dependence curves obtained by cathode- 
ray excitation are indeed very similar to the concen- 
tration dependence curve obtained by 255 nm host 
excitation. 

The green emission of Y202S:Pr phosphor under 
cathode-ray excitation had good response to high 
current, i.e., did not saturate at  relatively low current 
densities like sulfide phosphors. Since the lifetime of 
the electrons remaining in the excited level 3 P ~  is 
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very short, the saturation of the excited electrons in Flemming for cathodoluminescent data, and Dr. G. 
To does not occur until very high beam current ex- Arai for x-ray data. 
citation. Therefore, the green emission of Y202S:Pr Manuscript submitted Feb. 20, 1970; revised manu- 
may be used as the green component in projection- script received June 10, 1970. This was Late News 
type color TV picture tubes. Paper 329 presented at  the New York Meeting of 

the Society, May 4-9, 1969. 
Conclusion Any discussion of this paper will appear in a Dis- 

cussion Section to be published in the June 1971 
Y202S:Pr phosphors emit a green fluorescence J ~ ~ ~ ~ ~ ~ .  
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Calculation of the Ga-In-P Ternary Phase Diagram 

Using the Quasi-Chemical Equilibrium Model 

G. B. Stringfellow 

Ilewlett-Packard Company, Pnlo Alto, Califo~nia 94304 

ABSTRACT 

The Ga-In-P solid-liquid-vapor equilibrium phase diagram has been cal- 
culated based on the quasi-chemical equilibrium solution model. The calcu- 
lated phase diagram, both isothermal liquidus and iso-(solid concentration) 
lines, and Pe and Pq vapor pressure curves, is found to be in agreement with 
recently published experimental data. 

The thermodynamic properties of the 111-V binary 
system In-As, Ga-As, and In-Sb have been calculated 
using the quasi-chemical equilibrium (QCE) treat- 
ment of the lattice solution model (1-2). A method of 
calculating a general 111-V ternary phase diagram was 
also presented in ref. (2) and applied to the calcu- 
lation of the In-As-Sb and Ga-In-As systems. Be- 
cause of the lack of experimental data, the accuracy 

Key words: gallium-indium-phosphorus s.vstem, calculated phase 
diagram. 

of the calculated ternary phase diagrams could not be 
adequately tested. The Ge-Si-Sn and Ge-Si-Pb phase 
diagrams, calculated using the QCE treatment, were 
found to be in excellent agreement with experimental 
phase diagram data (3). 

Recently, experimental phase diagram data has been 
obtained for the system Ga-In-P (4-5). It is the pur- 
pose of this paper to compare the calculated phase 
diagram with the experimental data for the system 
Ga-In-P and thus test the accuracy of the QCE cal- 
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culation and present the entire Ga-In-P solid-liquid- 
vapor equilibrium phase diagram. 

Calculation of Ga-In-P Phase Diagram 
The calculation is based on the quasi-chemical equi- 

librium (QCE) model. The major assumptions on 
which this model is based are: 

1. Each atom has Z nearest neighbors. 
2. Nearest neighbors interact pairwise with the 

temperature and composition independent interaction 
parameter, n, defined as 

!!AB = Z[HAB - M (HAA + HBB)] 
where Hij is the energy of an i-j ,nearest neighbor pair. 

3. Only the configurational free energy of mixing is 
considered, i.e., the vibrational free energy of mixing 
is neglected. 

4. The distribution of constituent atoms is calculated 
using a mass action-like expression 

NiiNjj/(Nij)2 = '/4 exp (2nij/ZRT) 

where i and j each represent either A, B, or C. 
The equilibrium equations for the (ternary liquid)- 

[binary solid) equilibrium may be written 

The activity coefficients, rij, in the ternary liquid 
phase cannot be expressed analytically but are com- 
puted numerically in terms of temperature and com- 
position using the QCE model. The activity coefficients 
in the solid phase may be written 

where 
p = [l + 4X(1 - X) (a2 - l)lr12 

X = NAC/(NAC + NBC) and a = exp (~Ac-Bc/ZRT) 

For the zinc blende lattice, where AC-BC interactions 
are considered, the appropriate value of Z is 12. 

Using the activity coefficients calculated from the 
QCE model, Eq. [la-c] can be solved numerically with 
NA and Nc given to yield NB, X, and T. A detailed de- 
scription of the calculation is given in ref. (2). 

The equilibrium Pz and P4 pressures over the liq- 
uidus surface were calculated from the following 
equilibrium equations 

where P"p,, the P4 pressure over pure liquid phos- 
phorus, and Kp(T) may be calculated from data avail- 
able in the JANAF Tables ( 6 ) .  

The parameters used in the calculation are listed in 
Table I. The In-Ga interaction parameter was deter- 
mined by Macur, Edwards, and Wahlbeck (7) .  The 
In-P and Ga-P interaction parameters were obtained 
by making a least squares fit of the calculated binary 
phase diagrams to the experimental data (8-10) (see 
Fig. 1). The entropy (11) and temperature (11-14) 
of fusion for InP and Gap were extracted from the 
literature. The only parameter not available from 
binary data is the InP(,)-Gap(,) interaction parameter. 
It was obtained by constraining the solid in equilib- 
rium with a liquid composed of 35% Ga, 50% In, 15% 
P, to be 97.2% Gap, as per Panish's data (4). It was 

Table I. Parameters used in the QCE calculation of the 
Go-In-P phase diagram 

-- - 

Parameter Value used in the calculation 

ASP was calculated from the value of AHr given by Sirota 
and the values of T" used in the calculation; A S '  = AHv/TP. 

found that the liquid composition in equilibrium with 
a given solid near pure Gap is the variable most sensi- 
tive to the InP-Gap interaction parameter. 

The calculated results are presented in Fig. 2-5. In 
Fig. 2, the calculated isothermal liquidus lines are 
presented for comparison with points obtained from 
interpolating between Panish's data points. No points 
from the extrapolation of his data are included since 
they are subject to large errors. The agreement be- 
tween calculated and experimental liquidus composi- 
tions is within 2 a/o (atomic per cent). Low tempera- 
ture liquidus isotherms in the In-rich corner of the 
phase diagram are the most useful for crystal growth 
information. This area of the phase diagram is ex- 
panded in Fig. 3. In Fig. 4, calculated iso-(solid com- 
position) lines are plotted along with the experimental 
data. Each line represents the locus of liquid com- 
positions in equilibrium with a given solid composi- 
tion. Each data point is labeled with the mole frac- 
tion Gap in the solid in equilibrium with that par- 
ticular liquid composition. 

The agreement between calculated and experimental 
liquid composition in equilibrium with a particular 

T ('C I 

Fig. 1. Go-P and In-P temperature-composition phase diagrams. 
----- Ideal solution calculation -Gap; - -- - ---- 
QCE calculation, nca-p = -3500, nln-p = 0; 
QCE calculation with temperature dependent interaction porom- 
eters = 4650 - 5.85T, nm.p = 8220 - 7.57T; 0 Panish 
( 8 )  InP; A Hall (9) InP, Gap; Rubenstein (10) Gap. 
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Fig. 2. Ga-In-P liquidus isotherms. --- QCE calculation 
with RI,,.P = 0, Rca.p = -3500; - - - - - - - - QCE calculation 
with temperature dependent interaction parameters nm.p = 8220 
- 7.57T and R G ~ . P  = 4650 - 5.85T; 0 Panish (4); A Ruben- 
stein (10). 

Fig. 3. Liquidus isotherms in the expanded In-rich corner of the 
ternary Ga-In-P phase diagram. 
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solid composition is generally good. There is a sys- 
tematic deviation from Panish's data at the low Gap 
concentrations, even though the agreement with Fos- 
ter's data is excellent. It should be pointed out that 
Panish's method of determining the solid composition 
in equilibrium with a given liquid by slowly cooling 
to 20" below the liquidus temperature leads to errors, 
especially when the mole fraction of Gap in the solid is 
low; because the equilibrium solid composition changes 
on cooling. For example, cooling from 1100'C by 20°C 
changes the equilibrium solid composition on the 
pseudobinary from 30 to 14% Gap. If error bars were 
extended from each of Panish's data points to the liq- 
uidus 20" below the original liquidus, Panish's data 
would be in agreement with the calculated results. 

Calculated PZ and P4 pressures in equilibrium with 
the liquid composition on the liquidus surface are 
plotted in Fig. 5. The calculated curves are compared 
with data from the interpolation of Panish's data (4),  
and the data of Johnson (15) for pure Gap. The agree- 
ment is excellent for pure InP and Gap; and even 
though the agreement is good within the Ga-In-P ter- 
nary system, the calculated curves are systematically 
higher than the experimental data. The curves for 750°, 
800; and 850°C where there is no experimental pres- 
sure data are included because this information is 
useful for crystal growth experiments in this tem- 
perature range. 

Discussion 
To determine the usefulness of the QCE calculation, 

it is necessary to compare the calculated results with 
experimental results and with the results calculated 
using other model solutions. Panish compared his ex- 
perimental results with liquidus curves calculated for 
a11 ideal solution and for a solution with rc, = rrn = 1 
and -yp determined from experimental results. Neither 
method gives satisfactory results. To further compare 
the QCE and ideal solution calculations, the ideal Ga-P 
liquidus curve is included in Fig. 1. The iso-(solid 
concentration) curves calculated for ideal solid and 
liquid solutions are compared with experimental data 

Fig. 4. Go-In-P iso-(solid concentration) curves calculated using 
QCE model, Q I ~ - P  = 0, fica-p = -3500. Each curve and point is 
lobeled with XG~P.  0 Panish (4); A Foster (5). 

Fig. 5. Pz and P4 vapor pressures in equilibrium with the Ga-In-P 
liquidus surface. - - - - - - - - Pn; --- Pd; A Punish (4) Pa; 
0 Panish (4) PA; 0 Johnson (15) Pq; V Johnson (15) P2. 
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Fig. 6. Ga-In-P iso-(rolid concentration) curves calculated using 
ideal solution model. Each curve and point is labeled with Xc;,l>. 
0 Panish (4); A Foster (5). 

in Fig. 6. These comparisons clearly show the QCE 
calculation to be a dramatic improvement over the 
ideal calculation, but there is a systematic deviation 
from the experimental results for liquidus, iso-(solid 
concentration) and vapor pressure curves. This devia- 
tion can be seen in the In-P, Ga-P, In-As, Ga-As, and 
In-Sb binary liquidus curves (21, so it is not entirely 
due to the inadequacy of the QCE model in describing 
the solid solution, where one would expect the largest 
deviations from any simple model. 

There are two approaches which might be taken in 
attempting to improve the phase diagram calculation: 
( i)  use the same model and allow the interaction 
parameters to be an arbitrary function of T and/or X; 
(ii) use a more sophisticated model which contains the 
elements necessary to better describe the real solution. 
The first approach is simply bending the model to fit 
the binary data, since n is constant for the simple QCE 
model. The second approach involves trying to deter- 
mine the physical processes which might make the 
interatomic interactions change with temperature or 
composition and building them into the model solution. 

Guggenheim (1) suggested that a could be taken as 
a linear function of T, L (T) ,  to improve the agreement 
between calculated properties of the QCE solution and 
experimental data. An attempt was made to improve 
the calculation of the Ga-In-P phase diagram using 
this procedure. By calculating a for each experimental 
point on the liquidus and determining the L(T) which 
best fit the data, the In-P and Ga-P interaction param- 
eters were determined to be 

= 8220 - 7.57T and dtca-p = 4650 - 5.85T 

The respective binary phas diagrams calculated using 
these interaction parameters are plotted in Fig. 1. As 
expected, allowing n = L(T)  improves the fit to the 
experimental data. 

The Ga-In-P phase diagram was calculated using 
these new temperature dependent interaction param- 
eters, all other parameters remaining the same as for 
the regular QCE calculation. The isothermal liquidus 
curves are compared with the regular QCE results and 
the experimental results in Fig. 2. The iso-(solid con- 
centration) curves are the same as those presented in 
Fig. 4. The phase diagram calculated using tempera- 
ture dependent, interaction parameters is in substan- 
tially worse agreement with the experimental data. 
This result illustrates the danger of bending the 
model to fit the binary results. The ternary calculation 
is more than an extrapolation of binary data. It is 
based on finding a self-consistent solution model which 
contains the elements necessary to describe the binary 
systems and then calculating the ternary using the 

same conceptual basis. The appropriate method of im- 
proving the calculation is to use a more sophisticated 
model which includes the physical processes which 
make the interatomic interactions temperature and 
composition dependent. 

Kleppa (16) classfied many binary metal systems ac- 
cording to whether they had symmetric AHM us. X 
curves, characteristics of ideal, regular, and QCE solu- 
tions. He found that only systems from the same group 
of the periodic table had symmetrical AHM us. X 
curves. This is consistent with the results of String- 
fellow and Greene (3) where the Ge-Si, Ge-Sn, Ge-Pb, 
Si-Sn, and Si-Pb systems were found to behave as QCE 
soli~tions. It would be expected that 111-V systems 
could be better described using a more sophisticated 
model giving the more general asymmetrical AHM US. X 
curves. 

One approach to improving the model would be to 
retain the lattice model but improve the QCE as- 
sumptions: (i) nearest neighbors interact pairwise, 
(ii) only configurational free energy of mixing is im- 
portant, i.e., vibrational free energy of mixing is ne- 
glected. The surrounded atom model (17) is similar 
to the QCE model except the basic entity is an atom 
with all its nearest neighbors, rather than atom pairs. 
This is an example of building into the model the 
physical processes which make the interatomic inter- 
actions change with composition. It improves the QCE 
approximations above and gives the more general 
asymmetric IHnz vs. X, but involves 12 interaction pa- 
rameters for the binary system and 84 for the ternary 
system. Approximations can be made to reduce the 
number of parameters, but a calculation of the ternary 
phase diagram based on the surrounded atom approach 
is still not practical. 

Other, more sophisticated models such as cell models, 
hard sphere models, and conformal solution theory 
have been developed for nonpolar spherical molecules 
and sophisticated models have been developed for ionic 
solutions. Work is needed in the construction of more 
sophisticated models applicable to metallic solutions. 
One problem is that the basic interactions in metallic 
systems are not well understood. Only recently has 
progress been made in understanding the intermolecu- 
lar potentials in liquid metals (18-20). Cell models us- 
ing intermolecular potentials may be useful in better 
describing the thermodynamic properties of liquid 
metals, in particular in 111-V systems. 

Thus, the QCE model appears to be the best, pres- 
ently available, practical basis for the calculation of 
111-V ternary phase diagrams. 
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Phase Diagram of the Zn-Cd-Te Ternary System 

Jacques Steininger, Alan I. Straws,* and Robert F. Brebrick* 

Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 02173 

ABSTRACT 

The ternary Zn-Cd-Te liquidus surface and the pseudobinary CdTe-ZnTe 
solidus curve have been determined by thermal analysis of cooling and heating 
curves, respectively, of homogenized liquid and solid alloy samples. The binary 
Cd-Te and Zn-Te liquidus arrest temperatures are in good agreement with 
most of the previously published data and confirm the presence of well- 
defined inflections on the metal-rich and Te-rich sides of both liquidus curves. 
The binary interchange energy parameters calculated along each liquidus 
curve for the regular and quasi-chemical approximation solution models give 
essentially similar values for dilute solutions. Near equiatomic composition 
however, they show values respectively in excess of 200 kcal/mole and less 
than 40 kcal/mole. The pseudobinary CdTe-ZnTe liquidus and solidus curves 
exhibit monotonic and sublinear increases in temperature with increasing 
ZnTe content. The gap between the two curves remains less than 0.16 mole 
fraction and shows excellent agreement with the values calculated from the 
ideal liquidus-solidus thermodynamic relationship. The ternary liquidus tem- 
peratures form a smooth surface with a narrow ridge near the pseudobinary 
CdTe-ZnTe composition line and practically degenerate ternary eutectic and 
boundary lines. 

The 11-VI compounds CdTe and ZnTe form a com- 
plete series of solid solutions with cubic zincblende 
structure and with band gaps varying from 1.5 to 2.3 
eV at room temperature. The alloys containing up to 
85 m/o (mole per cent) ZnTe can be made both n- 
and p-type, and efficient visible electroluminescence 
at 77'K has been obtained with Zn,Cdl-,Te diodes 
prepared by diffusion of Zn and P into Al-doped CdTe 
single crystals (1). The samples prepared by this 
method however showed evidence of strain which 
became more severe with increasing x. Recently, alloy 
crystals have been grown directly from the liquid 
phase by the Bridgman and slow cooling techniques 
(2), but details on their crystallographic and optical 
quality were not reported. 

Because of interest in the growth of alloy crystals 
from the melt and from Te-rich solutions (3), we 
have investigated the phase diagram of the ternary 
Zn-Cd-Te system by thermal analysis of homogenized 
liquid and solid alloy samples. Particular attention 
was paid to the CdTe-ZnTe subsystem, which was 
assumed to be pseudobinary, and to the Te-rich re- 
gion of the ternary liquidus surface. The binary Cd-Te 
and Zn-Te liquidus curves were also re-investigated 
because of discrepancies in the published data. Finally, 
the metal-rich region of the ternary liquidus surface 
was selectively surveyed in order to present the first 
comprehensive set of data for thermodynamic analysis 
of ternary mixed 11-VI systems. 

Experimental 
Thermal analyses were conducted in a vertical 

platinum-wound resistance furnace by slow cooling of 
homogenized liquid samples and slow heating of 

' Electrochemical Society Active Member. 
Key words: ternary phase diagram, thermal analysis, zinc, cad- 

mium, tellurium, alloy crystal growth, quasi-chemical interchange 
energy, liquidus-solidus thermodynamics.- 

homogenized solid samples at temperatures up to 
1265°C. A 10-15g charge of an accurately weighed 
mixture of 6-9's purity elements was placed in a 1 by 
10 cm silica ampoule with a 2.5 cm re-entrant thermo- 
couple well. The free space inside the ampoule was 
less than 5 cm?, and the loss by evaporation of the 
most volatile component was estimated to be less 
than 0.1% by weight over the experimental range of 
temperatures. A similar ampoule containing about 
8g of silicon was used as a reference. The ampoules 
were sealed under forepump vacuum (10-3 Torr) and 
placed in two symmetrical cavities drilled in a 5 by 
12.5 cm nickel cylinder fitted with a nickel lid. A 
Pt-Pt 13% Rh thermocouple was inserted in each 
ampoule, and the two were connected for simulta- 
neous recording of the sample temperature and of the 
temperature difference between sample and reference 
as a function of time. To increase the sensitivity of 
the temperature readings, the emf from the sample 
thermocouple was partially balanced out with a 
millivolt potentiometer. The outputs from the two 
channels were then amplified by d-c microvolt ampli- 
fiers and recorded on a two-pen recorder with 1 and 
0.1 mV full scale deflection, respectively. Calibration 
with a gold sample (melting point 1063.0°C) gave 
melting and freezing arrests of 1063.0" f 0.1"C and 
showed that no correction of the sample temperature 
readings was necessary. 

The samples were slowly heated to reaction tem- 
perature, melted, and then equilibrated for at least 
16 hr  at 50°C above the estimated liquidus tempera- 
ture. Because of apparently slow kinetics of dissolu- 
tion of CdTe and ZnTe in liquid Te, shorter equilibra- 
tion times produced erratic results which may ex- 
plain some of the discrepancies observed in previously 
published data. Particular care was taken to approxi- 
mate equilibrium conditions at the onset of freezing. 
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This was achieved by cooling melts that were only 
slightly superheated (20"-25°C above the liquidus 
temperature) at  sufficiently low rates (1'-2' C/min) 
to avoid appreciable supercooling. Under these condi- 
tions, there was usually no evidence of supercooling 
and the cooling curve showed a break that could be 
reproduced to within & 1°C (Table I ) .  When super- 
cooling could not be prevented, the liquidus arrest 
temperature was taken to be the maximum in the 
recalescence curve. No attempts were made to obtain 
liquidus data from heating curves because the end of 
melting for noncongruently melting compositions is 
poorly defined and can be erroneously interpreted. 

Solidus arrests for the pseudobinary CdTe-ZnTe 
system were obtained from slow heating curves 
(1"-2" C/min) of samples that had been melted as 
indicated above, resolidified and homogenized by an- 
nealing for at  least 16 hr at about 20" below the 
solidus temperature. X-ray powder analysis of 
samples annealed in this way showed no evidence of 
inhomogeneity and gave lattice parameters in agree- 
ment with published values. The temperature of each 
thermal arrest was obtained from the intersection of 
the nearly straight lines below and above the solidus 
break on the sample temperature recording. More 
prolonged annealing (up to 10 days) resulted in 
sharper breaks but did not cause any substantial dis- 
placement of the intersections. The reproducibility of 
the solidus arrests was about 2 3" (Table I). 

Because of the large thermal effects in this system, 
differential thermal recording was used only to con- 
firm the arrests observed on the sample temperature 
recording. The over-all accuracy of both liquidus and 
solidus temperatures is estimated to vary from within 
r 1°C near the compounds to within a few degrees at 
higher dilution in excess elements or in the middle of 
the pseudobinary composition range. 

Table I. Experimental thermal analysis data 

Arrest 
Super- tem- 

Composition cool- per- Repro- 

System 
ing, ature, ducibil- 

Zn Cd Te 'C C ity, 'C 

Liquidus (cooling curves) 
CdTe-ZnTe 

Zn-Te 

Cut A: (Zn~ .~~Cdu .m)~ -~Te .  0.32 0.08 0.60 0 1124.8 &0.3 
0.24 0.06 0.70 0 1027.7 - 
0.16 0.04 0.80 0.5 927.4 - 

cut  

cut  

Cd-Te 

Fig. 1. Zn-Cd-Te ternary system 

Results 
The liquidus and solidus arrest temperatures, the 

amount of supercooling observed on the cooling 
curves, and the reproducibility of repeat runs are 
listed in Table I for the following subsystems (Fig. 1):  
Cd-Te binary liquidus; Zn-Te binary liquidus; CdTe- 
ZnTe pseudobinary liquidus and solidus; liquidus 
isopleths at  constant Zn/Cd ratios of 4.0, 1.0, and 0.25 
(Cuts A, B, C) ;  and liquidus isopleths at constant Te 
concentrations of 0.10, 0.30, 0.60, 0.70, 0.80, and 0.90. 

Binary Cd-Te system (Fig. 2).-The Cd-Te binary 
liquidus curve has been previously investigated by 
de Nobel (4) by visual observation of initial freezing, 
and by Lorenz (5) and Kulwicki (6) by DTA in 
sealed quartz ampoules. Their data show generally 
good agreement on the Cd-rich side, with the ex- 
ception of the high-temperature data of de Nobel 
which is significantly lower, probably because of 
supercooling. On the Te-rich side, they also show good 
agreement except for the values of Kulwicki which 
are significantly higher in the 50 to 80 a/o (atomic per 
cent) Te region. Our arrest temperatures are listed in 
Table I and shown in Fig. 2 together with the values 
of Lorenz and Kulwicki. Melting and freezing arrests 
of 1092.0" r 0.2" were observed for CdTe in good 
agreement with the previously reported values of 
1090" 2 2°C (de Nobel), 1092" -c 3°C (Lorenz), and 
1091" 2 2°C (Kulwicki). Our liquidus arrests are in 
best agreement with the data of Lorenz, on both sides 
of the liquidus curve. Substantial supercooling, which 
might have explained the differences between the 
results of Lorenz and of Kulwicki on the Te-rich 
side, was not in evidence on our cooling curves 
(Table I ) .  It is therefore suspected that the high 
temperatures observed by Kulwicki in both binary 
systems (see below) may have been caused by in- 

- 
U - 800 
(L 
3 Present Results A 
G 
W 

400 
W + 

Solidus (heating curves) L l l l l  1 1 1  1 1 1  
CdTe-ZnTe 0.10 0.40 0.50 - 1112.0 - 0 20 40 60 00 100 

0.20 0.30 0.50 - 1130.0 - Cd Te 
0.25 0.25 0.50 - 1153.5 '-3.5 ATOMIC PERCENT Te 
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0.40 0.10 0.50 - 1218.0 - Fig. 2. Cd-Te binary liquidus curve 
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samples. 

Binary Zn-Te system (Fig. 3).-The Zn-Te liquidus 
curve was investigated almost 60 years ago by 
Kobayashi (7) in an open system and more recently 
by Carides and Fischer (8) by thermal analysis in a 
high pressure autoclave and by Kulwicki (6) by DTA 
in sealed quartz ampoules. The data of the two more 
recent investigations are in generally good agreement 
except in the region between 50 and 80 a/o Te where 
the values of Kulwicki are almost 100" above those 
of Carides and Fischer. Our arrest temperatures are 
listed in Table I and shown in Fig. 3 together with 
the data of Carides and Fischer and of Kulwicki. No 
attempt was made to redetermine the melting point 
of ZnTe because of its relatively high temperature, 
and we adopted the value of Kulwicki (1290" -c- 2 T ) ,  
which is in agreement with that of Carides and 
Fischer (1295" ? 20°C). On the Zn-rich side, our 
liquidus temperatures are in good agreement with the 
previously reported experimental curves, showing an 
almost horizontal inflection near 1210". From theo- 
retical calculations of the activities in a regular as- 
sociated solution model (see Discussion), Jordan (9) 
has recently suggested a miscibility gap in the liquid 
phase between 9 and 35 a/o Te. However, careful 
analysis of several of our cooling curves at  30 and 40 
a/o Te did not reveal the monotectic arrest which he 
predicted near 1213°C. On the Te-rich side, our 
liquidus temperatures are intermediate between the 
low values of Carides and Fischer (probably due to 
supercooling) and the higher values of Kulwicki. 
Contrary to Kulwicki's diagram, our liquidus curve 
shows a well-defined inflection (near 1025°C and 70 
a/o Te) which is comparable to that observed in the 
Cd-Te system in the same composition range. 

Because of the discrepancies observed on the Te- 
rich side in both binary systems, two additional points 
were determined on the ZnTe-Te liquidus curve by 
slow cooling of large liquid samples (about 150g) in 
another, previously described (101, DTA apparatus. 
The arrest temperatures of 1070" and 1030°C for com- 
positions of 70 and 72.5 a/o Te are in good agreement 
with the rest of our data (Fig. 3) and confirm the 
inflection on the liquidus curve. 

- 
Y 

Carides ond Fischer o 

AHcd, = 12.0 kcol/mole 
AHZnTe = 15 6kcollmolc 

Pseudobinary CdTe-ZnTe system (Fig. 4).-No 
previous investigation of the pseudobinary liquidus 
and solidus curves has been reported. X-ray diffrac- 
tion data (11) show that the Zn, Cdl-,Te alloys form 
a complete series of solid solutions and that the lattice 
parameter varies linearly with composition in agree- 
ment with Vegard's law. 

Our liquidus and solidus arrest temperatures are 
listed in Table I and shown in Fig. 4. Both tempera- 
tures show a monotonic and sublinear variation with 
composition from the melting point of CdTe (1092°C) 

0 20 40 60 80 (00 
Zn Te 4000 

to that of ZnTe (1290"). This type of variation sug- 
gests small and nearly comparable positive deviations 
from ideality in the liquid and solid phases (see Dis- 
cussion) and is similarly observed in several other 
II-VI pseudobinary systems, such as HgTe-HgSe (12), 
ZnTe-ZnSe (13), and CdTe-CdSe (14).  Of particular 
interest are the slow increase in liquidus temperatures 
and the relatively narrow gap between liquidus and 
solidus curves (less than 0.16 mole fraction). These 
are both favorable for the growth of alloy crystals 
from the melt in standard quartz ampoules up to 
relatively high values of Zn content. 

I I I I I I I I I  

Ternary liquidus surface (Fig. 5-8).-No previous 
study of the ternary liquidus surface has been re- 
ported. 

The Te-rich ternary liquidus isopleths for constant 
Zn/Cd ratios (Fig. 5) show the same type of varia- 
tion as the limiting CdTe-Te and ZnTe-Te binary 
liquidus curves, with an inflection near 70 a/o Te and 
a marked increase in temperature near the equiatomic 
composition. On the metal-rich side, there is a gradual 
transition fmm the smooth Cd-CdTe liquidus curve to 
the initially steep and then almost flat Zn-ZnTe curve. 
The inflections on both sides of the isopleths suggest 
a tendency for separation into different liquid phases. 
Such separations actually occur on the Se-rich side of 
other II-VI systems such as Hg-Se ( lo) ,  Cd-Se (15), 
and probably Zn-Se (16). However, no monotectic 
arrests have been observed in the Zn-Cd-Te system. 

Like the pseudobinary CdTe-ZnTe liquidus curve, 
the constant-Te isopleths exhibit slow, monotonic 
increases in temperature from the Cd-Te liquidus to 

ATOMIC PERCENT Te C ~ T C  0 2 0  0.40 0.60 0.80 ZnTe 

Fig. 3. Zn-Te binary liquidus curve MOLE FRACTION ZnTe 

Fig. 4. CdTe-ZnTe pseudobinary liquidus and solidus curves 
complete homogenization of the Te-rich liquid 

400 Cuf (Zno 20 Cdo.80)(-xT\ 

300 
50 60 70 80 90  400 

x. ATOMIC PERCENT Te 

Fig. 5. Liquidus isopleths at constant Zn/Cd ratios on Te-rich 
side. 
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Fig. 6. Liquidus isopleths a t  constant Te concentrations on Te- 
rich ride. 

800 s 0.20 040 070 1.00 

x.ATOM RATIO Z n / ( Z n + C d l  

Fig. 7. Liquidus isopleths a t  constant Te concentrations on 
metal-rich side. 

ZnTe 

Te 14495°C) 

Fig. 8. Projections of Zn-Cd-Te ternary liquidus isotherms on 
composition plane. 

the Zn-Te liquidus, both on the Te-rich side (Fig. 6) 
and on the metal-rich side (Fig. 7). 

The projections of the ternary liquidus isotherms 
on the composition plane (Fig. 8) have been con- 
structed by interpolation along the various liquidus 
curves. They vary smoothly between the binary 
Cd-Te and Zn-Te liquidus curves but show sharp 
peaks along the pseudobinary CdTe-ZnTe composition 
line which correspond to the marked increase in 
temperature as the composition approaches 50 a/o 
Te. The binary Cd-Zn system (17) shows a eutectic 
at 26.5 a/o Zn and 266". The binary Cd-Te and 

Zn-Te systems however show almost completely 
degenerate eutectics or peritectics, the thermal arrests 
being very close to the melting points of the pure 
elements (6).  As a consequence, the ternary eutectic 
and boundary lines are also expected to be degenerate 
(Fig. 8). 

Discussion 
Liquidus surface.-Solution models of increasing 

complexity have been called upon to interpret the 
thermodynamic properties of 111-V and 11-VI binary 
and ternary systems. The relatively moderate devia- 
tions from ideality in the 111-V systems led early 
investigators (18-20) to use expressions derived by 
Wagner (21) and Vieland (22) for a regular solution 
model with an interchange energy parameter varying 
linearly with temperature. Recently however, String- 
fellow and Greene (23) have shown that the first- 
order quasi-chemical approximation of Guggenheim 
(24) with a temperature independent interchange 
energy parameter leads to satisfactory representation 
of the liquidus temperatures and of the activities in 
the 111-V systems In-Sb, Ga-As, In-As, and the 
corresponding mixed ternary systems. 

In the 11-VI systems, the larger difPerences in elec- 
tronegativity between metal and chalcogen atoms 
produce more ionic and stronger interactions be- 
tween unlike atoms, as evidenced by the marked in- 
crease in temperature in the Zn-Cd-Te liquidus sur- 
face near the pseudobinary CdTe-ZnTe composition 
line (Fig. 8). As a result, the interchange energy param- 
eter calculated along the liquidus curve from 
Vieland's regular solution expression exhibits a steep 
minimum (in excess of 200 kcal/mole) near the equi- 
atomic composition (Fig. 9) instead of the approxi- 
mately linear temperature dependence found in the 
111-V systems. This led Jordan (9) to propose the 
Regular Associated Solution model which postulates 
the existence of stable CdTe or ZnTe complexes in 
the liquid phase and effectively shows an interchange 
energy parameter that becomes very large at equi- 
atomic composition. 

This effect apparently stems from the failure of the 
regular solution model to account for the nonrandom 
distribution of atoms in the liquid phase. The quasi- 
chemical approximation, on the contrary, postulates a 
nonrandom distribution of pairs of atoms weighted 
exponentially in terms of the energy of interchange 
between pairs of unlike atoms and the corresponding 
pairs of like atoms (24). 

Values of the quasi-chemical interchange energy 
parameter have been calculated in this study for ex- 
perimental points along the Cd-Te and Zn-Te liquidus 
curves. A computer half-interval search method (25) 
was used to solve the liquidus equation derived by 

U 

'40- FIRST ORDER QUASI -CHEMICAL APPROXIMATION - 

- 8 0 1 1 1 1 1 1 1 1 1 ~ ~  
20 40 60 80 100 

Cd Te 
ATOMIC PERCENT Te 

big. 9. Interchange energy parameter tor regular and quasi-chemi- 
cal approximations (Cd-Te binary system). 
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Stringfellow and Greene (23) from the general liq- 
uidus equation of Vieland (22) and the quasi-chemical 
activity coefficients of Guggenheim (24).  (The values 
of Kulwicki (6) were used for the entropies of fusion 
of CdTe and ZnTe.) The variation of the interchange 
energy parameter for the Cd-Te system is shown in 
Fig. 9 for a coordination number of 4. Unlike the 111-V 
systems investigated by Stringfellow and Greene, the 
11-VI systems show significant variations of the 
quasi-chemical parameter along the liquidus curve. 
The minimum near equiatomic composition however 
is much shallower than in the regular solution model 
and remains less than 30 and 35 kcal/mole on the Cd- 
rich and the Te-rich sides, respectively. 

Both the regular and the quasi-chemical models are 
based on the assumption that the energy of the solu- 
tion is a function solely of the number of pairs of un- 
like atoms and they fail to differentiate between metal- 
rich and chalcogen-rich solutions. The phase diagrams 
of the 11-VI systems are highly unsymmetrical, because 
of the difference in energy of metal-metal and chalco- 
gen-chalcogen bonds, and they cannot be adequately 
represented by either of these two models, unless they 
are arbitrarily separated into metal-rich and chalco- 
gen-rich subsystems (6, 9 ) .  The more recent Non- 
Random Two-Liquid solution model of Renon (26) 
takes account of the differences in bond energy of 
the solvent atoms and offers the possibility of repre- 
senting unsymmetrical phase diagrams with a single 
consistent set of parameters. Preliminary results in- 
dicate that it gives a better representation of the Ga-As 
liquidus curve and thermodynamic functions than the 
quasi-chemical model. Good fits to the Cd-Te and 
Zn-Te liquidus curves are also obtained, but some 
questions remain concerning the values of the temper- 
ature dependent bond energy parameters in these two 
systems. 

Pseudobinary liquidus-solidus gap.- A general ex- 
pression for the thermodynamic relationship between 
liquidus and solidus equilibrium compositions has re- 
cently been derived (27) for non-ideal but homoge- 
neous and monotonic alloy systems (i.e., systems 
showing complete liquid and solid mutual miscibility 
and monotonic variations of the liquidus and solidus 
curves). For a system of two components A and B 
with melting temperatures TA < TB, the molar frac- 
tions of A and B in the liquid and solid phases, X ~ A ,  
X'B and XSA, XSB, in equilibrium at the intermediate 
temperature T such that TA < T < TB, are related by 

where R is the ideal gas constant, AHA and AHB are 
the enthalpies of fusion of A and B, and D represents 
the difference between the partial excess free energies 
of mixing in the solid and liquid phases 

If the liquid and solid solutions are ideal, the excess 
free energies of mixing are zero and D = 0. The ideal 
form cf Eq. [I] with D = 0 has also been found to fit 
the experimental data for a large number of binary 
and pseudobinary alloy systems (metallic, semicon- 
ducting, and ionic) in which the liquidus and solidus 
curves vary monotonically with composition (27).  Al- 
though the liquid and solid phases in these systems are 
generally not ideal solutions, the ideal liquidus-solidus 
expression is applicable because the difference between 
the partial excess free energies of mixing is small 

enough to be neglected. The ideal expression can 
therefore be used to calculate one of the boundaries 
of the two-phase field when the other one and the 
enthalpies of fusion of the pure components are 
known. The solidus curve for the pseudobinary CdTe- 
ZnTe system in Fig. 4 has been calculated from our 
experimental liquidus data and from the enthalpies 
of fusion determined by Kulwicki (6 ) .  I t  shows ex- 
cellent agreement with the solidus data (the root 
mean square of the difference between calculated and 
experimental temperatures for five points is 3.8"C), 
therefore confirming that the deviations from ideality 
in the two pseudobinary phases are small and nearly 
equal. 
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Growth Characteristics of Rutile Film 
by Chemical Vapor Deposition 

R. N. Ghoshtagore and A. J. Noreika 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

Thin film rutile has been grown by the chemical vapor deposition reaction 
of T i c4  and O2 on silicon and a variety of oxide substrates over a range of 
temperatures (673"-1320°K) and reactant partial pressures (PTICII = 2.9 x 10-2 
to 9.28 x 10-1 Torr, p02 = 2.5 x 10-1 to 760 Torr). At high oxygen partial pres- 
sures between 990" to 110O0K, the films have been found to contain the rutile 
modification of Ti02 almost exclusively. Polycrystalline deposits on silicon, 
fused quartz, and amorphous silica (thermally grown or chemically vapor 
deposited) substrates displayed some preferred growth orientation (fiber tex- 
ture). Epitaxial films were obtained on (001) -, (110) - and ( I l l )  -rutile, (100) - 
MgO, and (0001) -sapphire substrates at elevated temperatures. 

The process of chemical vapor deposition (CVD) has 
recently attracted considerable attention as a method 
of depositing thin films of refractory materials on a 
variety of substrates (1). However, very few data are 
available on the nucleation and growth behavior in 
CVD systems. One such CVD process of potential im- 
portance is the growth of thin film ceramic oxides on 
semiconductors for use as insulators or dielectrics. 

Among the simple oxides, titanium dioxide in rutile 
modification is known to have one of the highest di- 
electric constants (90 1 and 180 1 I c-axis) (2). Both 
physical and chemical deposition techniques have been 
reported for the preparation of titanium dioxide films. 
The former include the evaporation of titanium fol- 
lowed by oxidation, reactive sputtering of titanium in 
oxygen, and rf sputtering of titanium dioxide (3). The 
pyrolysis of titanium alcoholates (e.g., tetraisopropyl 
titanate) (4), hydrolysis of titanium tetrachloride (5), 
and anodization of titanium films (6) are examples of 
chemical deposition of titanium dioxide. In this study, 
a new chemical vapor deposition process to form Ti02 
has been explored on a variety of substrates. Where 
practical, the growth characteristics, i.e., crystal size 
and orientation, have been observed. Some relevant 
kinetic data regarding the formation of Ti02 films on 
silicon have been reported elsewhere (7). 

Experimental Technique 
The experiments utilize the chemical reaction be- 

tween titanium tetrachloride and oxygen on a heated 
substrate in a conventional horizontal quartz tube 
"silicon epitaxial" reactor at  atmospheric pressure (8). 
Purified titanium tetrachloride (prepared by multiple 
distillation of 99.995% pure material) in thermostat- 
held quartz bottles is used as a titanium source bub- 
bler through which a carrier gas of ultrapure argon 
or ultrapure oxygen (Matheson) is passed at a con- 
trolled rate. This gas (saturated with Tic14 vapor) is 
then mixed with additional ultrapure oxygen and/or 
argon through a set of calibrated flowmeters, liquid 
traps, and filters and the mixture reacted on a quartz 
encapsulated high purity graphite susceptor heated by 
rf induction. The over-all reaction can be described by 

TiClr(g) + Oz(g) + TiO~(ruti1e) (s) + 2Clz(g) [I] 

Free energy changes (AF) for this reaction, calculated 
from known thermochemical data (9) ,  are -33.0, 
-30.3, -27.7, and -25.2 kcal/mole at 700", 900", llOOo, 
and 1300°K, respectively. 

Single crystal silicon wafers (15-20 mils thick) of 
( I l l ) ,  (loo), and (110) orientations, obtained from 

Key words: rutile, film, epitaxy, nucleation, deposition, orienta- 
tion, growth, dielectric. 

Texas Instruments, were lapped, polished in Linde B, 
and then chemically etched in 15: 5: 3 HN03: HAc: HF 
to a mirror finish by the supplier. Substrates for Ti02 
deposition were prepared by scribing 5 mm squares 
out of these wafers. The substrates were then de- 
greased by boiling in trichloroethylene and acetone 
and chemically polished in 15: 5: 3 HN03: HAc: HF to 
remove about 5-1011 of surface layer. The substrates 
were then blown dry in dry nitrogen, mounted on the 
susceptor and baked for 20-30 min in ultrapure hydro- 
gen at  1175"-1275% to remove any residual oxide 
film (10). 

The reactor atmosphere is then flushed with ultra- 
pure argon and the substrate temperature is adjusted, 
the temperature being monitored with an optical 
pyrometer [corrected for absorption by the quartz 
tube wall, reactor atmosphere, and substrate emissiv- 
ity ( l l ) ]  and/or an infrared radiation pyrometer. Ti- 
tanium tetrachloride vapor in the carrier gas is then 
passed into the reactor (after prolonged purging to 
vent), argon flow is discontinued, and mainline ultra- 
pure oxygen is introduced at a predetermined flow 
rate. The deposits and substrates are then pushed off 
the susceptor at regular time intervals with a quartz 
push rod, and the deposition rate is determined from 
an average of 16 to 18 samples run for 8 to 9 differ- 
ent time periods. Film thicknesses were determined 
by reference to an ellipsometrically calibrated color 
chart (12). The temperature of titanium tetrachloride 
was maintained at 298" f 0.5"K and that of the sub- 
strates to -+ 5°K. 

Similar experiments were performed using fused 
quartz and single crystal MgO, A1203, and Ti02 (rutile) 
substrates, an exception to the previously described 
experimental procedure when using these substrates 
being the omission of the hydrogen anneal. The re- 
ported data on the fused quartz, MgO, and A1203 sub- 
strates were determined from the change in weight 
(to microgram accuracy) of several substrates of 
known surface area before and after depositing a 4000- 
6000A thick rutile film. The theoretical density of 
4.26 g/cm"for bulk rutile) was used for thickness 
computation of the rutile film. Determinations of crys- 
tallite size and film orientation were made from trans- 
mission electron microscopy (TEM) and reflective 
electron diffraction (RED) studies, respectively. The 
Si substrates were particularly well suited for the 
TEM study since they lend themselves to a well- 
established chemical jet-etching technique (13). In 
this technique, selected areas of the substrates are 
dissolved in a chemical jet-etch solution, the remainder 
being retained as support for the TiOp membranes 
which span the etched areas. 
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Results and Discussion 
Nucleation density and deposition rate.-Figure 1 

shows Arrhenius plots relating the deposition rate of 
Ti02 to substrate temperature at three constant partial 
pressures of titanium tetrachloride. Within the range 
of experimental error the rates are seen to be inde,- 
pendent of both substrate composition and substrate 
orientation. Consequently, it can be inferred that the 
mechanism of Ti02 film formation is identical on all 
the substrates studied and is that which has been 
elucidated by kinetic studies in the case of single 
crystal silicon substrates (7). Nucleation in the vapor 
phase by gas phase reaction becomes predominant 
around 1125°K in all cases, above which temperature 
the rates decline. The effects of vapor phase reaction 
and consequent reduction of the effective vapor pres- 
sure of the rate-limiting reactant TIC14 are also evi- 
dent in Fig. 2, a plot of the number of embryo crys- 
tallites, i.e., those formed during the first minute of 

Fig. 1. Arrhenius plot of rutile thin film deposition rate 

deposition, as a function of temperature. At tempera- 
tures less than 1125%, the count increases with tem- 
perature; above 1125"K, the crystallite density de- 
creases. 

The trend of the data, i.e., the exponential rise as a 
function of increasing substrate temperature, in both 
sets of curves (Fig. 1 and 2) below 1125°K is pre- 
sumably due to two complementary effects, (i) an in- 
crease of the rate of reaction of component gases as 
the thermal energy supplied to the substrate is in- 
creased, i.e., the exponential dependence of the surface 
reaction rate constant with temperature (I),  and (ii) 
an almost negligible vapor pressure of the solid reac- 
tion product (TiO2) in the temperature range of 
interest (9). The latter effect is equivalent to an "ideal" 
complete condensation of impinging product atoms or 
molecules as envisioned in physical vapor deposition 
systems. Coupling of the above two effects produces 
an effective supersaturation which also increases with 
temperature exponentially. Deposition rate and nu- 
cleation density, both strongly related to supersatura- 
tion, assume a similar temperature dependence. How- 
ever, the activation energies of deposition and nuclea- 
tion are quite different in magnitude because of the 
difference in the physicochemical processes involved 
in each phenomenon. 

It is well known that when a solid surface catalyzes 
a hetereogeneous gas reaction, the energy of the reac- 
tion is decreased by the adsorption of one or more 
of the reactants. If EH and E, are the energies for un- 
catalyzed and catalyzed reactions, respectively, and 
Ei* is that for the adsorption and/or desorption of the 
ith reaction species on the catalyst, then 

where n is the number of species involved in the 
reaction. 

EH can be calculated from the available thermody- 
namic data (9) and is - 1.25 eV whereas Es can be 
obtained from Fig. 1 and is - 0.8 eV. Since only the 
adsorption of atomic oxygen is involved in our CVD 

n 

mechanism (71, 2 EAab,~c .,,,, = EoA -- 1.25 - 
0.80 eV = 0.45 eV. 

Now, if AE, is the enthalpy of activation for the re- 
action 

and K is the equilibrium constant, then 

I / ( ,  - \, 1 where and Since molecular po Ti02 and is oxygen, po2 formed are respectively. the by partial the adsorption pressures of of atomic atomic 

oxygen (charged or uncharged) (7) on the substrate, 
iol0 the saturation nucleation density of Ti02 ( N , )  is pro- 

portional to the density of adsorbed oxygen which, in 

s ~ 5 t r a t e . l l l l l  S~lirn", 
turn is, proportional to the gas phase concentration of 

"-tW, 8-mnmm atomic oxygen produced by the reaction represented 
R w n t  Conomtrationr i ~ n p u t l  

P =IMlOrr by Eq. [3]. Using Eq. [5], we obtain 
~ZC,4=0.11610rr &A 

N, = Clpoadsorbed = C1C2po EXP - 
loq 

0.7 0.8 I IP I 0  1.1 1.2 I 3  
kT 

1211 I O K - ~ I  
-AE, $ EO* -AE, $ E," 

= C~Czpo~ l /~  Exp = C exp 
Fig. 2. Arrhenius plot of the density of T i01 nuclei on (111) sili- kT kT 

con. = C Exp - 2.14 eV/kT [ 6 ]  
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where C1, Cp, and C are constants, and E,A = 0.45 eV 
and IE, = 2.58 eV (14). The excellent agreement of 
the calculated activation energy of saturation nuclea- 
tion density (Eq. [6]) with the experimental data 
(Fig. 2) also seems to validate earlier conclusions on 
the mechanism of the surface nucleation. Furthermore, 
the other possible mechanism of surface nucleation by 
the collection of the nuclei formed in the vapor phase 
seems to be ruled out by the experimental facts that 
(i) the nuclei do not have spherical morphology (see 
later), and (ii) the saturation nucleation density does 
not remain constant above 1125"K, when the gas phase 
reaction has overtaken the surface reaction. 

When vapor phase reaction becomes predominant 
(above 1125OK, Fig. 1 and 2),  the model described still 
applies although the curve appears to assume a posi- 
tive slope. As the gas phase temperature is raised along 
with that of the substrates, nucleation in the vapor 
phase is enhanced, and the effective pressure of the 
rate-limiting reactant gas (TiC14) seen by the sub- 
strate diminishes. Since the rate of surface reaction 
and the supersaturation are also functions of this pres- 
sure, both deposition rate and nucleation density de- 
crease. The data above 1125"K, in both Fig. 1 and 2, 
represent a sum of two competing physicochemical 
processes. Thus, above 1125'K, the nucleation density 
(N,) can be described by Eq. [6] modified by an addi- 
tional factor for the amount of unreacted Tic14 present. 
A similar adjustment can be made to describe the 
deposition rate above 1125%. 

Orientation behavior.-Some variations were ob- 
served in the crystallographic orientations adopted by 
Ti02 films, on the several types of substrates used. On 
oriented Si wafers, for example, crystal orientation 
within the films was found to be independent of sub- 
strate orientation. These data obtained from RED ob- 
servations are presented as functions of the substrate 
temperature (630"l32O0K) and orientation in Fig. 3. 
All Si substrates were of the low-index type, i.e., 
(loo), (110), and (111). Figure 3 indicates that with a 
change of substrate temperature, different crystal 
orientations are produced in the films. At temperatures 
below 630°K, the crystallites are oriented at random. 
A strong {llO)-orientation occurs between 630" and 
730°K. This is succeeded by a (101)-orientation be- 
tween 730hnd  990K, then by a (301)-orientation be- 
tween 990" and 1125°K; and finally, by a strong (100) 
orientation at higher temperatures, at  least to 1320°K. 
Deposition of Ti02 on fused quartz substrates over a 
temperature range of 990"l10OeK produced films hav- 
ing orientations similar to those for Ti02 on Si. 

This similarity prompted additional experiments in 
which oxides of Si were deliberately formed on 
oriented Si surfaces. The oxide layers were either 

I I I I I I I I  

Substrate: IMl) f+  
Silicon 1111) clllOlf- 1101)f-IlWlf c 1 1 0 0 ) f +  

Silicon (110) r-- I1011 f + l ~ l ~ + c - l l ~ ) f  4 l- 
Silicon 11001 r-- ~io~)f--,t.lMllf+c~i~~f+ 
Amorp. Silica on 1111) Silicon 

l1031f 
!--llW)f- 

Fused Quartz c(Mllf+ 

Rutile 1001) 

Rutile 11101 

thermally grown or chemically vapor deposited (by 
the reaction of SiH4 and 02). When Ti02 films were 
subsequently deposited, orientations were the same as 
those deposited on both the hydrogen annealed Si and 
the silica surfaces. In another experiment, in situ 
gaseous etching of Si substrates with HC1 was per- 
formed prior to Ti02 deposition. After 1-2 pm of the 
substrate surface had been removed, the reaction com- 
ponents were introduced, and films were deposited. 
Orientations altered slightly in this case, the onset of 
(100)-orientation occurred at a temperature of 100O0K, 
and the {301)-orientation was eliminated. 

The evidence suggests that the observed Tion orien- 
tations represent equilibrium orientations on both 
neutral and neutralized surfaces; the single crystal Si 
substrates being neutralized by exposure to oxygen. 
Moreover, the presence of neutralized surfaces is vir- 
tually inevitable since the adsorption of oxygen at the 
surface is a prime reqdirement in the reaction se- 
quence. The cause of slight modification in the results 
for films etched in situ by HC1 is, as yet, not well 
established. Since the etch was intended to remove 
the natural surface oxide, as was the hydrogen anneal, 
one assumes that the predeposition treatments of the 
substrate did not produce equivalent results and that 
the {301)-orientation, where it occurs, may be arti- 
ficially stabilized. 

Efforts to detect the presence of SiOz between sub- 
strate and film included infrared absorption measure- 
ments. Known thicknesses of SiO2 in especially pre- 
pared Si-SiO2-TiOp structures served as standards. 
Since infrared absorption was not observed for either 
the experimental films or for the standards in which 
SiOz thickness was less than 200A, oxide films, if pres- 
ent, had not exceeded the absorption thickness limit. 

Since oxygen neutralized surfaces may well be the 
rule on metallic and semiconductor single crystal sub- 
strates, single crystal oxide substrates appear to offer 
the most likely surfaces for the epitaxial growth of 
rutile. Deposits on cleaved and polished surfaces of 
rutile, MgO, and sapphire, in fact, showed varying 
degrees of epitaxy, Fig. 3, at temperatures between 
990" and 1205°K. 

Figure 3 also indicates that the best orientation 
match between the film and substrate occurs for 
(110) -oriented rutile substrates. Good epitaxial align- 
ment is also evident on the (111)-oriented substrates 
at temperatures greater than 1100°K. Films deposited 
on (001)-oriented substrates showed a moderate de- 
gree of epitaxy at temperatures near 1200°K; orienta- 
tions of deposits prepared at  lower temperatures 
ranged from a (301)-fiber texture at 990°K to a badly 
twinned (001)-epitaxial layer near 1100". The de- 
gree of twinning was greatly reduced and often com- 
pletely eliminated in all homoepitaxial growth ex- 
periments, i.e., on (110), (loo), and (111)-oriented 
rutile substrates, by in situ etching of the substrates 
in gaseous chlorine at 1320%; 1000-1500A of a sub- 
strate was so removed. 

Films prepared on (100)-oriented MgO and (0001)- 
oriented sapphire substrates in a temperature range of 
1100"-1205°K also exhibited strong epitaxial behavior. 
Some of their representative RED patterns are shown 
in Fig. 4. The orientation relationships between rutile 
films and substrates (where Tion represents the rutile 
film and Ale01 rearesents the saaahire substrate) were 

Fig. 3. Schematic representation of preferred rutile crystallite strate-film interface with titanium atoms occupying 
orientation in thin films (as a function of substrate material, tem- unoccupied octahedral sites of MgO lattice. Since the 
perature, and orientation) grown at  poz 760 Torr and p ~ i c l *  = respective oxygen ion densities for observed crystal- 
0.058 to 0.232. Symbols f and e stand for fiber and epitaxial hob- lographic planes are MgO(100) = 1.13 x 1015/cmZ and 
its, respectively. rutile (110) = 1.04 x 10'5/cm2, some interfacial dis- 

Rutile 11111 r ( l l l ) e+  Il l l ie* 

MgO 1100) +ply clll0)e.l 

Sapphire 10901) , I I I yllW)ej I 

(IIO)TIO~ [I - ( I ~ O ) M ~ O ,  [0011Ti& I I [0111Mg; and 
(100)~i02 1 1  (0001)~1203, [010l~i02 [ I  [ ~ ~ O I A I Z O ~ .  
I0111 *Tioz I I [ 110 ]~ l~o~ .  ( [  I * = R.L. vector). Inspec- 
tion of the orientation relationship observed for rutile 

700 800 900 1 m  1100 1 m  13x1 1.m films on (100)-oriented MgO substrates indicates that 
Temperature, OK a continuous oxygen sublattice exists across the sub- 
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Fig. 4. Reflection electron diffraction (RED) patterns of epitaxial 
rutile films on (a) (110) rutlle, (b) (100) MgO,  and (c) ((1001) 
sapphire, Corresponding RED patterns of substrates are shown on 
the bottom half  of each photograph. Substrate temperature = 
1100°K. po2 1. 760 Torr, p~,rt., = 0.232 Torr. 

tortion is expected. A somewhat similar alignment 
occurs on (0001)-oriented sapphire crystals where the 
oxygen-filled substrate surface becomes common to 
both substrate and film. In this case, the respective 
oxygen ion densities are sapphire (0001) = 5.12 x 
1014/cm2 and rutile (100) = 7.37 x 1014/cm2. In de- 
posits on to single crystal rutile surfaces (homoepi- 
taxy), the oxygen-titanium stacking becomes that of 
the substrate. 

Growth behavior.-The growth behavior of TiO:! 
films was most conveniently observed by transmission 
electron microscopy (TEM) of films deposited on Si 
substrates. The majority of films so investigated had 
mean thicknesses between 230 and 1500A, were de- 
posited in a fixed set of reactant partial pressures 
( P T I C I ~  = 0.116 Torr, po2 u 760 Torr), and at one of 
three predetermified temperatures, 990°, 110O0, or 
1205°K. All films on silicon showed a platelet morphol- 
ogy as shown in Fig. 5. The data obtained from such 
micrographs are given in Fig. 6 where the average 
platelet dimension is plotted both as functions of film 
thickness and equivalent growth time. The average 
platelet size was observed from the electron micro- 
graphs by linear analysis (error = +- 10%). Since 
average values did not change with annealing at the 
growth temperatures in oxygen (PO, = 760 Torr) (the 
annealing period was at least ten times the period of 
the deposition), they were considered to represent 
equilibrium dimensions. From the data in Fig. 6, de- 
posits prepared between 990" and 1205°K show lateral 
extension of individual grains at almost a constant rate 
until a film thickness between 700 and 10008, are 
reached. At these thicknesses, further lateral growth 
ceases. The ultimate lateral dimensions reflect the dif- 

Fig. 5. Typical transmission electron micrograph of rutile film 
grown on silicon. po2 --. 760 Torr, p~ictq = 0.116 Torr, T = 
llOOeK, t 1. 1500A. 

Time, min 
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Fllm ThicXnCII. /I 

Fig. 6. Average lateral size of rutile crystallites in the thin films 
grown on (111) silicon single crystal substrates as functions of 
film thicknesses and growth times a t  990°, 1100". and 1205°K. 
PTICI., = 0.1 16 Torr, PO? 760 Torr. 

ferences in nucleation densities observed earlier, i.e., 
deposits where nucleation density was greatest show 
crystallites of smallest lateral dimension and vice 
versa. Approximate dimensions (maximum) are 1470A 
(llOOeK), 2700A (1205"K), and 3300A (990°K). The 
data from films deposited at 1205°K indicate that at 
this temperature the rate of lateral extension is ir- 
regular in the thickness range 700-900A. These growth 
results are regarded as uncertain at present and are 
indicated by a dashed line in Fig. 6. The size irregu- 
larities are likely related to the appearance of another 
TiOa phase during deposition [electron diffraction re- 
veals the presence of Ti02 (anatase) in deposits pre- 
pared above 1125"KI. The observed two-component 
multilayered film is likely to produce crystallites of 
various dimensions, the averaging of which could 
cause the observed discrepancy. The mechanism for 
formation of the second phase may well occur via a 
homogeneous reaction between Tic14 and 02; such a 
reaction has been reported in a similar CVD reaction 
(4)  although no structural data of the reaction product 
is available. 

Effects of partial pressure ratio.-The effects of the 
variation of partial pressure ratio P O ~ / P T ~ C I ~  on the 
deposition rate of Ti02 film is shown in Fig. 7 at two 
substrate temperatures. The slope of 1/2 is due to the 
fact that atomic oxygen is a reactant species at both 
these temperatures; this has been discussed in detail 
elsewhere (7). The pressure ratio at which Ti02 
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Fig. 7. TiOe thin film deposition rate as a function of the re- 
actant partial pressure ratio (PT~CI,, = 0.058 to 0.232 Torr, Po? = 
0.25 to 25 Torr) at two substrate temperatures. 

(rutile) formation is prominent is 8.62; below this 
ratio an unidentified reaction product is formed which 
is stable to the extent of complete resistance to 
further oxidation in pure oxygen (760 Torr) at  tem- 
peratures up to 1320°K and at  annealing durations of 
up to 8 hr. Thermodynamic calculations, using free 
energy change values from the JANAF thermochem- 
ical tables (9) and assuming equilibrium, i.e. 

2 ~ ~ ~ e  = P T ~ C I ~  and P O ~ / P T ~ C L ~  = % Kp [7] 

predict that the minimum P O ~ / P T ~ C I ~  ratio for rutile 
formation is 7.7 x 10-7 at 1100°K. This is orders of 
magnitude lower than the experimental value of 8.62 
and is in the right direction for a reaction sequence 
controlled by the surface adsorption kinetics of atomic 
oxygen produced in the gas phase. - - 

Refractive index data.-The refractive indices ( n ~ )  
and thicknesses of Ti02 films on silicon were 
determined by ellipsometric methods (12). For films 
in the thickness range of 200-1500A the average value 
of nD was 2.83 -c 0.03. A few films thinner than -. 
500A had a refractive index 5 4 %  lower than this 
average value. Such data are not uncommon in thin 
films, viz., indices of refraction of the oxides (A1203, 
TazOj, NbsOj) are less in thin film form than in the 
bulk (15). The average refractve index of Tion films 
(2.83 -+: 0.03) produced for the present studies js 
greater than that obtained by a similar CVD process 
( n ~  = 2.0) using tetrabutyl titanate and tetraiso- 
propyl titanate (16) and compares favorably with 
the single crystal nD values (17) (2.909 for the extra- 
ordinary ray and 2.613 for the ordinary ray).  No 
reproducible behavior of change in nD as a function of 
film thickness and/or deposition temperature could 
be detected. 

Summary and Conclusions 
The present study on the structure of chemically 

vapor deposited TiOz thin films on a variety of sub- 
strates has shown that (a) the crystallographic 
modification of Ti02 produced by the reaction of 
T i c 4  (g) and Oz(g) on all substrates studied is pre- 
dominately rutile at and above a P O ~ : ~ ) T ~ C L ~  ratio of 
8.62; (b)  the film is always polycrystalline on single 
crystal silicon between 0.001 to 30 ohm-cm. a- or 

below 110O0K, growth on (001) and (111) rutile 
substrates generates polycrystalline films and at 
relatively high deposition temperatures (> 1100°K) 
epitaxial films were produced on single crystal rutile, 
MgO and sapphire substrates; (d) in situ HC1 etching 
of single crystal substrates produces preferred 
crystalline orientation at lower temperatures (in the 
case of silicon) and better quality epitaxial films 
(little or no twinning) on rutile substrates; (e) under 
a fixed set of experimental conditions comparable 
growth rates were obtained on all substrates; ( f )  
between 990" and 1205°K the rutile crystallites grew 
laterally (on silicon) at about the same rate up to a 
film thickness of about 700A; and (g) the density of 
TiOs nuclei (on silicon) increased exponentially with 
increasing temperature up to about 1125°K with an 
activation energy of 2.18 eV. 

The energetics of the rutile crystallite formation 
process (on silicon) has been analyzed to support an 
earlier conclusion that the kinetics of the reaction 
TiCl4(g) + Oz(g) -* Ti02 (rutile) + Clz(g) (on the 
silicon surface) involve adsorbed atomic oxygen and 
TiC14 molecular species (in the gas phase). Also, the 
epitaxial rutile thin film grown on low-index MgO, 
rutile, and sapphire substrates have easily under- 
standable film-substrate structural relationships. 
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Deposition of Silicon and Silicon Carbide by Film-Boiling 
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When a substrate is immersed in a liquid and heated 
to a temperature much higher than the boiling point of 
the liquid, a sheath of vapor forms, separating the 
liquid from the substrate. This process is generally 
called "film boiling." If the liquid thermally decom- 
poses or otherwise reacts to produce a substance which 
is nonvolatile a t  the temperature of the substrate, plat- 
ing of this substance onto the substrate may occur. 
Basically, such a process is simply vapor deposition, 
at the high vapor concentration limit. 

Recently Nieberlein (1) has used the film-boiling 
method to deposit polycrystalline silicon carbide onto 
tungsten filaments from mixtures of trimethylchloro- 
silane and cyclohexane at  temperatures of -900°C. 
Deposition rates of up to 100 pm/min were obtained. 
X-ray investigations (2) have not yet unraveled the 
crystal structure of the deposits. However, an extensive 
transition layer of tungsten carbide was identified. 

This report presents the initial results of our at- 
tempts to adapt the film-boiling technique to the pro- 
duction of materials for  electronics applications, par- 
ticularly silicon carbide. Graphite and single-crystal 
silicon substrates were used in an attempt to eliminate 
transition layers. Several liquid systems were inves- 
tigated. 

Experiments and Results 
The deposition system (Fig. 1) consisted of a pair of 

copper electrodes, with adjustable spacing, immersed 
in the liquid under study. The deposition cell was 
cooled with chilled acetone (-0°C) to minimize 
evaporation. The substrates were clamped between the 
electrodes by tightening the Teflon spacers and heated 
with a variable autotransformer. A current-limiting 
resistor was required when using silicon substrates. 
This consisted of a coil of resistance wire wound on a 
spiral-grooved ceramic core (total resistance, 15 ohm). 
Several intermediate taps were provided for lower 
resistances. 

Temperature was monitored with an optical pyrom- 
eter. Sight-path effects introduced an uncertainty of 
-c50°C. The boiling, liquid sheath did not interfere 
with the temperature measurements during the early 
stages of deposition. However, the solutions eventually 
became turbid, making temperature measurements un- 
reliable toward the end of deposition. 

Graphite substrates, nominally 2 X 0.3 x 0.1 cm, 
were cut from disks of spectroscopic grade graphite 
(National Carbon, Grade CCH), lightly sanded with 
fine emery paper, rinsed with acetone and wiped dry. 
Silicon substrates, nominally 2 x 0.3 x 0.05 cm, were 
obtained by scribing and fracturing from 0.2 to 0.5 
ohm-cm, ( I l l ) ,  p-type silicon wafers. These were de- 
greased in trichloroethylene and etched in HF-HN03 
before use. Solutions for deposition were prepared 
from reagent grade materials without further purifica- 
tion. They were used only once because of the turbidity 
produced during deposition. 

Graphite substrates.-Deposition from pure tri- 
methylchlorosilane at -1100°C produced thick, ad- 
herent layers of polycrystalline material which were 

* Elcctrochcm~cal Socicty Active Member. 
Kcy words: silicon, silicon carbide, vapor deposition, film-boiling. 

identified by x-ray diffraction as the 6H polytype of 
CC-silicon carbide. Deposition rates were -350 pm/min 
for runs of up to 1% min duration. Knoop microhard- 
ness values averaged 2200. No electrical evaluations 
have yet been made on these deposits, other than to 
note that they appeared to be n-type by thermal probe 
and to have relatively high resistivity. 

Dilution of the trimethylchlorosilane with cyclo- 
hexane decreased the rate of deposition, but otherwise 
had no apparent effects on the gross characteristics of 
the deposits. Dilution with methanol, however, pro- 
duced a rather dramatic effect. For mixtures with less 
than -65 v/o (volume per cent) methanol, the de- 
posits resembled those from pure trimethylchlorosilane. 
For mixtures with higher methanol concentrations, a 
black, lustrous deposit was obtained. Fracture surfaces 
of this material appeared glassy (see Fig. 2) .  Pro- 

4 Copper 
Electrodes 

li Coolant 

'r Deposition 
Liquid 

I I 

Fig. 1. Film-boiling cell 

Fig. 2. Fracture surface showing o 230 pm-thick layer of glossy 
material deposited from a solution of 10 v/o trimethylchlorosilone 
in methanol, onto a graphite substrate. 
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longed etching in HF-HN03 (4 days in a 50-50 mix- 
ture) revealed that some areas of the deposits were not 
single-phase. X-ray diffraction indicated the material 
was indeed noncrystalline. Knoop microhardness 
values averaged 1800. The chemical composition has 
not yet been determined. However, the material was 
observed to form a liquid phase when heated in an 
inert atmosphere to 1700°C. Microscopic examination 
of the surface after this treatment revealed that por- 
tions of the layer had been transformed into a colorless 
glassy material which we suspect is silica. 

The preparation of a similar, black, glassy substance 
by the decomposition of methyltrimethoxysilane vapor 
on a hot tungsten filament was reported by Hough and 
Early (3). They reported the composition to be 
-SisaCfiO4a. 

Silicon stibstrates.-Deposition from pure trimethyl- 
chlorosilane at -950°C produced thick, polycrvstal- 
line layers shown by x-ray diffraction to be silicon. 
Deposition rates were 200 pm/min for runs of up to 1% 
min duration. The deposits appeared to have relatively 
high resistivity. Thermal probing indicated n-type con- 
duction. 

Dilution with cyclohexane not only decreased the 
deposition rate but materially improved the physical 
quality of the deposit. Figure 3 shows a 94 am thick 
layer deposited in 4% min from a mixture containing 
20 v/o trimethylchlorosilane. Back reflection x-ray dif- 
fraction indicates that some areas of the deposit are 
(111) single crystal. Thermal probing showed the de- 
posit to be n-type. The electrical characteristics of the 
p-n junction have not yet been investigated. No de- 
posits could be obtained using trimethylchlorosilane 
and methanol mixtures because the conductivity of 
such solutions was higher than that of the substrate. 

Discussion 
The deposition of silicon onto silicon substrates from 

trimethylchlorosilane, both with and without cyclo- 

Fig. 3. Fracture surface showing a 94 pm-thick loyer of silicon 
deposited from a solution of 20 v/o trimethylchlorosilone in cyclo- 
hexone, onto a single crystal silicon substrate. 

hexane, was an unexpected result in view of the results 
obtained using tungsten and graphite substrates. The 
influence of deposition temperature on the composition 
of the deposit, however, has yet to be determined. The 
results reported here were for a relatively low deposi- 
tion temperature, and the formation of silicon carbide 
at higher temperatures cannot be ruled out. Different 
results might also be obtained by using a different 
silane or an organic diluent or both. Nevertheless, the 
effect of the substrate on the course of the reactions 
occurring is vividly illustrated. 

The suitability of material prepared by film-boiling 
for device fabrication has yet to be demonstrated. The 
rather unsophisticated technique used here can cer- 
tainly be improved upon. By using highly purified 
liquids and inert electrodes (e.g., graphite), the purity 
of the deposits should be substantially improved. Ac- 
tually, this technique should be inherently cleaner 
than solution epitaxy, since the container for the li- 
quids is not heated. Should it prove to be detrimental, 
the turbidity of the liquids, produced during deposition, 
might be eliminated by using a liquid flow system in 
which the liquids are continuously pumped from the 
deposition chamber through a filter, thence back to 
the chamber. Dopants might also be thus introduced. 

There are several characteristics of the film-boiling 
technique that may limit its usefulness for epitaxial 
deposition. For example, there is a very large tempera- 
ture gradient along the substrate major axis. This 
might be reduced, however, bv using very long, thin 
substrates. Hiqh resistivity substrates obviously could 
not be used. The inability to vapor etch might also be a 
disadvantage. However, some degree of etching might 
be obtained by heating the substrate to a relatively 
low temperature if the liquid easily decomposes to 
produce vapors of an etchant, e.g., HCl. The tendency 
to deposit thick polycrystalline layers from concen- 
trated solutions, although undesirable for epitaxy, may 
have applications to the technology of integrated cir- 
cuit fahrication using dielectric isolation. 
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Gallium Diethyl Chloride: A New Substance in the 

Preparation of Epitaxial Gallium Arsenide 
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Manasevit et al. (1, 2)  and Rai-Choudhury (3) have a high reactivity (4) [Ga(CH3)3 ignites with 0 2  even 
reported on the use of alkyl-gallium compounds and at -76"C, and a mixture of its vapor with air explodes 
arsine in the preparation of gallium arsenide epitaxial at room temperature; Ga(C1Ha)s ignites in air and ex- 
layers. However, these compounds are distinguished by plodes in 02.1 The use of trialkvl-gallium together 

Key words: materials, preparation. gas epitaxv, organic Ga soul.ce, with highly toxic arsine (threshold limit value 0.05 
nl.sine. ppm) is extremely hazardous in case of any leakage. 



Vol. 11 7, No. 10 GALLIUM DIETHYL CHLORIDE 1317 

Fig. 1. Growth rate of (100) GaAs layers vs. IO4/T 

The reaction between Ga(CH3)3 and Pyrex has also 
been reported (2). This causes difficulties during dis- 
tillation for purification purposes. In a technical appli- 
cation it would be important to have a Ga-compound 
which is safer to handle even in large quantities. 

Therefore, the comparable low reactive gallium 
diethyl chloride (GDC) has been used as the Ga source. 
This substance hydrolyzes slowly even in 0.1N NaOH. 
Although 1 mole of HC1 is generated per mole GaAs, 
this should not have a negative influence on the layer 
quality because, in the C1-transport system, layers of 
highest purity can also be produced (5, 6) .  In addition, 
gas-phase etching occurs in the reaction mixture just 
before growing the crystal by increasing the tempera- 
ture to 750°C, which may be very helpful in prepar- 
ing an absolutely clean surface. 

GDC was obtained commercially and is used without 
further purification. The arsine (purity 99.5%) con- 
centration was 5.5% in high-purity HZ. Semi-insulating 
Cr doped GaAs wafers of (111) ("B" face), (110) and 
(100) orientation were etched in 10% Brz/CH30H and 
washed in methyl alcohol just before use. 

The experiments were performed in a vertical rf 
heated flow-type reactor designed to permit evacuation. 
Quartz, Pyrex, Teflon, and stainless steel have been 
used in constructing the system. This kind of CVD 
apparatus has also been used successfully in the prep- 
aration of elemental semiconductors such as Si and 
Ge (7,9) and has many advantages. A thermocouple 
NiCr/Ni, calibrated at the freezing point of Al, was 
embedded in the graphite susceptor in close proximity 
to the GaAs wafer.' The susceptor was coated with 
pyrolytic carbon. A bubble-type vaporizer inserted 
into an oil bath at about 60'C contained the liquid 
gallium source. Three special bubblers containing H20, 
Br/HeO, and 30% NaOH, are used downstream to 
destroy the waste products, especially AsH3. 

Before deposition takes place the wafers are heated 
to 900°C for 1 min to remove surface contaminations. 
In the early stage of the investigation the grown layers 
often showed holes; this could be prevented by this 
annealing step. Then the temperature is lowered to the 
growth temperature and the AsHs-stream (0.7 l/hr) is 
started. After As deposits at  the reactor walls the Hz 
(3.5 l/hr) is bubbled through the GDC, and GaAs is 
formed on the substrate. The GaAs wafers were heated 
to growth temperature (450"-700") and after depo- 
sition cooled to room temperature in Pd-diffused Hz. 
It is recommended that the wafers not be cooled in the 
reaction mixture, since GaAs is formed down to 450°C 
(Fig. 1). Below growth temperature of 500°C the 
layers are of high resistivity and have rough surfaces. 
Single crystallinity as determined by reflection x-ray 
Laue pattern was obtained as low as 450°C. At 750°C 
gas-phase etching takes place, as observed by weight 
changes of the wafers before and after the process. The 
nature of this reaction is not known so far. We believe 
that 1 C1 from the GDC transports 1 Ga as GaCl from 
the surface and the other part of the GDC is evaporated 
as a alkyl subcompound Ga (alkyl)l., 2 from the sur- 
face. However, no visible amount of metallic Ga could 

'The influence of the rf was prevented by a capacitor shunted to 
the thermocouple. 

w (FLOW  RATE;^'^ Lhr1/2 
I 1 I 

a r ~ 2 o ~ a r n  
Fig. 2. Growth rate of (100) GaAs layers vs. (total flow rate)-'h 

at  constant GDC and AsHs flux. 

be detected at the substrate or anywhere in the reac- 
tion chamber (by reaction 3 GaRl -* GaR3 + 2 Ga). 

Mirror smooth layers of epitaxial GaAs on (100). 
(1101, (iii)-surfaces were obtained, but the reported 
data are measured on layers with (100) -orientation. 
Layer thickness was determined by two methods: first 
by etching (10); second by the weight gain of the 
wafers. Growth rate was evaluated as function of sub- 
strate temperature (Fig. 1) and gas stream.velocity at 
constant GDC and AsH3 input values. Since the reaction 
is nearly independent of the temperature, we assume 
a mass transport phenomenon to be the rate-controlling 
step. This is supported by Fig. 2 which shows the 
growth rate increasing with the reciprocal square root 
of the gas stream velocity. 

The electrical properties of the layers were assessed 
using the van der Pauw method (11). For this purpose 
contacts of Sn/In (48/52) were alloyed at about 250aC 
in a He, Ar, HC1 (80/15/5) atmosphere. The ratio of the 
two van der Pauw resistivities R1:Rz was constant 
within 3% from 70" to 300°K. The Hall coefficient 
R H  and the resistivity p were measured in this temper- 
ature range. The mobility was calculated from the 
ratio RR/& The magnetic field was 4 kG. Plots of carrier 
concentrations as a function of reciprocal temperature 
are shown in Fig. 3. The mobility plots vs, temperature 
are shown in Fig. 4. The correlation between deposition 
temperature, layer thickness, the measured carrier 
concentration, and mobility are shown in Table I. The 

Fig. 3. Carrier concentration vs. 1 0 V T  
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Fig. 4. Mobility vs. temperature 

samples seem to have an impurity with an ionization 
energy of about 8 meV, calculated under the assump- 
tion of one single donor term, partly compensated by 
acceptor terms. The impurity has not yet been identi- 
fied. No carbon could be detected in the reaction 
chamber or on the layers either by microanalytical 
methods or by x-ray investigations. 

The results, listed in Table I, show that GDC is a 
suitable substance for the preparation of epitaxial 
GaAs layers. However, better results should be ob- 
tained when purer starting materials are used. 
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Table I. Characteristics of typical GaAs layers grown by the 
GDC/AsH3 CVD process 

Thick- 
Resis- 

Mobility, tivity 
Sample ness, Depos. cms/vs. Carrier conc. cam-ti. 

No. @m temp, 'C w w 0 a  p?oDa nsmaK. cm-3 ohm-em 

Manuscrjpt submitted March 31, 1970; revised manu- 
script received ca. June 25, 1970. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1971 JOURNAL. 
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ABSTRACT 

Silver electrodes which require no supporting grid and have a porosity 
graded structure were fabricated by combining silver powder of uniform 
mesh size with a plasticizer and pore forming additives. The proportions of 
these materials are selected to give a uniform doughlike mixture which is 
rolled and then sintered. Porosity control is achieved by controlled decomposi- 
tion of the plasticizer and pore formlng additives. Mult~layered graded porosity 
electrodes are assembled by a combination of sintering and compaction. Per- 
formance data based on cycling tests and coulombic efficiencies demonstrated 
that these electrodes are comparable to conventional silver electrodes and the 
absence of the grid is not a limiting factor. 

Silver electrodes for electrochemical cells can be 
produced by various methods either from silver or 
silver oxide powders. Junger ( I ) ,  Morrison (21,  and 
Jirsa (3) have produced silver electrodes by various 
methods of pasting a silver grid. Moulton and Enters 
(4)  describe producing a sintered porous silver mass 
by thermally decomposing a dried silver(1) oxide 
pasted grid. More recently, electrodes have been pre- 
pared by application of silver(I1) oxide paste to a 
silver grid using methylcellulose or sodium carboxy- 
methylcellulose as binders (5). Wilburn (6) and Wil- 
burn et al. (7, 8) have described methods for producing 
electrodes by dry compaction of silver(I1) oxide to 
silver grids. Additional methods for producing porous 
silver electrodes primarilv for use in fuel cells have - - - - - - - 

been described by ~chroeder  et al. (9) and ~ i e d r a c h  
and Alford (10). 

Even though several methods are available for pro- 
ducing silver electrodes, they are normally prepared 
from silver powder which has been compacted on a 
silver grid, sintered, and electroformed (6). In these 
processes little regard is given to available electrode 
porosity, a known control factor of battery electrode 
performance, other than pressing sintered silver pow- 
der to various densities. ~xperience has shown-that 
this practice is used to increase the A-hr/g capacity 
rather than controlling porosity. 

Since these electrodes may be rather dense, they 
must be kept relatively thin; otherwise the interior 
active material becomes electrolyte-starved during 
cycling because of restricted electrolyte flow. Produc- 
tion of an electrode with controlled porosity would 
make all portions of the electrode equally accessible 
to electrolyte and enables the use of relatively thick 
electrodes for high efficiency, primarily at  low dis- 
charge rates. At high discharge rates, the zinc electrode 
is the limiting electrode rather than the silver elec- 
trode, so the silver electrode can be made thin. How- 
ever, porosity control provides an additional advan- 
tage in controlling the over-all performance of the cell. 
Since a controlled porosity sintered silver electrode 
would oxidize uniformly during charge, a silver grid 

* Electrochemical Society Active Member. 
Key words. silver electrodes, porous electrodes, sintered elec- 

trodes, gridless, porosity graded. 

would not be required since a continuous network 
of silver during discharge should remain throughout 
the electrode, and act as a more efficient conductor 
than the conventional silver grid. Presumably the 
process of hot rolling a mixture of polyethylene and 
silver powder followed by heating to burn out the 
polyethylene (11) may well be used to control porosity. 
No data to this effect have been published. 

This paper describes the fabrication and electro- 
chemical behavior of sintered silver electrodes of 
uniform pore size, produced by sintering a rolled sheet 
of uniformly mixed wet silver and binder powders. 
High efficiency thick electrodes were produced by 
sintering electrode material of 60% and 78% accessible 
porosities into a porosity-graded layered structure. 
It is expected that the electrochemical behavior of 
these porosity layered electrodes may possess good 
performance in comparison to conventional pressed 
and sintered grid-containing silver electrodes. 

The work of Bogenschutz et al. (12) interrelating 
porosity and sintering temperature showed that, over 
the porosity range 57-65%, the capacity varied 20%. 
These results were used in determining our optimum 
sintering temperature for gridless silver electrodes. 

Electrode Processing Procedure 
The first processing step for producing porosity 

controlled silver electrodes consists of rolling a doughy 
silver powder-methyl cellulose mixture into a con- 
tinuous sheet. The mixture is composed of 93 parts 
-325 mesh silver powder (44p  diam) blended with 7 
parts methyl cellulose. The components are mechan- 
ically shear mixed with 10 ml of 10% aerosol and 
approximately 35 ml of alcohol per lOOg until "dough" 
consistency is achieved. After suitable mixing, the 
material is rolled to the desired thickness and al- 
lowed to air dry. Any scrap, prior to sintering, can be 
reprocessed with the appropriate liquid addition. The 
dry material is sintered in air by placing it into a 
788°C furnace for 15 min. Sintering produces a porous 
structure by burning out the plasticizer and creates 
sufficient strength by joining adjacent silver particles. 

The sintered sheet (0.05 cm thick) was cut into 3.8 
cm squares, and a 0.32 cm wide silver strip current 
collector was attached to one edge. Several methods 
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for attaching the current collector were tried, but the 
most successful method was to first position the silver 
strip with a single spot weld along the edge of the 
square electrode. Then the electrode assembly was 
placed in a furnace at 780°C for 3 min. While in the 
furnace, the current collector section of the electrode 
was rolled at a pressure of about 0.07 g/m? This rolling 
process assured contact of the strip to the silver elec- 
trode over the entire collector-electrode contact area. 

In comparing the structure of gridless electrodes 
with conventional pressed and sintered electrodes, it 
was apparent that the experimental process produces 
an evenly distributed, uniform pore size. Many of the 
silver particles of conventional electrodes are mas- 
sively sintered together in the press and sinter tech- 
nique resulting in poor contact between portions of 
the supporting grid and adjoining silver. This lack of 
contact indicates that the sintered silver structure 
may be the primary current conductor instead of the 
grid. In the case of the gridless electrode, the inter- 
connected silver network which remains after oxida- 
tion of the silver should provide efficient current 
conduction because of its uniform distribution. 

Porosity Control 

Available porosity can be increased by blending 
pore-forming agents with the silver powder and 
methocel. Ground charcoal and wood flour were chosen 
as porosity controllers, since burn-out during sintering 
forms gases which produce interconnecting pores upon 
leaving the silver mass and minimizes residual con- 
taminants. These additives were used to increase the 
accessible porosity from nominal 68-80% as seen in 
Fig. 1. Porosity was determined by comparison of the 
bulk density with the true density where: 

pBulk 
Total porosity = 1 - - 

pTrue 

The relationship between the amount of pore agent 
and per cent void volume is not linear since, as po- 
rosity increases, the silver structure partially collapses 
during sintering. Therefore, 80% was determined to 
be the practical upper porosity limit. Chemical analy- 
sis shows that -100 +I40 mesh ground charcoal was 
completely removed during sintering. With the other 
porosity controllers, a trace of carbonaceous material 
remained. Photomicrographs showed that the wood 
particles contain a greater volume per mesh size, be- 
cause they are fibrous, while the charcoal is particulate. 
Therefore, it seems reasonable to assume that wood 
flour would result in less surface area per unit volume 
in comparison to an equal volume of charcoal because 
of the difference in particle shape and over-all size. 

Available porosity can be decreased from the nomi- 
nal 68% by adding additional silver to the basic batch 
mix. For example, an extra 50 parts silver decrease 
porosity to 60%. Larger additions were not evaluated, 
since producing a dense electrode with little intercon- 
nection between pores was not desirable. 

Porosity Layered Electrode Fabrication 
In preparing porosity gradient electrodes, the sin- 

tered material of 0.05 cm thickness and of 60% and 

-200 MESH 
........ WOO0 FLOUR 

n -325 MESH 

0 
-.-.. CHARCOAL 

P 

Y - 100 + 140 
- CHARCOAL 

Y U 

Fig. 1. Porosity effect of additives per lOOg Ag-methocel 

78% accessible porosity was cut into 3.8 cm squares 
and three-layered assemblies of 60-60-60%, 60-78-6010, 
78-60-78%, and 78-78-78% porosity were made. These 
layered structures are designated as DDD, DPD, PDP, 
and PPP,  respectively, where D=60% porosity and 
P=78% porosity. 

Material using - 100 + 140 mesh charcoal pore agent 
was used to produce these porosities, since it was com- 
pletely removed during sintering. Furthermore, pre- 
liminary testing indicated higher capacity than with 
-100 $140 mesh wood flour or -325 mesh charcoal 
as pore-forming agents. 

A 0.33 x 0.02 cm silver lead was positioned along 
the edge of an outside layer. Spot welding at a single 
point maintained alignment of the silver layers and 
lead. Each assembly was placed in a 788°C furnace 
for 3 min and hand rolled with a ceramic roller at a 
pressure not exceeding 0.07 g/m'. The electrodes were 
immediately removed from the furnace to prevent 
densification. It was found that the rolling operation 
is necessary and sufficient to create sintered bonding 
between the layers. 

Testing Procedurc 

Charge-discharge testing was done in open-top 5 x 
6.2 x 1.8 cm cells so cycling characteristics of the 
electrodes could be observed. The silver electrode 
under test was placed between two nickel counterelec- 
trodes (3.8 x 3.8 cm) in approximately 40 cc of 40% 
KOH. An Hg/HgO reference electrode which had a 
Luggin capillary probe was placed between the nickel 
and silver electrodes. During discharge, Ag/AgO, 
AgO?//Hg/HgO potential was monitored to determine 
electrode discharge stability and capacity. This po- 
tential varied with distance between reference and 
silver electrode due to IR drop and nonuniform cur- 
rent distribution, but an attempt was made to mini- 
mize the variation by maintaining this distance 
constant. The use of nickel counterelectrodes prevented 
problems of zinc dendrites and corrosion that are 
associated with silver-zinc cells. Furthermore, the 
silver electrode performance here is much more favor- 
able than would be expected in cells with separators 
and zinc anodes. 

Experimental single-layer electrodes with 70% 
porous structure and a conventional silver electrode 
which was also 70% porous were charged and dis- 
charged at  currents based on the silver weight. Po- 
rosity layered electrodes were cycled in two groups, 
one at charge and discharge currents determined by 
70% conversion of silver weight to silver oxides, and 
another at a charge of 0.021 A/cm? for 8 hr, followed 
by alternate discharges at 2.21 A/cmr and 0.038 A/cme 
to the hydrogen evolution potential. An example of 
the calculations based on the 70% conversion are 
included in the section titled Calculations. 

Experimental Results 
Chargeldischarge of grid and gridless electrode.- 

Discharge curves for 0.05 cm sheet silver electrodes 
(3.50g, 70% accessible porosity) were measured in 40% 
KOH at the 5 hr, 1 hr, and Yz hr rate for a conven- 
tional grid structure and for a gridless structure. The 
discharge curves are shown in Fig. 2. Comparing the 
discharge curves at the 5 hr  rate for the grid and 
gridless silver electrodes, the discharge times agree 
within 2.5%. At the 1 hr rate a difference of 1.3 min 
was observed, while at the Yz hr rate the conventional 
grid electrode discharged about 10% longer than the 
gridless electrode, but at a lower voltage level. Voltage 
decay of the conventional grid electrode is more rapid 
at each of the rates. 

Considering voltage levels of the discharge curves, 
the voltage (us. Hg/HgO) is lower for the grid elec- 
trode at the Yz hr and 1 hr rate, but is nearly identical 
at the 5 hr  rate. This voltage difference may be due 
to lower resistivity of the gridless electrode, but there 
are not sufficient data to determine the variation 
exactly. Analysis of the two electrodes showed that 
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Table I. Physical dimensions of graded porosity electrodes 

Porosity Weight, Thickness, 
layer, P/a Electrode g ern 

DDD 7.87 0.152 
DI'D 6.48 0.147 

78-60-78 PDP 5.27 0.142 
78-78-78 PPP 4.14 0.142 2 -o.2j I ~ ' ) \  l," '""Z , ;; ";\ 
amount of silver present. It is expected that at high- 

. rate charging the more porous electrodes would have 
-0.4 improved charge acceptance when compared with the 

0 20 40 280 300 dense structures. 
MINUTES The average A-hr/g capacity of four discharges was 

Fig. 2. Silvcr electrode discharge used as the basis for determining the average dis- 
rharee curves of Fie. 3 and 4. Since the discharge time 

the grid electrode contained 17.4% free silver, whereas 
the gridless electrode contained 14.1% silver. This 
slight difference in silver content is not sufficient to 
produce the observed voltage variations. 

A characteristic of silver electrode discharge curves 
is the two-step voltage pattern. This two-step pattern 
results from the discharge of the divalent oxide to 
the monovalent oxide and then the monovalent oxide 
to the metal. Generally this two-step phenomenon 
is undesirable, either in battery charging or in its 
application as a power source. The presence or ab- 
sence of this two-step discharge has been found to be 
dependent on the physical and electrochemical prop- 
erties of sllver electrodes. 

Comparing discharge curves for the conventional 
and gridless electrodes, it is noted that at all discharge 
rates a two-step discharge occurred. At the ?4 hr and 
1 hr rate, the discharge time at the divalent oxide 
potential was less for the conventional electrode struc- 
ture and nearly identical at the 5 hr rate. 

Further evidence of the improved electrochemical 
behavior of these electrodes is that, after extended 
cycling, the cells maintained their performance at a 
high level. The cells were cycled over 100 times in an 
open-cell configuration without any significant de- 
crease in performance. It is expected that cell life 
could be increased considerably by using a closed cell 
in which the electrodes maintain their physical shape 
due to tight packing. 

During the test period no evidence of unusual charge 
acceptance, discharge behavior, or physical deteriora- 
tion was noticed on visual examination of the elec- 
trodes. After cycling, both electrode structures, con- 
ventional and gridless, are quite brittle. With severe 
deformation, the gridless electrode fractures quite 
easily, breaking up into several small parts. The grid 
electrode is also brittle after cycling, but on deforma- 
tion the electrode is held together by the grid. This 
should not be a problem in application since, in the 
cell assembly, the electrodes are tightly packed and 
breakage will be minimal. 

On the basis of the experimental observations, the 
gridless electrode performs as well or better than the 
conventional electrode, indicating that the silver elec- 
trode is not limited by the absence of a supporting 
internal grid. Furthermore, comparing the voltage 
levels, discharge times, and capacities for the two 
structures, the gridless electrode is superior to the 
conventional electrode. 

Electrochemical behavior of lavered silver elect~odes 
with constant current charge/discharge.-Four elec- 
trodes of graded porosity construction were tested. 
The 60% porous material is designated by D and the 
78% by P. Four combinations of these abbreviations 
are used to refer to the different electrode structures. 
The data on physical properties are summarized in 
Table I. 

These electrodes were charged for 8 hr at  0.21 
A/cm2 and then discharged at two different currents, 
alternately at 0.021 A/cm2 and 0.038 A/cm2. At this low 
rate of charge, the four different structures showed 
essentially the same charge rate on the basis of the 

-------- -~ 
is proportional to tce electrode weight and the weights 
of the various assemblies were different, a nondimen- 
sional time scale was chosen to allow direct comparison 
of the discharges. The time scale is t / t t ~ , ~ ~ , . ~ t i ~ ~ l ,  wherc 
t,~,.,,,.,,i,;,l is the time for discharge assuming 100% util- 
ization of the silver. In addition, the coulombic effi- 
ciency was found to be independent of the discharge 
rate. 

From Fig. 3, at a discharge current of 100 mA/cm', 
the voltage levels and discharge times are similar for 
the mixed porous structures with PDP having the 
longest discharge time and DPD discharging at a 
higher voltage. The monoporous structures, DDD and 
PPP, have nearly identical discharge curves, indicat- 
ing that the porosity or layered structure is not a con- 
trolling factor at this discharge current. 

Figure 4 shows the discharges of these graded elec- 
trode structures at a current density of 20 mA/cmu. 
The discharge times and voltage levels are similar for 

0=80% POROUS, P=78 % POROUS 
.....,... PDP=0.380 AH/G - OPO=O.345 
,.,., PPP=0.316 
,,, 000=0.294 

theoretical 
Fig. 3. 100 mA/cm2 discharge 

0=80% POROUS, P=78% POROUS 
....,, POP= 0.345 AH/G - OPO = 0.330 
-.-.- PPP= 0.310 

g 0 
YI - 0.2 

-0.4 
0 0.2 0.4 0.6 0.8 1.0 

t/t theoretical 

Fig. 4. 20 mA/cm' discharge 
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Table II. Charge-discharge rate based on electrode weight dense electrode structure at  relatively high rates be- 
cause of the lower effective current density on the 

porosity Weight, Thickness, Charge, A Discharge, A porous structure and accessibility of the active material 
layer, :: Electrode g cm 5 hr 25 hr  '5 hr 5 hr for reaction. It appears that highly porous gridless 

- electrodes have an optimal pore size for the 1/2 hr rate 
60-60-60 DDD 8.32 0.154 0.582 0.116 5.82 0.582 discharge, as evidenced by the similarity of the dis- 
60-78-60 DPD 6.92 0.149 0.484 0.097 4.84 0.484 charge voltage-time relationship and the efficiency 
78-60-78 PDP 5.39 0.142 0.371 0.015 
78-78-78 PPP 4.15 0.142 0.290 0.058 i::: ::::: data. However, the DDD structure shows a significant 

voltage drop at this discharge rate, indicating that only 
the multiporous layered electrodes, PDP and DPD, 
and, as at the high rate, the DDD and PPP show 
nearly identical behavior. Discharge time at  the di- 
valent oxide potential is longest for the DPD structure 
and decreases in the order PPP, DDD, and PDP. How- 
ever, no significant differences in the discharge curves 
are noted at this low rate which could be attributed 
to variations in the layered structure. 

Electrochemical behavior of layered silver electrodes 
with charge discharge rate determined by electrode 
weight.-These electrodes were discharged alternately 
at the 'h hr and 5 hr rates for eight cycles, with the 
charging done in two steps: charge at a 5 hr rate until 
oxygen evolution occurs, followed by charging at a 
25 hr rate until oxygen evolution again occurs. The 
experimental data for these electrodes are given in 
Table 11. 

The average ampere-hour/gram capacity of four dis- 
charges was used for determining the average lh hr 
and 5 hr rate discharge curves of Fig. 5 and 6. The 
coulombic efficiency was found to depend directly on 
the electrode weight. 

From Fig. 5, at the M hr discharge rate, the porous 
outside layers appear to control the discharge, since 
PPP and PDP both show higher discharge efficiency 
than electrodes with dense outer layers. Furthermore, 
the PPP electrode appears most efficient. This was 
expected, since a more porous electrode outperforms a 

0 4 0 %  POROUS, P=78 % POROUS ..,.,., PPP=0.325 AH/G .,......,. POP=0.300 
-,,000=0.290 - OP0=0.280 

0 20 40 
MINUTES 

Fig. 5. One half hour rate discharge 

0=80% POROUS, P=78 % POROUS 

the sirfacelayer is discharged and the discharge pro&- 
ess is probably mass transport limited. 

Discharge curves at the 5 hr rate are shown in Fig. 6. 
Here the discharge is at a low enough current density 
so that the dense inside layer is also discharging and 
becomes the control layer. This is evidenced by PDP 
and DDD electrodes outperforming the electrodes with 
porous centers. However, the electrodes with porous 
outside layers outperform the electrodes with dense 
outside layers, regardless of center layer porosity. 
Even at  low rates the porous layers control the dis- 
charge, especially at the divalent oxide potential. 

The divalent oxide ~otent ia l  is markedlv evident at 
the 5 hr rate, especiafiy for the DPD stru"rcture where 
about one third the discharge time is at the higher 
potential. The other structures also discharge at this 
higher potential, but for much shorter times. Probably, 
explanations for the presence of the divalent oxide 
potential are weak metal contact between the layered 
structures, decreased conductivity, nonuniform current 
distribution due to the porous structure, and poor con- 
tact between the silver-to-silver bonds due to the 
semiconductor Ago in the electrode. 

Since discharge time at the divalent oxide potential 
is greatest for the DPD structure and decreases in the 
order PPP, PDP, and DDD, it appears that the center 
porous layer may be a controlling factor. However, 
the manner in which the porous layers control the 
divalent potential for these electrodes has not been 
thoroughly investigated in this work, and will be con- 
sidered in future studies. 

Conclusions 
The gridless electrode has been shown to have physi- 

cal and electrochemical properties exceeding, or as 
good as, those of the conventional grid structured 
silver electrode. The manufacturing process is simple 
and economical. Considerable savings will be realized 
on the total amount of silver used by elimination of 
the grid. Furthermore, the process permits controlling 
the porosity of the silver electrode which is not realiz- 
able with the conventional silver electrode. 

Comparing the electrochemical performance of the 
(0.05 cm thick) gridless and grid electrodes, the grid- 
less electrode's performance was not limited by the 
absence of a conducting grid, as evidenced by the dis- 
charge data. 

On extending the controlled porosity layer concept, 
to a multiporosity structure, the mixed porosity com- 
binations performed significantly better than the 
monoporosity combinations. In fact the PDP structure 
was superior in three of the four tests, with the DPD 
closely approximating it. It also appears that, in the 
conventional Ag-Zn battery, several thin electrodes 
could be replaced by a single thick graded structure, 
if the seaarator and anode space reauirements. as well 

,,, POP = 0.380 AH/G as the discharge rate, are considered.- 
,-- ODD = 0.355 Although it has been demonstrated that the layered 
.,.,.,. PPP = 0.310 structure is feasible, no attempt has been made to de- 

termine the optimum pore size of the layered struc- 
ture. This will be considered in further investigations 
of gridless electrodes. Further testing of these elec- 
trodes at higher rates is also under investigation, since 
the high discharge rate performance was not thor- 

"0.2' , , , , Cu oughly studied. 

-0.4 
CALCULATIONS 

0 40 80 240 280 320 7036 Conversion 

MINUTES As an example of charge/discharge cycling with 
currents determined by silver weight, consider the 

Fig. 6. Five hour rate discharge following example for a silver electrode weighing 2.8g. 
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From Faraday's law it can be shown that 1.0g of Manuscript submitted Nov. 3, 1969; revised manu- 
silver will theoretically require 0.5 A-hr to be pro- script received ca. May 1, 1970. This was Paper 26 
duced from Ago. Therefore: presented at the Detroit Meeting of the Society, Oct. 

5-9, 1969. 
2.8g Ag = 1.4 A-hr theoretical - - 

Any discussion of this paper will appear in a Discus- 
Actual conversion based on Ago is 70% since some sion Section to be published in the June 1971 JOURNAL. 
Ag+ and Ag" remain during charging to Agf +. There- 
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Study of Lithium-Lead Alloys as 

Grid Material for Lead-Acid Batteries 

G. W. Mao, T. L. Wilson,* and J. G. Larson 
Goz~ld Incorporated, Research Division, Minneapolis, Minnesota 55414 

ABSTRACT 

Lithium-lead alloys with low contents of lithium were investigated for 
lead-acid battery grids. The metallographical alloy structures, mechanical 
properties, anodic corrosion resistance, cell performance, and castability were 
determined. Experiments1 data are interpreted and compared with the well- 
known antimony-lead and calcium-lead battery grid alloys. A useful lithium- 
lead alloy range is presented. The potential electrochemical supenorlty and 
economical feasibility are discussed. 

Although the positive grid does not participate di- 
rectly in primary discharge/charge processes, it is this 
member that often limits battery life and utility. A 
suitable positive grid must: (a )  have sufficient me- 
chanical strength to support its own weight and that 
of the active material, (b )  conduct electrical current 
evenly and efficiently, (c) provide a low impedance 
electrical contact between grid and active material, 
( d )  be relatively resistant to anodic corrosion, and 
( e )  be easily formed. 

Antimony-lead alloys in the range of 4.5-12 w/o 
(weight per cent) Sb are generally used as battery 
grids in lead-acid batteries; the presence of antimony, 
however, enhances self-discharge (1). In addition, sti- 
bine gas evolution excludes use of these alloys in con- 
fined areas. 

Over 30 years ago, the advantages of using alloying 
elements electronegative to lead were outlined, and the 
properties of a 0.1 w/o Ca alloy were discussed (2, 3 ) .  

' Electroche~~~ical Society Active Member. 
Key words: battery grid, lithium-lead, lead-acid battery. 

Although similar compositions still serve as alloys for 
storage battery grids, poor cycling characteristics have 
limited their use in many applications. In addition, 
corrosive attack under anodic conditions can be selec- 
tive, causing problems in dimensional stability (4). 

Chemically, lithium resembles calcium in the free 
state, whereas it resembles antimony metallurgically 
(5). Lithium-lead binaries were thus selected for study 
as possible grid alloys with the expectation that they 
would possess some of the better properties of both the 
calcium- and antimony-lead alloys. The possibility of 
using alloys containing lithium as grid alloy has not 
gone without previous investigation (6). Earlier in- 
vestigators, however, were probably concerned with 
alloys too rich in lithium. 

This paper presents experimental results that are 
believed to have a bearing on the applicability of 
lithium-lead as a positive grid alloy. The mechanical 
strength, resistance to anodic corrosion, cell perform- 
ance, and castability are compared with similar data for 
calcium- and antimony-lead alloys. A usable alloy 
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range is outlined and the characteristics of the lithium 
alloys are compared with grid alloys used at present. 

Procedure 
The alloys referred to in this paper were prepared 

from Tadanac lead of 99.998% purity (principal im- 
purities were copper, silver, antimony, and bismuth) 
and 99.9+% lithium (Na 0.007-0.01%, Ca 0.02-0.05%, 
Fe 0.001-0.01%, Si 0.006-0.01%). Alloys were prepared 
either by adding lithium directly to a melt held at 
650°F, or by adding a concentrated master alloy to 
lead in iron crucibles. The combination of reactivity of 
lithium in the melt, stirring, and a nominal holding 
time after the melt had stabilized appeared adequate 
to insure homogeneity of the alloy. Flame spectroscopy 
of nitric acid solutions of samples systematically se- 
lected during casting gave no indication that segrega- 
tion had occurred. 

All melting and casting was done under an inert 
atmosphere of argon. Except where noted, the melt 
temperature prior to pouring was maintained at 700°F 
and the mold temperature 350". The molds were 
coated with a layer of a silicate-cork dust slurry as 
standard practice. The alloy compositions referred to 
later represent the chemical analyses of gates taken 
from the castings and are generally the average of sev- 
eral such samples. Cast ?4 in, by 5 in. rods were used 
as the anodes for corrosion studies. Tensile specimens 
were cast to the shape prescribed for sheet lead 
samples, i.e. providing a gauge area of 2 x Yz x '/8 in. 
The castability data were obtained using the method 
described in the literature (7). 

Briefly, castability was determined by pouring the 
lead alloy into an inverted tree-type mold cavity at 
controlled melt and mold temperatures, and cast sam- 
ples were compared. Casting was scored by assigning 
points to each portion of the inverted tree mold. The 
more difficult areas to fill were given higher values 
than the easier to fill areas. The highest possible index 
score was arbitrarily set at 100. 

The metalloara~hic techniaues of s a m ~ l e  are~aration 
have been presented in detail in an eariierpaper (8) .  
Briefly, these comprised mounting the sample in a 
low-temperature setting plastic, polishing through suc- 
cessively finer lubricated abrasives to a final 0.lP 
alumina slurry, and etching in a dilute citric acid-am- 
monium molybdate solution. 

Alloy rods were corroded separately at  constant 
potential (the potential being higher than the solvent 
decomposition voltage) or at constant current in 1.115 
sp gr sulfuric acid at room temperature. Pure lead 
sheet cathodes with a surface area of 170 cmz were 
concentrically arranged at a distance of 3 cm from the 
anode (surface area of 17 cmz). Current and voltage 
were recorded throughout the experiments, and weight 
losses due to corrosion were determined by stripping 
the corrosion product from the surface of the corroded 
rods in a hot alkaline mannitol solution. Duplicate 
alloy rods were corroded so one experiment could be 
interrupted to metallographically observe the progress 
and the morpholqgy of the anodic corrosion. 

Battery grids were cast under inert atmosphere using 
optimum mold and melt temperatures. Grids were hand 
pasted in a manner simulating commercial practice 
and formed accordingly. Cells constructed from these 
grids were discharged in deep cycle tests. Historically, 
cycle life tests have been proven indicative of a grid 
alloy's capability. Although pure, calcium-, and dis- 
persion-strengthened-lead satisfy many of the require- 
ments of grid alloys, they are characterized by an in- 
ability to maintain cyclic capacity (9-12). Lithium-lead 
alloys were therefore submitted to a comparison with 
commercial alloys in cycle life tests. 

Five-plate, miniature cells were constructed with 
paste: grid weights resembling industrial conditions. 
Theoretical capacities were approximately 3 A-hr so 
that at 35% efficiency a reasonable charge:discharge 
cycle could be maintained daily with a 16 hr over- 

(thus taking 1 hr at 25% efficiency) and charged back 
at a theoretical 20 hr rate (normally taking 6 hr) .  A 
particularly deep cycle (1.1V cutoff) was used to ac- 
celerate failure-as much paste as possible was used 
in each cycle without deliberate sulfation. It was com- 
monly observed that nonantimony cells fell to one 
third their capacity under this test regime. 

A 16 hr, 2.2V float cycle (64 hr on weekends) was 
incorporated into the test procedure. Earlier results had 
indicated that grain boundary corrosion was severe in 
two-phase, lithium-lead alloys. Despite the fact that 
cells normally spent 520 hr on overcharge compared 
to 20 on discharge, tests were invariably terminated 
because of paste, not grid, failures. 

Experimental Results 
Anodic corrosion.-Under conditions of exceeding the 

PbOs/PbSOa potential, the net effect of making dilute 
additions of lithium to lead is to reduce the anodic 
corrosion rate, as shown in Fig. 1. Corrosion was car- 
ried out at 82 mA/cmz constant current density for a 
period of 4 weeks in 1.115 sp gr sulfuric acid. 

Two composition-dependent types of corrosion mor- 
phology were found, and these areas are noted in 
Fig. 1. For dilute alloys (lithium content less than 0.02 
W/O) attack was generally uniform, maintaining much 
the same characteristics as pure lead. For lithium con- 
tents between 0.02-0.03 w/o lithium, penetration was 
concentrated at grain boundaries. Examples of these 
morphologies are illustrated in Fig. 2. 

The critical composition distinguishing these classes 
of alloys, based on anodic corrosion, essentially defines 
and restricts the maximum alloying addition that may 
be made to obtain a usable binary. Grids containing 
greater amounts of lithium would be expected to 
"grow" during service, and this penetration type of 
attack may lead to premature grid fracture. 

In the accelerated corrosion tests of this study, the 
kinetics of corrosion appeared to be chemically con- 
trolled since the depth of grain boundary penetration 
exceeded the grain size in alloys containing more than 

Uniform attack , Intergranular 

0 0.01 0.02 0.03 

Wt  X Li 

Fig. 1. Anodic corrosion of Li-Pb 

2.80V, 1.115 H2S04, 6 Wk, 100X 

charge. Cells were discharged aca  theoretical 4 hr rate Fig. 2. Corrosion o f  Li-Pb olloys 
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0.03 w/o Li. This undoubtedly is a consequence of the 
dissolution of the LiPb intermetallic compound. Such 
chemical attack leads both to increasing the area ex- 
posed to corrosion and to locally increasing the alloy 
temperature. The latter factor could lead to cata- 
strophic failure because it accelerates the rate of 
anodic attack and favors the kinetics of precipitation 
resulting in increased rate of precipitation. 

On anodic corrosion, the deceptiveness of weight 
loss data cannot be overemphasized in interpreting 
corroded microstructures. The corrosion of lithium- 
lead alloys is a classic example of the necessity of 
microscopically studying the morphology of corrosion 
attack. The tendency for grain boundary attack in- 
creases with increasing lithium content, but cata- 
strophic dissolution does not occur until alloy composi- 
tions in excess of 0.03 w/o Li are reached. Apparently, 
once started, the process of grain boundary consump- 
tion is one that propagates itself on a localized basis. 

X-ray diffraction analyses of the oxide films stripped 
or brushed from the surface of the anodically corroded 
rods indicated that the corrosion products resulting 
from the conditions referred to above were largely 
aPbOn. Both free lead and ,9PbOz patterns were ob- 
served but only in minor quantities. In a 0.03 w/o Li- 
Pb alloy, these phases were observed to constitute 
5% free lead and 3% pPbOz of the total oxide film. The 
elemental lead is thought to result from complete grain 
boundary dissolution, thus mechanically freeing in- 
dividual grains. The beta lead dioxide is also tenta- 
tively associated with the corrosion of the alloy-rich 
boundary layer. This latter conclusion was reached 
largely on the basis of a 3% shift in lattice parameter 
of the beta phase. The lattice parameter, a,, for beta 
lead dioxide formed on lithium-lead differs from the 
value for beta lead dioxide formed from pure lead. It 
would appear from this latter observation that selec- 
tive partitioning of lithium occurs between the oxides. 

Chemical analysis of corroded rods proved that there 
was a slight decrease in lithium content. However, no 
lithium was found either in the cell electrolyte or the 
cell sludge. The other possible place where lithium 
could concentrate is in the adherent oxide layer. As the 
lithium contents were extremely low, x-ray diffraction 
did not detect its definite presence. 

Comparisons of type of anodic attack were made 
with pure lead and representative calcium and anti- 
mony alloys. Corrosion was carried out at constant po- 
tential (2.8V) to get an indication of the alloy per- 
formance during overcharge conditions. Lithium-lead 
appeared to be very similar to pure lead both in degree 
of attack and corrosion morphology. Typical results of 
observed weight losses are reproduced in Table I and 
the general features of corrosion morphology are 
shown in Fig. 3. 

Alloys corroded anodically above the decomposition 
potential of the electrolyte illustrate decisively the 
tendency for preferential grain boundary attack of the 
alloys. Even the cast 99.998% pure lead demonstrated 
a tendency toward preferential grain boundary pene- 
tration, presumably due to the segregation of elements 
to the boundary area. Westbrook and Aust have docu- 
mented the propensity of solutes to segregate to grain 
boundaries in dilute lead alloys (13). 

Mechanical strength and metal1ography.-Photo- 
micrographs of cast structures of compositions ranging 

Table I. Anodic corrosion of lead alloys a t  constant voltoge 

2.8 V 
1.115 HISOB 

4 weeks total time 
Alloy compo- Corrosion weight 
sition (w/ol lass tmg/cm3) 

4.5 Sb-Pb 
0.07 Ca-Pb 
0.01 Li-Pb 
0.02 Li-Pb 
0.03 Li-Pb 
Pure Pb 

Fig. 3. Anodic corrosion of grid alloys 

from 0.01 to 0.10 w/o Li are reproduced in Fig. 4. These 
figures reflect directly on the corrosion performance 
noted previously and the mechanical strength results 
presented in this section. As might be expected from 
the broad two-phase liquid plus solid field, the effects 
of coring in the lithium-lead system are quite evident. 
The first interdendritic type intermetallic compound is 
observed in alloys containing less than 0.04 w/o Li. In 
the 0.10 w/o alloy, the intermetallic is continuous and 
defines the grain size. 

The kinetics of precipitation are reasonably rapid. 
At room temperature, the alpha solid solution grain 
boundaries of alloys containing 0.02 w/o Li are dec- 
orated with the intermetallic precipitates. Complete 
coverage ostensibly occurs in 0.04 w/o Li alloys. This 
heterogeneous precipitate morphology strongly affects 
the chemical reactivity of alloys in this system, as 
mentioned previously in corrosion studies. 

The other effect that lithium has on the as-cast struc- 
ture is a marked reduction in primary grain size. The 
0.01 W/O Li alloy has a grain size approximately one 
fourth that of pure lead cast under identical conditions, 
and increasing the lithium content from 0.01 to 0.05 
w/o reduces the grain size further by a factor of two. 
This observation of a decrease in grain size within the 
solid solution is in agreement with that reported by 
Greenwood (14). Although this grain size reduction 
has only a secondary effect on the chemical behavior 
of the alloys, it does contribute to its strength charac- 
teristics. 

Tensile results are in general accord with an age- 
hardening system in which precipitation occurs from a 
supersaturated solution. Figure 5 shows a rapid in- 
crease in strength for alloys of less than 0.02 w/o Li 
and then a more gradual, linear increase for richer 
alloys. The rapid increase is primarily associated with 
solid solution strengthening, with the remaining 25% 
contribution from grain refinement. The linear portion 
of the strength increase is a consequence of the dis- 
persion hardening influence of the intermetallic. 

Tensile strength, yield strength, and per cent elonga- 
tion varied only slightly with aging time for composi- 
tions up to 0.015 w/o Li. For compositions up to 0.025 
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Fig. 4. Li-Pb microstructures 

W/O, changes were noted largely in yield strength, 
whereas ultimate strength and elongation were rela- 
tively stable. An embrittlement associated with pre- 
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..-.A.-.-AC,CED4WEEI(S 
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0 0.01 0.01 0.03 0.04 0.05 0.06 0.07 

WT X LI+ 

Fig. 5(0). Tensile properties of cast Li-Pb alloys 

cipitation from the supersaturated solid solution 
existed above 0.025 w/o Li, however. The instability 
was the type where both the ultimate strength and 
elongation decreased, while the yield strength in- 
creased. In other age-hardening systems where this 
occurs, embrittlement is associated with overaging at 
grain boundaries, frequently with solute depleted re- 
gions (15). 

Aging at room temperature apparently imparts a 
ripening process to the precipitate. Samples tested 
after a period of 4 weeks lost the dispersion hardening 
contribution to their tensile strength, whereas the 
ultimate tensile strength levels out to a value of about 
5000 psi. The instability that exists in the richer alloys 
correlates qualitatively with the corrosion results. The 
corrosion as well as strength results indicate that 

+ - AS CAST --- m ---ACED 1 WEEK 
..-.A .-.- ACED4 WEEKS 

0 .01 .Ol .03 .04 .05 .06 .07 

W T  X Ll 

Fig. 5(b). Elongation of cast Li-Pb alloys 
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-- TEMP, O F  

0 0.01 0.02 0.03 
LITHIUM, WT % 

Fig. 6. Castability of dilute Li-Pb 

ripening must proceed to a greater extent at  grain 
boundaries. The aging data are included in Fig. 5. 

For comparison, tensile strengths of calcium and 
antimony alloys are reproduced in Table I1 for two 
aging conditions that simulate conditions met during 
stripping, pasting, and use. Relatively dilute lithium 
alloys are comparable with the other two alloys. 

Casting behavior of lithium-lead.-Inasmuch as Ilic 
general grid fabrication process is one of casting, the 
casting behavior of any grid alloy is of primary con- 
cern. Both castability and the shrink associated with 
solidification were determined for standard casting 
practice for the alloys of concern. Castability data are 
illustrated in Fig. 6 and Table 111. The internal shrink 
of alloy rods was determined by rolling samples into 
sheets and determining the change in density before 
and after rolling. The porosities (i.e., per cent change 
in density values) for pure lead, 0.03 w/o Li-Pb, 0.07 
w/o Ca-Pb, and 4.5 w/o Sb-Pb rods were 0.20, 0.08, 
1.16, and 0.00%, respectively. 

These casting parameters show antimony-lead is 
superior to the other alloys with which it was com- 
pared, since it solidifies with an eutectic phase pres- 
ent in the lead-rich matrix. Lithium-lead is a rea- 
sonably castable alloy in the useful grid composition 
range. Since the castability test essentially describes 
the ability to fill 1/16 in. diameter capillaries under 
various conditions (7), it is apparent that this may be 
done with little internal porosity with lithium alloys 
in the solid solution range. Grids of various shapes, 
and as thin as 0.06 in., are cast freely with lithium-lead. 

Cell Performance.-Under the test regime used in 
this study, it was observed that nonantimony cells lost 
capacity from cycle to cycle. Antimony cells, on the 
other hand, regained and maintained their capacity 
after an initial loss. Both observations are in substan- 
tial agreement with earlier studies. The data gathered 
for the standards (7.0 antimony-, 0.07 calcium-, and 
unalloyed-lead) are reproduced in Fig. 7. 

For comparison, the data for the lithium alloys are 
shown in Fig. 8. It appears that the performance of 
lithium-lead is composition-independent in the range 
studied and most similar to pure lead. 

Table II. Ultimate tensile strength of lead alloys 

Alloy compo- Aged 1 week 
sition Iw/ol As-cast, psi lroam temp1 psi 

4.5 Sb-Pb 
0.01 Ca-Pb 
0.01 Li-Pb 
0.02 Li-Pb 
0.03 Li-Pb 

Table Il l .  Castability index of lead alloys 

Melt Mold 4.5% 0.Olr1 O.Olr; 0.02'r 0.03C: 
temp, "F temp, 'l Sb-Pb Ca-Pb LI-Pb LI-Pb LI-Pb 

CYCLE NUMBER 

Fig. 7. Cyclic choracteristicr of grid alloys 
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Discussion 
The useful composition range for lithium-lead binary 

alloys as battery grids is limited by anodic corrosion to 
lithium contents of less than 0.03 w/o. Lithium-lead 
binary alloys with lithium content higher than 0.03 
w/o do not withstand high rate anodic corrosion. Below 
0.03 w/o, the grid strength will be 4000-4500 psi and 
castability is midway between commercial antimony- 
lead and calcium-lead alloys. Total casting porosity 
should, however, be less than that generally obtained 
in the latter type grids. Under deep cycling, perform- 
ance is similar to that obtained in pure lead grids. 

If a general comparison is made with present alloys, 
it becomes immediately evident that lithium-lead 
alloys present the possibility for construction of low 
self-discharge grids at low material cost, due to the 
low alloy content. Balancing these merits are problems 
like the difficulty in maintaining lithium within the 
melt at high temperatures. 

Positive grid elements of the three main classes of 
lead-acid batteries are constructed of particular alloys 
because of performance requirements. A review of 
these three classes is useful to place lithium-lead in 
perspective and to assess the merits of lithium-lead 
grids. 

Automotive grids require frequent high-rate dis- 
charges, in which only a portion of the capacity is used, 
and reasonable life on overcharge. Strength and ease of 
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j 0.3 - 

5 - 
c? u L 

'2 

0.1 

casting are important because it is desirable to have 
the grids made as thin as possible (usually of 0.060 in. 
thickness). Lithium-lead, even with its pure lead type 
cycle behavior, might satisfy these requirements, but 
the castability of a hypoeutectic definitely surpasses 
that of a single-phase alloy. Competition with 4.5% 
antimony alloys would be enhanced if a different 
method of casting lithium-lead grids other than gravity 
casting is developed. On the other hand, if the industry 
is considering a maintenance-free, quasi-sealed, stor- 
age battery, then an alloy of the lithium-lead type 
would be a necessity. 

Grids of industrial batteries where a long cycle 
(8  hr discharge rate) is desired are made of even richer 
antimony alloys (7.5-12 w/o). The chief requirement 
in the class is the cycle life and this parameter for 
Li-Pb appears to be an area open for improvement. In 
this respect, additives to the grid, paste, or electrolyte 
might be considered to obtain a flatter capacity:cycle 

- PURE LEAO 
hNNN~ 0.01 TO 0.05 x LITHIUM 

o.2-\ 

hy 
2 a 6 10 15 

CYCLE NUMBER 

Fig, 8, cyclic of LbPb 
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whole lead-acid industry is considering due to the (1935). 
mounting price of antimony. 4. J. B. Burbank, This Journal, 104,693 (1957). 

Finally, industrial standby cells utilize calcium-lead 5. M. Hamen and K. Anderko "Constitution 
or pure lead grids because of low self-discharge re- Binary Alloy," p. 200, MCG~~W- ill, New York 
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quirements. Li-Pb alloys should perform adequately in 6, (a )  German Pat, 476,259; ( b )  pat, 494 069. 
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erties necessary for this use. In addition, good welding (e)  U.S. pat. 1,956 5k5; if) U.S. pat. 2 140 b44. 
and casting properties of lithium-lead should be a 7. J. 0 .  Johnstone ~ e t i l s  Refining ~ubl ic&ioi  (1935). 
definite advantage. 8. G. W. Mao J. G. Larson, and P. Rao, Metallography, 

1,399 (lb69). 
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The Effect of Several Electrode and Electrolyte 

Additives on the Corrosion and Polarization 

Behavior of the Alkaline Zinc Electrode 

F. Mansfeld*J and S. Gilman* 
NASA/Electronics Research Center, Cambridge, Massachusetts 02139 

ABSTRACT 

The corrosion behavior of zinc in 6N KOH at 25°C was investigated through 
measurement of the rate of hydrogen evolution (?-HZ) at  the corrosion poten- 
tial. Anodic and cathodic potentiostatic polarization curves as a function of 
alloying and additions to the electrolyte were obtained. It was found that 
the corrosion and polarization behavior of 99.999% zinc can be explained 
by mixed-potential theory assuming that the reactions were Zn + 4OH- e 
Zn(OH)42- + 2e- and Hz0 + e- e %HZ + OH-. Good agreement between 
theoretical curves obtained by computer solut~on of the kinetic equations 
corresponding to the above reactions and actual polarization measurements 
was obtained in the absence and presence of zincate. Theoretical and experi- 
mental corrosion rates also agreed well. Binary Zn-Pb alloys [0.2-1.0 w/o 
(weight per cent)] and Zn-A1 alloys (0.2-0.8 w/o) made up from high-purity 
metals had r~z-values which were lower than those for zinc, while THZ-values 
of commercial zinc alloys were much higher than those of zinc, most likely 
due to the presence of low overvoltage impurities such as Cu, Ni, or Fe. 
Addition of lO+M copper, tin, or lead ions to the electrolyte also influenced 
THZ, which in the presence of metal ions noble to zinc is no longer equivalent 
to the corrosion rate. The strong increase of ~ 1 1 2  in the presence of Cu ions 
is explained by the low hydrogen overvoltage of Cu, while the decrease of 
rH2 in the presence of P b  ions is explained by the high hydrogen overvoltage 
of Pb. Anions such as C1- or Br- do not affect rHz. In the presence of thiourea, 
THZ increases steadily, while S2- leads to severe corrosion. 

The rate of hydrogen evolution on zinc in slightly 
acid and in concentrated alkaline solutions has been 
measured on zinc sheets, rods, powders, and on battery 
electrodes. Correlation of the few data obtained until 
now is very difficult. Dirkse and Timmer (1) found 
a decrease of the rate of hydrogen evolution ( T H ~ )  on 
zinc wire (99.999%) in 20-45% KOH with increasing 
concentration of KOH, saturation of the electrolyte 
with ZnO, or amalgamation of the wire. Oxley and 
Humphrey (2) observed that As, Co, and Cu ions in- 
creased T H ~  on zinc ribbon (99.99%) in 30% KOH at  
60°C in measurements which extended over several 
days, while Sn, Cd, and P b  ions decreased THZ, P b  hav- 

* Electrochemical Society Active Member. 
1 Present address: Science Center, North American Rockwell Car- 

poration, Thousand Oaks, California 91360. 
Key words: hydrogen evolution, electrode kinetics, zinc and zinc 

alloys, alkaline batter~es. 

ing the most pronounced effect. The effect of P b  was 
also observed at  a practical zinc electrode, although 
to a somewhat smaller extent. Additions of zincate 
also lowered ?-Hz as observed in (1). The effect of addi- 
tions of metal ions to the electrolyte has been also 
studied by Era et al. (3) on zinc sheets (99.99%) in a 
solution of 25% NH&l + 10% ZnClz + HC1 at pH = 5, 
50°C. Additions of P b  decreased TH,, while Fe, Cu, Ni, 
As, and Sb increased T H ~  in tests which were conducted 
for 14 days. Krug and Borchers (4) found that alloying 
with Fe (up to 310 ppm) increased TEI, in a solution of 
1% NH4Cl + 0.12% HC1 (pH = 2) at 45°C; alloying 
with Pb up to 1% reduced this increase. Zinc alloys 
with small additions were studied earlier by Vondracek 
and Izak-Krizko (5) who found that, in 0.5N HzSO4, 
additions of Cd, As, Sn, Sb, Fe, and Cu increase TIT,, 
while additions of Al, Pb, and Hg decrease rHz 
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It is difficult to arrive at mechanistic interpretations If the ion of a metal which is more noble than zinc 
or even to derive general trends, based on the experi- (e.g., Cu, Pb, Sn) is added to the electrolyte, an addi- 
ments cited above, since the data are scanty for the tional reduction process will occur and the corrosion 
considerable number of experimental parameters be- current will increase, if the hydrogen overvoltage 
ing varied. The present study of the effect of Pb and stass constant 
other metal ions-on corrosion and hydrogen evolution 
on zinc was made as a logical sequel to the authors' 
(6) previous studies of the effect of Pb ions on Zn dis- 
solution and deposition. The topic is of additional in- 
terest from a theoretical standpoint since it was re- 
ported in (2) that current-voltage curves in 30% KOH 
at room temperature exhibited a higher hydrogen 
overvoltage on zinc than on all other metals studied 
in (2). The authors point out that the overvoltage 
characteristics of the metal added to the electrolyte 
alone cannot explain the observed behavior. 

The corrosion potential of zinc in a solution of KOH 
is a mixed potential, the partial oxidation reaction be- 
ing - 

Zn + 4 OH- = Z ~ I ( O H ) ~ ~ -  + 2e- [ l l  

icor, = izlloX = i~($corr) + i ~ ~ ~ ~ ~ e d ( $ ~ " , , )  [GI 

where iH ($,,,,) and i ~ e ~ ~ ~ ( $ ~ ~ ~ ~ )  are the respective hy- 
drogen and metal reduction currents at $,,,,. In this 
case a measurement of the rate of hydrogen evolution 
cannot give the exact value of the corrosion C.D., a fact 
which has been overlooked in previous work (2-5). 
Figure 2 shows this relationship for the same condi- 
tions as in Fig. 1 with the current-voltage curve for 
metal ions other than zinc added. It is assumed that 
$t.evMe of these metal ions is sufficiently noble to 
of zinc; the reduction process is therefore completely 
under diffusion control. For the values of iH assumed, 
i ~ ~ ~ ~ ~ ( $ ~ ~ ~ ~ )  is larger than iH($c,rr) and 

while the partial reduction mechanism is For this case, corrosion potential and current are al- 

Ha0 + e- = MHz + OH- [21 most independent of the parameters of hydrogen evo- 
lution. Polarization curves in the anodic region are 

The relationship between current and potential for independent of iHo and izno as long as iznO > 
reaction [I]  can be expressed as (7) A/cm2. 

where iz,,O is the exchange C.D. for reaction [I], -\$z,, 
the deviation from the reversible potential $,,, of re- 
action [I] and iz,L is the limiting C.D. for zinc dep- 
osition. The other symbols have their usual meaning. 
The form of Eq. [3] results from the fact that there is 
a limiting diffusion C.D. for metal deposition, but not 
for metal dissolution under ordinary corrosion con- 
ditions ( I ) .  If it is assumed that the concentration of 
zincate in the electrolyte is small (corroding zinc speci- 
men in pure KOH) with a value of CZ,,~OII)~Z- = 10ksM, 
one obtains 

by assuming a value for the diffusion coefficient D of 
7 x 10-6 cm2/sec (7) and a value of 6 = 10-2 cm (un- 
stirred solutions). 

Theoretical polarization curves according to Eq. [3] 
have been calculated using an IBM 1094 computer for 
values of iznO from 10-1 to 10-6 A/cm2 using n = 2, 
a = 0.5, and T = 298°K (Fig. 1). $znrev was calculated 
(8) as -532 mV with respect to a hydrogen electrode 
in the same solution,z pH = 14 and C Z ~ ( O H ) ~ ~ -  = 10-5M. 

The hydrogen-evolution reaction [2] can be ex- 
pressed by the simple relationship 

Plots of $ us. log iH, assuming values of i ~ o  from 10-10 
to 10-8 A/cm2 and @H = 0.5 are also given in Fig. 1. 
Their intersection with the anodic part of the zinc 
curves gives the corrosion potentials and currents. It 
is evident that for the range of iH0 values under con- 
sideration here, the value of iznO would have to be de- 
creased drastically by additives to the electrode or 
electrolyte (to <-10-5 A/cm2) from the literature 
value of 0.1 A/cmz (9) before there is an effect on the 
corrosion potential and corrosion current density. Sig- 
nificant effects on both these quantities will, however, 
always be produced by variations in iHo. 

=A11 potentials cited in this paper are based on this electrode. 

In the present work the effect of addition of ions, 
neutral molecules, or metal cations to the electrolyte 
and alloying of small amounts of metals to zinc has 
been investigated and an attempt has been made to ex- 
plain the results obtained by the mechanism outlined 
below. 

Experimental 
Zinc rod used for studies of hydrogen evolution was 

of 99.999% purity.3 Alloys of Zn-Pb and Zn-A1 were 
made by Ventron Electronics Corporation from 
Zn(99.999%), Pb (99.99%), and A1(99.98%). The con- 
tent of Pb or A1 was increased step-wise from 0.2 to 
1.0 w/o. The commercial alloys Zamak 3, 5, and I, and 
zinc alloy "955" were donated by Belmont Smelting 
and Refining Works, Incorporated, Brooklyn, New 
York. A typical analysis is given in Table I. 

Solutions of 6N KOH were prepared using AR grade 
KOH pellets and triple-distilled water (quartz still). 

ZThe effect of purity and temperature is reported in (18). 

Fig. 1. Theoretical Tafel plots for the zinc dissolution-deposition 
and hydrogen evolution processes as a function of the exchange 
current density: - Eq. [3], ---- Eq. [6] (assuming mzn 
= BH = 0.5, n = 2, gZnrev = -0.532V, iznL = A/cm2, 
T = 298'K). 
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Fig. 2 Theoretical Tafel plots tor reactions at  a zinc electrode 
in the presence of added reducible metal ions: - Zn dissolu- 
tion-deposition (Eq. [3], assuming izno L 10-3 A/cm"; ---- 
hydrogen evolution (Eq. [6] ); x - x - deposition current, kcL, for 
added metal ions; - Over-all reaction. 

The rate of hydrogen evolution ( ~ 1 1 ~ )  was measured in 
cells as proposed in (3) or (10) in a water-thermostat 
at  25°C. Lead was added to the electrolyte as the ace- 
tate, tin and copper as chlorides. These, and all other 
additives, were of AR grade purity. 

Zinc electrodes (zone refined) were degreased in 
benzene for 5 min at 80°C and then etched for 2 min in 
10% HClO4. Samples of Pb  and Sn were etched in 5% 
HNOB. The electrodes were then washed with distilled 
HyO and immediately immersed in the electrolyte. Pol- 
ishing with emery paper was avoided, since this led to 
irregular behavior in some cases. 

Polarization curves were carried out in deaerated 
6N KOH at room temperature (24" r 1°C) using zinc 
rod counterelectrodes and a hydrogen electrode in 
the same solution as reference electrode. When po- 
larization curves on P b  or Sn were measured, P t  
counterelectrodes were used, since it was observed 
that small amounts of zincate produced while the 
working electrode was cathode diffused from the coun- 
terelectrodes to the Pb  or Sn electrode and were re- 
duced or oxidized during potential sweeps from the 
rest potential of Pb  or Sn to Hz evolution and back. 

Potentiostatic polarization curves were obtained us- 
ing a Tacussel potentiostat and function generator. 
Values of current were recorded on a Moseley strip 
chart or X-Y recorder and the potential was monitored 
on a Keithley electrometer. Runs were usually started 
at a potential of -900 mV. The potential was then in- 
creased step-wise in the noble direction and the cur- 
rent recorded after l min at each potential. To obtain 
a quick survey of the polarizationbehavior of zinc or 
the zinc alloys, cyclic voltammetry was carried out 
between -1.5 and +3.OV at sweep speeds of 4.5-45 
mV/sec. When the effect of such additives to the elec- 
trolyte as Sn, Pb, Sn, and Cu ions was studied, runs 
were started at the corrosion potential and the poten- 
tial was increased step-wise to more cathodic values. 

Results 
Corrosion tests.-The effect of metal ions in the elec- 

trolyte on rH2 is shown in Fig. 3. While additions of 

Table I. Typical analyses of Asarco die casting alloys 

Zamak 3 Zamak 5 Zamak I w g 5 p a  

Fig. 3. Effect of 10-3M of CuCIz, SnClz, or PbAC on hydrogen 
evolution from zinc; 6N KOH, 25°C. 

DAYS 

08 

Fig. 4. Effect of 10-W of KCI, KBr, tetroethylommonium-CIO,, 
thiourea ond EDTA on hydrogen evolution from zinc; 6N KOH, 
25°C. 

10-:'M Cu markedly increase TH~ ,  additions of 10-3M 
Pb decrease rll,. The effect of 10-3M Sn is the same as 
observed in 0.5N HzS04 (5) for a Zn-1% Sn alloy. 
The curves of hydrogen evolution vs. time for pure 
Zn-Pb and Zn-A1 alloys were similar in appearance to 
those of zinc. The rl,, values are summarized in Table 
11, which also contains the values for the commercial 
die casting alloys. The rate of hydrogen evolution was 
lower for the Zn-Pb alloys than for zinc; it was also 
lower for the Zn-A1 alloys except for the alloy with 
the highest A1 content. The commercial zinc alloys 
have much higher rH2 values, especially the alloy con- 
taining 1% Cu. Additions4 of KC1 apparently do not 
change T H ~  (Fig. 4), while the Br- ions increase T H ~  in 
the initial stage of the experiments. Tetraethylammo- 
nium-perchlorate increases and EDTA lowers TI,,, 

1 The concentration of additions was 10-XM. 

Table II. Corrosion rates ra2 

. T H ~  rrr, rn2 7 1 i ~  
Specimen (5 hr) (29 hr) I53 hrl (200 hr) 

Zinc 99.999% f (tl 0.065 0.050 0.050 

Ni - - 0.007 
Zn Balance Balance Balance 

* No exact analysis for the alloy "955" was obtained 

Zamak 3 8.9 5.0 7.0 - 
Zamak 5 11.6 11.0 11.0 - 
Zamak 7 7.2 3.4 2.3 - 
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while rl12 increases steadily in the presence of thiourea. 
The S-- ion had a catastrophic effect on the zinc: 
after several hours rH2 increased greatly, the specimen 
was full of holes and deep pits, while a white deposit 
(probably ZnS) covered the bottom of the test cell. 

Polarization curves.-In order to obtain a better 
understanding of the effect of additives on the rate of 
hydrogen evolution and corrosion of zinc, polarization 
curves have been recorded for pure zinc (with or with- 
out additions to the electrolyte) and for zinc alloys. 
Figure 5 shows a polarization curve for zinc in 6N 
KOH, 25°C in the region of hydrogen evolution and 
active dissolution. Included for comparison is a theo- 
retical curve using Eq. 131 and [51 for i ~ o  = 10-9 
A/cmz and iz,O = 10-1 A/cm2, iz,L = 10-6 A/cm2, 
gzn,,, = -532 mV, u = p = 0.5. The agreement is 
very good considering that only approximate values 
were chosen for these parameters. The corrosion po- 
tential obtained in this measurement was -505 mV, 
which agrees well with corrosion potentials extrapo- 
lated from measurements of Bartelt and Landsberg 
(11). The corrosion C.D. obtained by extrapolation 
from the anodic Tafel line to the corrosion potential 
was found to be 7 ~A/cmz corresponding to a corrosion 
rate of 20 mdd, compared to a theoretical value of 
13 &cmz obtained by the same extrapolation, i.e. 38 
mdd. The initial rate of Hz evolution in corrosion tests 
at 25°C was 0.065 ml/cmz day which corresponds to 
10 mdd. The satisfactory agreement of two indepen- 
dent measurements (10 and 20 mdd) with theoretical 
value (38 mdd) shows that the corrosion behavior of 
zinc in 6N KOH in the absence of additives can be very 
well explained by the mechanisms in Eq. [3] and [5]. 

Polarization curves in the active and passive region 
for zinc and the commercial die-casting alloys were 
rather similar except for a lowering of oxygen over- 
voltage produced by the alloyed impurities. Curves 
for the pure Zn-Pb and Zn-A1 alloys were very similar 
to those of pure zinc. 

Figure 6 shows the effect of addition of ZnO to the 
electrolyte on the shape of the polarization curves. A 
plot of the limiting C.D. for zinc deposition in the con- 
centration range of 10-3M to 0.25M ZnO us. concen- 
tration gave a value of D/6 = 2.9 x 10-4 cm/sec. This 
value justifies the value for iznL of 10-6 A/cm? used 
for the theoretical curves in Fig. 1, where it was as- 
sumed that a "pure" solution of KOH contains about 
10-5M of zincate (based on polarization curves 
measured in KOH equilibrated with Zn) due to 
the corrosion of zinc. Higher amounts of ZnO de- 
crease the critical C.D. for passivation of zinc and lead 
to passivation at a more active potential. Theoretical 
corrosion rates as a function of ZnO concentration, 
have been calculated using values of iz,L based on the 
experimental value of D / b  = 2.9 x 10-4 cm/sec, values 
of gznreV from Ref. (8) and assuming no effect of 
zincate additions on iH0 which was again taken as 10-9 
A/cm2. Table I11 shows theoretical and experimental 

Fig. 5. Theoretical and measured polarization curves on zinc in 
W KOH, 25'C. 

Fig. 6. Polarization curves for zinc with and without additions of 
ZnO, 6N KOH, 25°C. 

Fig. 7. Polarization curves for zinc in the presence of lo-" of 
ZnO, CuC12, SnCll, or PbAC; 6N KOH, 25°C. 

values for the corrosion potential and corrosion rates. 
Agreement is fair except at high ZnO concentration. 

The effect of additions of 10-" Cu, Sn, Pb, or Zn 
to the electrolyte on the polarization behavior of zinc 
in 6N KOH is shown in Fig. 7. Copper decreases hy- 
drogen overvoltage markedly, Sn seems to have no 
effect compared to a solution containing equal amounts 
of zincate, while P b  increases overvoltage for hydrogen 
evolution markedly. The limiting C.D. for deposition of 
all these metals on zinc is near the value for Pb of 
3 x 10-4 A/cm2 which was used in Fig. 2. A comparison 
of Fig. 7 and Fig. 2 shows good agreement of theoretical 
and measured polarization curves in the regions of the 
limiting C.D. and hydrogen evolution. According to 
these curves, the exchange C.D. for the hydrogen evo- 
lution reaction on zinc in the presence of 10-3M Cu 
would be between 10-8 and 10-7 A/crnZ, and between 
10-1' and 10-10 A/cmz in the presence of 10-3M Pb. 
Measurements of polarization curves on pure Sn or Pb 
in deaerated 6N KOH (Fig. 8) are not easy to interpret 
since Tafel behavior was not found, which is partly 
due to hydride formation observed at more negative 
potentials for both metals. In  general it seems that the 
overvoltage for hydrogen evolution is somewhat higher 
for Pb than for Sn and that both metals have a higher 
hydrogen overvoltage than zinc, contrary to what was 
observed by Oxley and Humphrey (2). 

Table Il l .  Corrosion potentials and rates of hydrogen evolution as a 
function of ZnO additions to 6N KOH, 25'C 
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Fig. 8. Polarization curves for tin (AR) and lead (99.999%) in 
6N KOH, 25°C. 

Discussion 
The good agreement between experimental and 

theoretical corrosion rates (Table 111) and polarization 
curves (Fig. 5) confirms our assumption that the cor- 
rosion behavior of zinc in KOH can be readily ex- 
plained by mixed potential theory; zinc metal is oxi- 
dized to the zincate ion, while water is reduced to 
hydrogen gas. It is not necessary to consider the rate 
of dissolution of interfacial ZnO or Zn(0H)p as rate 
controlling as done by Riietschi (10) and partly by 
Dirkse and Timmer (1). The formation of ZnO or 
Zn(OH)z in 6N KOH at  the rest potential seems un- 
likely, since the reversible potential for these reactions 
is more noble than the observed corrosion potential 
of zinc. An over-all reaction similar to the one assumed 
by Dirkse and Timmer (1) 

Zn + 2H20 = Hz + Zn(OH)z 181 

with a reversible potential of $,v = -439 mV (12) is 
not consistent with a corrosion potential of = 
-497 mV in 6N KOH, 25°C. 

The effect of addition of the metal cations Cu, Sn, 
or P b  on hydrogen evolution rates and polarization 
behavior can be explained only on a qualitative basis 
since a third process (reduction of the metal ions) is 
added to the process of zincate formation and water 
reduction. In this case a measurement of no longer 
gives the exact value of corrosion rates (Eq. [6]). It 
seems, however, still possible to explain the changes 
of r ~ m  (Fig. 3) by assuming that the large increase of 
r t ~ ,  upon additions of Cu results from a lowering of 
hydrogen overvoltage on the surface of the test speci- 
men, while the decrease of T - H ~  upon additions of P b  
results mainly from an increase of hydrogen overvolt- 
age. The high rate of hydrogen evolution of the com- 
mercial alloys (Table 11) must result f r o m . 1 0 ~  over- 
voltage impurities5 and, characteristically, the alloy 
containing 1% Cu (Zamak 5) has the highest corrosion 
rate. 

The effect of zincate (Table 111) can be explained 
by mixed potential theory by considering the decrease 
in 1-8~ and the shift of the polarization curve of zinc in 
the noble direction as zincate is added to the electrolyte 
($"nmV becomes more noble). The fact that experi- 
mental corrosion rates are lower and experimental cor- 
rosion potentials more active than the theoretical 
values based on constant hydrogen overvoltage could 
be explained using the suggestion by Dirkse and Tim- 
mer (1) that dissolved zincate lowers the activity of 
water according to 

ZnO + Hz0 + 2 OH- = Zn (OH)42- [gl 

which thereby increases the hydrogen overvoltage 
slightly. Evidence for this can be found in Fig. 6 where 

GAlthough the typical analysis (Table I )  shows a Fe content of 
only 0.001%. it Is possible that the alloys contain more Fe if pre- 
pared in Fe containers, a possibility discussed by Drotschmann (13). 

increasing amounts of zincate increase hydrogen over- 
voltage at the most negative potentials. 

From Eq. [3] it follows that for iozn 2 10-3 A/cm?, 
variations in the value of iozn caused by additions to the 
electrolyte or the electrode would not influence the 
polarization curve for zinc oxidation. It is for these 
reasons not expected that anions which, through ad- 
sorption, affect the dissolution of other metals, as for 
example of Fe in HrSO, (141, would have a similar 
effect for zinc in KOH. An effect of anions is unlikely 
also in view of the fact that the point of zero charge 
for zinc is approximately at +0.16V us. hydrogen 
electrode at pH = 14 (15) and therefore noble to the 
corrosion potential of zinc by about 0.7V. In fact, as 
can be seen from Fig. 4, addition of KC1 had no effect 
of r ~ , ,  while the effect of KBr is small. The small in- 
crease in rItz in the presence of tetraethylammonium 
ions is presumably due to the effect of specific adsorp- 
tion on the kinetics of hydrogen evolution (16). The 
tremendous effect of the S2- ion also observed by 
Merkulov and Flerov (17) might result from formation 
of ZnS, while the effect of thiourea (Fig. 4)  which pro- 
duced a constantly increasing corrosion rate might 
result from complex formation between the sulfur 
group and the zinc. 

Conclusions 
1. The polarization and corrosion behavior of zinc 

with and without additions of zincate is accounted for 
by mixed potential theory. In the presence of metal 
cations which are more noble than zinc and which 
therefore plate out on zinc at the rest potential, the 
rate of hydrogen evolution can increase or decrease, 
depending on the relative values of hydrogen over- 
voltage of zinc and the metal deposit on zinc. 

2. The low corrosion rates of Zn-Pb alloys suggest 
that the rate of hydrogen evolution of zinc can be 
lowered if the impurity level of the electrode is-care- 
fully controlled. This and the beneficial effect of lead 
additions to the electrolyte on growth morphology re- 
ported by the authors (6) explain the beneficial action 
of lead in zinc batteries. 

3. The expected absence of an effect of inorganic 
anions on gassing rates has been confirmed experi- 
mentally. 

4. Compounds containing sulfur and especially the 
S =  ion must be avoided since they increase hydrogen 
evolution rates to very high values. 
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ABSTRACT 

The behavior of Ti-supported Pt-Ir alloys in the electrolysis of NaCl has 
been examined as a function of Ir content, NaCl concentration, and electrolysis 
time. Short-time experiments show that an iridium content as low as 0.5% 
is sufficient to eliminate almost completely the passivation effects (in 1M and 
saturated NaCl solution). Long-run experiments make clear that the minimum 
percentage of 5/10% Ir is necessary in order to have low potentials after 
thousands of hours; in such a case, however, complicating factors such as 
mechanical stability and chemical corrosion should be taken into account. 

It is known that Pt  electrodes undergo strong passi- 
vation (1) when used as anodes in brine electrolysis. 
A previous work (1) showed that Pt-Ir electrodes 
(30% Ir)  do not passivate under similar experimental 
conditions. The aim of the present paper is to deal 
with the behavior of Pt-Ir electrodes as function of 
Ir content, NaCl concentration, and electrolysis time. 

Experimental Methods 
The measurements were carried out by means of a 

rotating disk electrode (2) ;  this equipment allows the 
Clf bubbles to be quickly removed from the surface. 
Consequently, currents and potentials are highly 
stable and their value can be read with sufficient 
precision and accuracy. 

Pt, Pt-Ir alloys, and I r  coatings were obtained by 
a new thermal method (3): the titanium matrices 
were turned into a cylindrical shape (10 mm diam- 
eter) and were degreased, ground, and painted with 
a mixture containing (NH4)zPtCle and (NH4)pIrCls in 
the suitable ratio (see below). The painting was 
followed by decomposition at  500°C in air; the 
sequence, painting and decomposition, was repeated 
five times. Annealing at  550°C (2 hr)  and air quench- 
ing completed the thermal treatment. 

In the case of 30% I r  alloy, the following amount 
of mixture was applied to each square centimeter: 

Electrochemical measurements were carried out 
both in potentiostatic and galvanostatic conditions; 
electrode potentials were read by means of a 610B 
Keithley electrometer and were freed from ohmic 
drop contributions. These were determined by the 
usual current interruption technique, using a Tek- 
tronix mod. 531A oscilloscope and a transistor-driven 
mercury relay. Typical rise times were in the 1.5-2@ 
range. Before each experiment, the electrodes were 
brought to a reproducible state of activity by polar- 
izing for 10 sec alternatively at  1.7V (NHE) and at 
-0.4V (NHE) for ten times. In addition, before each 
measurement the electrodes were held at -0.4V (NHE) 
for 3 sec: this treatment appeared to remove all 
oxides from the electrode surface. During each ex- 
periment, nitrogen containing 1% chlorine was 
bubbled through the NaCl solutions whose pH was 
held to a value of 3. 

Results 
Potentiostatic measurements.-In 0.1M NaCl (Fig. 

I ) ,  all electrodes follow the Tafel law (slope: 0.03V/ 
decade of current) up to 40 mA/cmz; at higher cur- 
rent densities, Pt  and Pt-Ir 0.5% show a kind of 
limiting current which can be attributed to a passi- 
vation process (see discussion below). 

Ir. Pt-Ir 4%. Pt-Ir 2% show auite smaller devia- 

(NH4) 2 PtCIs 6.4 mg tionH from the ' ~ a f e l  straight line-at current densities 

(NH4) 2 IrCle 2.8 mg above 90 mA/cmz. 

NH4Cl 1-4 mg In 1M and saturated NaCl solution, the electrode 

HCONHp 0.2-0.5 ml behavior is qualitatively similar to that in 0.1M NaCl: 

Polyrad lllO/A 0.1-0.3 ml again, the electrodes follow Tafel law with a slope of 

(Hercules) O.O3V/decade of current. Pt  shows clearly a beginning 
of passivation (see discussion below) at 140 mA/cmz 

The same amount of mixture was used in the DreDara- in 1M NaCl and 300 mA/cmUn saturated NaCl solu- 
tion of the other alloys, the only difference being in tion. 
the ratio of P t  and Ir salts. It must be mentioned that the potentiostatic meas- 

Key words: chlorine electrochemistry. chlorine Pt/Ir electrodes, 
urement current values were always read after 15 

anode chlorine evolution. S ~ C .  



J. Electrochem. Soc.: ELECTROCHEMICAL TECHNOLOGY October 1970 

I I I I I 
10 1oZ 

mA /cm2 

Fig. 1. Polarization curves in 0.1M NaCI, pH = 3, Clz 1 %, T = 
30°C, rotation speed = 2800 rpm. 0, Ti/Pt; 0 ,  Ti/Pt-lr (0.5%); 
A, Ti/Pt-lr (2%); A, Ti/Pt-lr (4%); W,  Ti/lr. 

Galvanostatic measurements.-Figure 4 shows the 
behavior in galvanostatic conditions (current density: 
8 mA/cmZ) in 0.1M NaC1: the increase in potential 
difference with respect to the value after 15 sec (411) 
has been plotted against time. This difference is time 
dependent and increases as Ir  content decreases. 

The Pt-Ir alloys (5, 10, 20, and 30%) were also 
tested under more drastic conditions: 1 A/cmZ (con- 
stant current density), 70°C, 310 g/l NaC1. In this 
case, the coatings were deposited on the Ti network 
by the previously described procedure and the elec- 
trodes were used as anodes in pilot brine cells. 

From Fig. 5 it can be seen that Pt-Ir 20% and 30% 
display a potential as low as 1.6V (NHE) after 8000 
hr of electrolysis, whereas the potential of the Pt-Ir 
5% and 10% is higher than 2V (NHE) after 1000 and 
7000 hr, respectively. 

P t  electrodes show a sufficiently low potential, 
about 1.5V (NHE), during the first few hours of 
electrolysis. After this time, quick passivation takes 
place; i.e., the electrode potential jumps to values of 
about 2.5-3.08 (NHE) in the space of a few minutes. 

Discussion 
The different behavior between Pt  and Ir  electrodes 

can be explained by the different properties of chemi- 
sorbed oxygen. 

The chemisorbed oxygen on Pt  is characterized by 
some degree of irreversibility: capacitance measure- 
ments (4), for instance, show that the "oxide" amount 
is nearly constant when the electrode potential is 
decreased from 1.4V (NHE) to 0.9V (NHE). A 
similar conclusion can be drawn from the analysis of 
the current/potential curves obtained when a periodic 
triangular voltage is applied potentiostatically to the 
electrode (4). 

In addition, it has been found (5) that the building 
up of the "oxide" layer on Pt starts at more anodic 
potentials in solutions containing halide ions; more- 
over, the amount of chemisorbed oxygen decreases 
when halide ion concentration increases. In the short- 
time experiments (51, the oxygen chemisorption dis- 
appears almost completely when chloride ion con- 
centration is higher than 0.01M. 

More likely, under these conditions oxygen adsorp- 
tion has been considerably slowed down rather than 
completely prevented. Now from Fig. 1 to 3 it can be 
concluded that C1- ions are discharged at  a Pt elec- 
trode at low potentials only when the surface is free 
from chemisorbed oxygen, whose formation rate is 
inversely proportional to C1- concentration and elec- 
trode potential. Clearly, the amount of chemisorbed 
oxygen is proportional to the electrolysis time; this 
means that under potentiostatic conditions the current 
values decrease with time, whereas under galvano- 
static conditions the electrode potentials increase with 
electrolysis time (see Fig. 4). 

Fig. 2. Polarization curves in 1 M  NaCI, pH = 3, Clz 1%, T = 
30eC, rotation speed = 2800 rpm. 0, Ti/Pt; 0 ,  Ti/Pt-lr (0.5%); 
A, Ti/Pt-lr (2%); A, Ti/Pt-lr (4%). 

I I I 1 I 
lo loz 

m4/cmz 

Fig. 3. Polariration curves in saturated NaCI, pH = 3, Clz 1 %, 
T = 30"C, rotation speed = 2800 rpm. 0, Ti/Pt; e; Ti/Pt-lr 
(0.5%); A, Ti/Pt-lr (2%); 0, Ti/Pt-lr (10%); V, Ti/Pt-lr (20%); 
T, Ti/Pt-lr (30%). 

I I I I 
10 20 30 40 

I, mln 

Fig. 4. Potential difference (with respect to the value after 15 
sec) against time. Constant current density = 8 mA/cm2. 0.1M 
NaCl, pH = 3, Cle = 1%;-T = 3WC, rotation speed = 2800 
rpm. 0, Ti/Pt; 0 ,  Ti/Pt-lr (0.5%); A, Ti/Pt-lr (2%); A, Ti/Pt- 
lr (4%); m, Ti/lr, 

Ir, on the contrary, shows a nearly reversible be- 
havior with respect to the formation and removal of 
the chemisorbed oxygen (4).  The breaking of the Ir-0 
bond is characterized by an absence of significant 
energy barrier; an irreversible passivation of the 
surface due to an "oxide" layer cannot take place (see 
Fig. 4). 

As regards Pt-Ir alloys, the potentiostatic measure- 
ments (short-time experiments) in 1M and saturated 
NaCl solutions show that very low percentages (0.5%) 
of Ir are quite effective in decreasing the passivation 
effect (see Fig. 2 and 3). Long-run experiments (Fig. 
5) show clearly that a minimum content of 5-10% in 
Ir  is necessary in order to assure a lifetime of thou- 
sands of hours. In such a case, however, a number of 
phenomena must be taken into account, especially: 

(i) mechanical stability related to gas evolution in 
the pores of the coating 

(ii) chemical corrosion which can be brought about 
in the pores by the acidity due to some oxygen 
evolution. 
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Tim, hours 

Fig. 5. Electrode potential as a function of electrolysis time. 
Constant current density = 1 A/cm2. NaCl = 310 g/l, pH = 3, 
T = 70°C. X, Ti/Pt-lr (5%); 0, Ti/Pt-lr (10%); V, Ti/Pt-lr 
(20%). V, Ti/Pt-lr (30%). 

It should be remembered that the lowest pH value 
where P t  is stable in the presence of the chlorine and 
chlorides is about 2. However, it is apparent that 
mechanical stability and chemical corrosion are 

negligible in short-time experiments where the 
catalytic properties of the electrode surface are pre- 
dominant. 

As regards the kinetics, it must be pointed out that 
ali the electrodes show a Tafel b-coefficient equal to 
0.03 V/decade of current; according to this low value, 
the electrode mechanism could be the following one 

The second step being rate determining. 

Manuscript submitted March 9, 1970; revised manu- 
script received June 3, 1970. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1971 
JOURNAL. 
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Polarization Cell for Potentiostatic Crevice 

Corrosion Testing 

E. A. Lizlovs* 
Climax Molybdenum Company of Michigan, Research Laboratory, Ann Arbor, Michigan 48106 

Several electrochemical methods, including potentio- 
static techniques, have been proposed in recent years 
for the investigation of crevice corrosion (1-6). In 
general, two major problems are involved in designing 
a suitable electrode for crevice corrosion studies: elim- 
ination of unwanted crevices while maintaining a well- 
defined exposed electrode area, and introduction of a 
reproducible crevice. Considering that fissures involved 
in crevice corrosion of stainless steels are of the order 
of 10-3 in. or less, both of these problems are quite 
formidable. The present investigation was prompted 
by the observations of crevice attack during potentio- 
dynamic polarization experiments with stainless steels 
in hydrochloric acid (7). It was envisioned at that time 
that, if an appropriate working electrode could be 
designed, the potentiostatic polarization current in the 
passive state could be utilized to measure the progress 
of crevice corrosion. In addition, if reproducible crev- 
ices could be introduced in electrode design, the rela- 
tive resistance to crevice corrosion of a series of alloys 
could be determined by comparing the polarization 
current at some selected potential. 

Experimental 
Crevice corrosion cell.-The polarization cell for the- 

crevice corrosion studies consisted of a 5 in. long, 3% 
in. diameter glass tubing mounted between two rec- 
tangular polycarbonate blocks. The essential parts of 
the cell are shown in Fig. 1. The cell was equipped 

* Electrochemical Society Active Member. 
Key words: crevice corrosion, potentiastatic, testing, stainless 

steel, molybdenum, chloride. 

with two 10/30 and two 24/40 standard taper ground 
glass necks to accommodate the electrolytic bridge 
from the reference electrode, inlet and outlet tubes 
for purging gas, and auxiliary platinum electrode, 
which was separated from the bulk of the solution by a 
fritted glass disk. The glass tube was mounted to poly- 
carbonate blocks by placing the tube on the blocks in 
a proper position and applying silicone rubber (G.E. 
RTV-12 adhesive) around it and allowing the adhesive 

Fig. 1. Cross section through polycarbonate end-blocks and plastic 
bolts of crevice corrosion cell: A-Teflon bolt '/r-20 thd; 0-PVC 
bolt with hexagonal head, 76/14 thd; C-1/8 in. diameter glass rod 
with 4 mm diameter glass bead a t  the end; D-Teflon gasket, '/s 
in. thick by 0.810 in. OD; 6 3  % in. OD glass tubing; F--silicone 
rubber mount; G-stainless steel working electrode; H--copper disk 
with copper lead wire. 
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Table I. Compositions of alloys studied 

Composition, % 
Alloy C Cr Ni Mo Mn Si P S N 

Type 304 0.063 18.55 10.48 - 1.72 0.43 0.026 0.013 - 
Type 316 0.059 17.20 13.27 2.83 1.20 0.32 0.019 0.011 - 
17% Cr 0.003 17.08 - 0.03 - 0.05 0.009 - - - - 0.0065 
17% Cr-3% Mo 0.003 16.68 2.99 0.06 0.007 0.0048 - 25% Cr 0.002 25.66 0.13 0.002 -0.02~ -0.01* 4.002 -0.01' - 25% Cr-3.5% Mo 0.002 25.58 0.13 3.49 4 . 0 2 *  -0.01" -0.001 -0.01" 

uNot  analyzed but assumed to be approximately at indicated levels. 

to solidify for a day. One of the end-blocks served as a 
working electrode holder. The design of the electrode 
holder was a modified version of the electrode holder 
described by France (8). The working electrode, which 
was a disk approximately 3h in. in diameter, was 
pressed against a Teflon washer by a PVC1 bolt. Elec- 
trical contact to the sample was established by a cop- 
per back-up disk and copper wire extending through 
the PVC bolt. The opposite end-block contained a 
threaded ?4 in, diameter hole, concentric with the 
working electrode opening. This opening was fitted 
with a Teflon bolt with inserted glass rod with a 
smooth, approximately 4 mm diameter, glass bead at 
the end. A variable crevice was produced by advancing 
the bolt through the threaded hole until the bead was 
pressed against the surface of the working electrode. 
If the same glass bead is employed for all experiments, 
it can be assumed that crevices of equal geometries 
are produced. The crevice can be applied or removed 
as desired at any stage of the experiment by simply 
manipulating the Teflon bolt. 

Materials.-Commercial stainless steels, Types 304 
and 316, and high-purity laboratory alloys, 17% Cr, 
17% Cr-3% Mo, 25% Cr and 25% Cr-3.5% Mo, were 
selected for the evaluation of the performance of the 
crevice corrosion cell and feasibility of the potentio- 
static method for crevice corrosion tests. Chemical 
compositions of the steels are given in Table I. 

Procedures.-All experiments were performed in 
Nz-saturated IN NaCl at room temperature (24" 2 
1°C). The working electrode was first polarized for 
10 min at -1.00V (SCE), then the potentiostat was 
switched off for 10 min, and then switched on again. 
The potential of the working electrode was then care- 
fully changed from -1.00 to -0.20V, and the electrode 
was passivated at this potential for 2 hr. Timing was 
started from the moment the polarization current fell 
down to 5 pA. After a 2 hr passivation, the potential 
was scanned from -0.20 to O.OOV at the rate of 0.15 
mV/sec, and then the glass bead was pressed to the 
surface. The electrode with the "crevice applied" was 
kept at O.OOV for 1-3 hr, and then the crevice was 
removed. Polarization current and potential were re- 
corded continuously throughout the above operations 
by a two-pen strip chart recorder. 

After the experiment, the electrode was removed 
from the assembly and inspected for corrosion damage. 
Only those experiments were considered acceptable 
in which corrosion occurred under the glass bead and 
no place else. 

Results and Discussion 
A noticeable polarization current rise, indicating the 

onset of crevice corrosion, usually started almost im- 
mediately after the glass bead was pressed against the 
electrode surface. No critical potential for crevice cor- 
rosion was found and the attack could be initiated at 
potentials as low as -0.20V. Polarization current as a 
function of time for various stainless steel electrodes is 
shown in Fig. 2. Since the electrode area for samples 
was the same (1.26 cm2) and the same glass bead was 
applied to the surface, the polarization current itself 
rather than current density may be used to compare 
the relative rates of crevice corrosion. Polarization cur- 
rent-time curves at O.OOV in the presence of a crevice 

See Ref. ( 9 ) .  

were for the most part quite irregular and indicated a 
complex corrosion process. Comparison of the behavior 
of various grades of stainless steels and evaluation of 
the relative resistance to crevice corrosion, however, 
were possible. Type 304 and high-purity 25% Cr stain- 
less steels showed about the same relative resistance 
to crevice corrosion and both materials repassivated 
immediately upon removal of the crevice. The high- 
purity 17% Cr alloy showed the highest polarization 
current of all materials over a 1 hr period and it did 
not repassivate immediately after removal of the 
crevice. Instead, the 17% Cr alloy continued to corrode 
at almost the same rate for at least 1 min after removal 
of the crevice, after which time the experiment was in- 
terrupted. Examination of the electrode showed that 
corrosion was localized under the glass bead. Ap- 
parently, for the 17% Cr alloy, a stable pit could be 
formed at 0 volt at the site of the crevice damage. Both 
Type 316 stainless steel and 17% Cr-3% Mo steel re- 
passivated while the bead was still applied to the 
surface. The 17% Cr-3% Mo alloy repassivated within 
30 min of the initiation of crevice corrosion, while 
Type 316 repassivated 90 min after crevice was applied. 
Apparently the potential of O.OOV was not sufficiently 
oxidizing to sustain corrosion under the bead for 
these alloys. Type 316 steel also showed higher polari- 
zation current than the 17% Cr-3% Mo alloy. No 
crevice corrosion could be initiated for the 25% Cr- 
3.5% Mo alloy either at 0 volt or at +0.80V. This alloy 
was also tested for crevice corrosion in IN hydrochloric 
acid at room temperature. In this experiment, the 
electrode was first activated, then allowed to corrode 
for about 7 min, then the potentiostat with potential 
set at +0.80V was switched on. Immediately after the 
potential was applied to the electrode, the glass bead 
was brought against the electrode surface. The polari- 
zation behavior under these drastic conditions is shown 
in Fig. 3. The electrode completely passivated and no 
effect of the presence of a crevice on the electrode 
surface was discernible on the polarization current- 
time curve. 

The results of the two successive applications of the 
crevice to two different points of the same 17% Cr-3% 
Mo alloy are shown in Fig. 4, which illustrates the 
kind of reproducibility expected in the operation of 
the crevice corrosion cell. Both curves were quite 

TIYE.YINUTES 

Fig. 2. Variations in polarization currents with time a t  O.OOV 
(SCEI in IN NaCl a t  24" & 1°C: $ , crevice applied to the 
electrode surface; , crevice removed from electrode surface. 1 Polyvinyl chloride. 
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Fig. 3. Variation in polarization current with time a t  0.80V for 
2 5 2  Cr-3.5% M o  in IN HCI  (24' & 1°C): $ , crevice applied to 
the electrode surface;; , crevice removed from electrode surface. 

Fig. 4. Two successive polarization current-time curves a t  O.OOV 
(SCE) for 17% Cr-3% M o  alloy in 1 N  NaCl  (24" & 1°C ): , 
crevice applied to the electrode surface;*, crevice removed from 
electrode surface. 

irregular and, in both, repassivation occurred before 
the removal of the crevice. In the first curve, re- 
passivation occurred in about 25 min and in the second 
in about 50 min. Maximum current reached for both 
was about the same. 

On the basis of the above observations, it can be 
concluded that the relative order of the resistance to 
crevice corrosion is 17% Cr (least resistant) <T304 = 
25% Cr <T316 <17% Cr-3% Mo<<25% Cr-3.5% Mo 
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(immune to crevice corrosion at room temperature in 
1N C1-). In previous qualitative work, with 25% Cr 
alloys in acidified 10% Fe Cis solution with crevice 
applied by means of a rubber band and Teflon disk, it 
was found that 25% Cr alloy did suffer crevice attack, 
while the 25% Cr-3.5% Mo alloy was immune to 
crevice as well as pitting corrosion. Earlier potentio- 
static experiments in 1N HC1 also indicated that 25% 
Cr-3.5% Mo alloy should be immune to crevice cor- 
rosion, while 25% Cr alloy would suffer crevice corro- 
sion under the same conditions (9). Thus, these pre- 
vious results with 25% Cr alloys are in agreement 
with the results from this investigation. Furthermore, 
all other stainless steels investigated here are known 
to suffer crevice corrosion in chloride media. 

Conclusion 
The crevice corrosion cell described in this paper 

makes it possible to obtain potentiostatic measure- 
ments with simple and easily prepared electrodes. 
Since the same crevice geometry is employed in every 
experiment, a relative resistance to crevice corrosion 
for a series of alloys can be deduced from comparison 
of polarization current-time curves at a given poten- 
tial. Furthermore, the initiation and progress of the 
crevice attack can also be conveniently observed. Since 
the crevice can be applied or removed at will, many 
experiments which would not be possible with a fixed 
crevice can be performed. 

Manuscript submitted April 1, 1970; revised manu- 
script received ca. June 15, 1970. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1971 
JOURNAL. 
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IV. Deposits from Fluoborate Baths 
A. General 

The compositions of the fluoborate baths are shown 
in Table 111. The concentration of copper metal (molar- 
ity) in the low-concentration bath (F-1) was the same 
as in the Cu-2 sulfate baths. The high-concentration 
bath (F-2) was similar to a bath described by Diggin 
(21) and by the commercial suppliers of fluoborate 
concentrates. Control of the concentration of copper 
fluoborate was based on chemical analysis. Fluoboric 
acid control was based on measurement of pH with 
sensitive pH paper. Equipment used was the same as 
for sulfate baths with one exception. To avoid attack 
of the glass tank by fluoborate, a lining of polyethylene 
sheet was used. A cotton filter, the same as used in the 
later sulfate baths, was used for the fluoborate baths. 
Air agitation was used. 

B. Effect of Operating Conditions and Both Composition on 
Properties of Deposits 

I. Bath ten~perature.-Data on the effect of bath 
temperature on tensile strength, elongation, hardness, 
and internal stress, tabulated in Table XVI, are plotted 
in Fig. 22. Each of these properties decreases with in- 
crease of temperature. Attention is directed to the 
fact that, as with non-addition agent sulfate baths, 
ductility decreases with decrease of tensile strength. 

Neither density nor electrical resistivity undergoes 
significant change with change of bath temperature 
(Table XVI) . 

TEMPERATURE :C 

CURRENT DENSITY. A ,DM' 

Fig. 22. Relationships of current density and bath temperature 
to tensile strength, elongation, hardness, and internal stress of 
copper deposits from a fluoborate bath (F-1). 0--current density, 
.-bath temperature. 

2. Curreilt density.-Effect of current density is also 
shown in Fig. 22. Increase in current density causes As with temperature, current density has no signifi- 
tensile strength, elongation, hardness, and internal cant effect on either density or electrical resistivity. 
stress to increase. Again, elongation parallels tensile 3, concentration of copper puoborate.-~he effect of 
strength. concentration of copper fluoborate on properties may 

I? AES Project 21 Report, part 2. Sections IV-VII published here be seen by comparing lines 91 and 93 in c able XVI. The 
are the second of three installments of this paper. Part 1 ISections differences due to concentration are insignificant for 
1-1111 appears on pages 291C-318C of the September issue, and part 
3 (Sections VIII-X) will appear in the November issue. all of the properties shown except hardness. The small 

Table XVI. Effects of temperature, current density, and concentration of copper fluoborate 
on properties of deposits from the fluoborate bath 

Elon- Hardness Inter- Elec. re- 
Conc of Bath Current Tensile" Yield",b gation KHN nale.0 Density sistivity 

Line No., Panel Bath Cu IBFO?, temp, density, strength, strength, in 2 in. 200g load, stress, 2S°C, 25'C. 
Table I No. symbol g/l  O C  Wdm* psi psi ( 5  cm), % kg/mm" psi Ucmu ohm-cm 

90  342 F-1 177 30 2 20 x 103 9 x 103 7 53 Zero 8.925 1.73 x lo-' 
91 343-345 
92 346 

8 37 16 31 81 700 8.926 1.73 
60 8 32 11 16 56 -200 8.925 1.73 

93 347 F-2 336 30 8 36 15 31 7 1  800 8.926 1.74 

W n e  pound per square inch (psi) = 0.000704 kilogram per square millimeter (kg/mms). ' 0.05Sb offset. 
Negative values represent compressive stresses. 

341C 
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amine complexes (27-29). Although the baths that 
have been described have not achieved significant use, 
it was thought that since the amine bath is a rather 
different type than the others used in this project it 
deserved a limited investigation to see whether the 
deposits had any unusual properties. Several of the 
baths described in the literature were tried. Most of 
them did not yield sound thick deposits. Sound deposits 
were obtained from the bath shown in Table 111, which 
is similar to one described by Greenspan (29). De- 
posits were fairly smooth at a thickness of 10 mils, but 
became excessively rough, with a tendency for filamen- 
tary growths to start at larger thickness. 

6. Effect of Current Density on Properties of Deposits 

Because current density is a relatively uncon- 
trollable variable when irregularly shaped objects are 
plated, it seemed most important in a limited study to 
include current density as a variable. This was the only 
variable studied. The results shown in Table XVIII in- 
dicate that a change of current density from 2 to 4 
A/dmz does not significantly change the properties of 
the deposits. 

It is seen that the deposits are fairly strong and very 
hard. However, their low ductility is adverse. Their 
high compressive internal stress is noteworthy. Their 
low density and high electrical resistivity indicate a 
probable high content of impurity, but this was not 
investigated. 

C. Structure 

A photomicrograph of the deposit on line 151, Table 
XVIII, is shown in Fig. 59-6. The structure is seen to 
be very fine, with unresolved grains at a magnification 
of 500X. 

VII. Deposits from Cyanide Baths 
A. Generol 

Concentrations of the various constituents of the 
cyanide baths and levels of operating variables were 
chosen on the basis of a review of the recommendations 
made in various publications (6, 26, 27). The brightener 
system identified in Table IV as "Proprietary B" is 
reported by the vendor to be a selenium type (26). 

6. Mechanical Properties 

I. The bulge method for measuring tensile strength 
and ductility.-a. Apparatus.-It is difficult to prepare, 
handle, and test deposits in the thickness range of 
0.001-0.002 in. by the standard tensile pull method. To 
avoid these difficulties, Read and co-workers have 
adapted the hydraulic bulge test to the measurement 
of tensile strength and ductility of thin electroformed 
deposits (30, 31). Since most of our deposits from 
cyanide baths were 0.001-0.002 in. thick, the bulge test 
was the preferred test method. Besides avoiding the 
technical difficulties referred to above, the method has 
the advantage that specimens can be made very easily 
and at low cost by simply cutting out a disk of the 
material with scissors. 

The basic principle of the bulge tester is illustrated 
in Fig. 23, Part I. The test specimen, in the form of a 
disk cut from a specimen panel, is clamped between 
the thick steel base plate and the clamp ring. Oil is 
pumped through the opening under the copper disk, 
causing it to expand into the opening in the clamp 
ring. In our apparatus, the diameter of the disk is 
2% in., and of the hole in the clamp ring, 1.5 in. Tensile 
strength can be calculated from the fluid pressure and 
bulge height, and degree of elongation or ductility can 
be determined from the linear stretch of a unit length 
at the top of the bulge at rupture. We constructed the 
apparatus that we used. It is the same in principle as 
the apparatus described by Read and co-workers but 
differs in details of design. A photograph is shown in 
Fig. 23, Part 11, in which the major components are 
identified. The gear pump, with a capacity of 1000 psi, 
was powered by a 1/6 hp integrally coupled motor. 
Oil was drawn from the reservoir through the filter 
and pumped through the throttle valve into a parallel 

A 
Fig. 23-1. Cross section of head of bulge tester: A--oil inlet, 

6-bulged disk, C--clamping ring, D-base plate. 

Fig. 23-11. Photograph of complete bulge tester: A-oil reservoir, 
6-bypass valve, C-oil filter, D-pump, E-throttle valve, F- 
Dermitron probe, G-clamping ring, H-Dermitron unit, I-vertical 
micrometer. 

array of tubing, one to the bulge and one to each of the 
four gauges. The line to each gauge was equipped with 
a cut-off valve. If the pressure limit for the first gauge 
(30 psi) was exceeded, its valve was closed and pres- 
sure read on the second gauge (100 psi), etc., through 
the third (300 psi) and fourth (1000 psi). Good sensi- 
tivity of pressure measurement was thus obtained for 
any magnitude of pressure encountered. Flow rate and 
bulge growth were controlled by combined settings of 
the bypass valve and throttle valve. 

An expanded disk is shown in place on the base 
plate. Oil released on rupture of the disk is caught in 
the shallow tray surrounding the base plate and flows 
into the small beaker. The height of the bulge is mea- 
sured with the Dermitron13 unit (32) in the following 
manner. A dummy specimen is laid on the base plate 
and the probe is lowered with the probe-height con- 
trol screw until it just touches the specimen, then 
raised about 0.005 in. The Dermitron controls are then 
adjusted so that, at this arbitrary distance between 
the probe face and the specimen, the Dermitron thick- 
ness meter reads at the midpoint of the scale and the 
sensitivity is about 0.001 in. for full-scale needle de- 
flection. Without changing the Dermitron adjustments, 
the probe is raised sufficiently by the screw to permit 
placement and clamping of the test specimen. The 
probe is then returned to its former position, minor 
readjustments in Dermitron control settings are made 
if necessary, and the starting height of the probe is 
read on the micrometer screw. The bulge is then slowly 
expanded. As it grows, the probe is raised simul- 
taneously with the screw so that the original clearance 
between the probe face and the specimen is maintained, 
as indicated by a constant reading at the center point 
of the Dermitron meter. When the specimen ruptures, 
growth stops, and, simultaneously, advance of the 

"An eddy current type of thickness gauge. 
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screw is stopped. The difference between the reading of is designated as L. The initial grid length is designated 
the probe-height micrometer screw at  this point and at L,. "True strain," b, is defined by the relation 
the beginning gives the height of the bulge. The ad- 
vantages of this height-measuring procedure are (a)  L 
that the bulge is not mechanically contacted by the h = $LO:=ln- 

Lo 
L41 

measuring device and. hence. not mechanicallv 
damaged-and (b) the procedure'is sufficiently simpie 
that one operator can control bulge growth and height 
measurement simultaneously. We estimate that the 
measured values of bulge height are accurate to about 
20.001 in. and those of pressure to about '5% of the 
observed value. A minimum of six replicate disks from 
each panel was tested. Variations in pressure among 
the six were often as much as '25%. The large varia- 
tion is judged to result from premature failure of some 
of the specimens because of the presence of flaws. 
However, within a given set of specimens, bulge height 
and pressure were usually closely correlated. The 
formulas in the next section show that tensile strength 
is approximately proportional to the ratio of pressure 
to bulge height and, therefore, even though variations 
of pressure and height among replicates were rather 
large, calculated values of tensile strength seldom 
varied more than 25%. 
b. Bulge test relationships.-(i) Basic relationships.- 
The following relationships for obtaining tensile 
strength and ductility values from bulge measure- 
ments are stated without development. For more detail 
the reader is referred to Read and co-workers (30,311 : 

PR 
Nominal tensile strength = - 

2t 
[I1 

where P is pressure at fracture, R is the radius of cur- 
vature of the bulge at fracture, and t is the initial 
thickness of the specimen, which was determined from 
area and mass. 

- PR 
True stress = u = u = - 

2ti 
[21 

in which true stress, u, is equal to the load divided by 
the simultaneously measured cross-sectional area. Use 
in Eq. [21 of ti, the simultaneously measured thick- 

- 
ness, yields true stress. "Significant stress," U, is a 
generalized function which is a measure of the stress 
under any type of loading. The equality shown in Eq. 
[23 applies to isotropic material tested either in simple 
tension or in balanced biaxial tension; the latter is the 
situation in the bulge test (30). 

To obtain values for ti for substitution in Eq. [2], a 
grid was printed on the flat specimen before bulging. 
From the elongation of the grid after bulging, ti can be 
calculated on the assumption that the volume of metal 
underlying an initial grid square remains constant. The 
radius of curvature, R, is obtained from 

where r is the radius of the hole in the clamp ring and 
h is the height of the bulge. 

Nominal tensile strength (Eq. [I])  is calculated and 
tabulated in all of the succeeding tables of data ob- 
tained by bulge testing. The values are thus approxi- 
mately comparable to those already discussed which 
have been determined by tensile pull, which are cal- 
culated on the basis of the initial cross section of the 
test specimen. In one exception, Fig. 25, discussed later 
in this section, significant stress is used. 

Ductility was determined from bulge measurements 
by measuring the amount of stretch a t  fracture of a 
grid printed on the specimens. The grid pattern was 
transferred with printer's ink from an intaglio en- 
graving in a steel block. Line spacing was 0.05 in. The 
lengths of four or five grid squares near the peak of the 
bulge were measured, after bulging, with a microscope. 
Both axes of grids were measured. The average length 
of the bulged grid, calculated from these measurements, 

The following remarks are intended to show in a 
brief manner the significance of b. Consider a uniaxial 
tensile test, i.e. a test of a standard pull specimen. For 
small values of elongation, e.g. up to lo%, AL/L, is 
nearly equal to In L/L,, where bL is the difference 
between initial and final length of a grid unit. There- 
fore, for a brittle material that elongates uniformly 
and does not undergo necking, true strain from Eq. 
[41: multiplied by 100, is approximately equal to elon- 
gatlon expressed as per cent of a given gauge length 
such as 2 in. However, for a ductile material with a 
nominal elongation larger than about lo%, the arith- 
metic and logarithmic ratios deviate significantly. Also, 
necking may occur, resulting in a much larger true 
elongation at the point of rupture than the average 
over the gauge length. Therefore, while true strain 
and per cent elongation are both measures of ductility, 
they are, in general, not numerically comparable. 

In tensile pull, strain occurs in only one direction. 
In bulge testing, strain occurs in all directions radially 
from the center of the disk. The ability of the metal to 
elongate in a given radial direction is reduced by its 
simultaneous elongation in other radial directions. 
Thus, 6 for a bulge specimen will be less than the 
strain obtained with the same stress applied to a tensile 
pull specimen. Read shows that a quantity designated 
as F, significant strain, is identical to true strain in 
the case of a specimen pulled in simple tension, but 
that in the case of the biaxial loading of a bulge speci- 
men - 

8 = 2 8  [51 

Significant strain from bulge measurements is com- 
parable to true strain from tensile pull, but is not com- 
parable to nominal elongation for the reasans given 
in the preceding paragraph. 
- As already indicated above, bulge height and, hence, 
6 for individual specimens within sets of six sometimes 
varied as much as f 25%, especially for the relatively 
brittle deposits. This is comparable to the situation in 
tensile pull, where, e.g., the difference between 5 and 
10% elongation in our measurements (a relative varia- 
tion of 250%) is scarcely significant. I t  is, therefore, 
not feasible for us to assign a definite evaluation of ac- 
curacy to our data on significant strain. However, 
small differences, e.g. &lo%, cannot be considered to 
be significant. 
(ii) Data relating significant stress and significant 
strain for several types of baths.-It was not prac- 
ticable to print grids and measure elongation directly 
for every specimen. Therefore, grids were printed on 
a substantial sampling of disks from deposits of a given 
type of bath. Values o f 3  calculated from the grid data 
were then plotted as a function of bulge height. The 
same curves were then used to obtain 6 from bulge 
height for unprinted specimens. 

A plot of 6vs .  bulge height is shown in Fig. 24. The 
curves for most of the deposits are closely clustered, 
showing that there is not much difference in what may 
be termed, by analogy with tensile pull, as their neck- 
ing characteristics. Curves for two types of deposits 
do not fit the main pattern. The deposits from a sulfate 
bath containing 1,5-naphthalenedisulfonic acid addition 
agent (curve 2, panel No. 114A-E) had significantly 
higher for a given bulge height than the other de- 
posits; i.e., for a given height of bulge, the degree of 
stretch at the peak of the bulge was abnormally high 
and, hence, thickness at the peak of the bulge ab- 
normally low. In other words, this deposit showed a 
pronounced "necking" tendency. Deposit No. 303 (curve 
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4, panel No. 195). Only one cyanide-type deposit with a 
higher strength was encountered in this research (not 
included in Fig. 25), namely, a deposit made with 

0.4 periodic current reversal from a bath containing thio- 
IW cyanate (line 143, Table XIV). 

BULGE HEIGHT, INCH 

Fig. 24. Relationship between bulge height and significant 
strain for thin copper deposits from various baths: (1)-Cu2-H3 
containing 3.5 g/l triisopropanolamine, 30°C. 2 A/dm2; (2)- 
Cu2-H3 containing 1.8 g/l 1,5-naphthalenedisulfonic acid, 30°C, 
2 A/dm2; (3)-CN-2, 60°C. 2 A/dm2; (4)-CN-5, 80°C. 4 A/dm'; 
(5)-CN-4, 80"C, 2 A/dm2; (6)-CN-6, 60°C. 2 A/dm?; (7)-CN- 
7, 60"C, 2 A/dm2; (8)-CN-8, 80°C, 6 A/dm?; (9)-CN-8, 80°C, 
6 A/dm2, PR, cycle 15-5 sec; (10)-CN-9, 80°C. 6 A/dm2. 

lo), a deposit from the high efficiency cyanide bath 
containing the proprietary selenium-type addition 
agent, showed the opposite effect, indicating relatively 
uniform stretch over most of its area, or lack of neck- 
ing. One might expect this property to be associated 
with brittleness, yet specimens from panel No. 303, 
while of low ductility, were not as brittle as specimens 
from panels 146 or 195 (Table XXII), which fall in the 
central group in Fig. 24. 

Relationship between significant stress and significant 
strain for a variety of deposit types is shown in Fig. 25. 
Most of them show a nearly linear stress-strain rela- 
tionship up to a fairly definite yield point. Two of them, 
specimens represented by curves 3 and 4, show brittle 
failure. A very wide range of ultimate strength is seen, 
from a low of 28,000 psi for the proprietary high 
efficiency deposit (curve 10, panel No. 303) to 85,000 
psi for a deposit from a standard cyanide bath (curve 

SIGNIFICANT STRAIN 

Fig. 25. Relationship between significant strain and significant 
stress for thin copper deposits from various baths: (1)-Cu2-H3 
containing 3.5 g/l triisopropanolamine, 30°C, 2 A/dm2; (2)-Cu2- 
H3 containing 1.8 g/l 1,5-naphthalenedisulfonic acid, 30°C, 2 
A/dm2; (3)-CN-2, 6WC, 2 A/dm2; (4)-CN-5, 80°C. 4 A/dm2; 
(5)-CN-4, 80"C, 2 A/dm2; (6)-CN-6, 60°C, 2 A/dm2; (7)-CN- 
7, W C ,  2 A/dm" (8)-CN-8, 80'C. 6 A/dm2; (9)--CN-8, 80°C. 
6 A/dm2, PR, cycle 15-5 sec; (10)-CN-9, 80°C, 6 A/dm2. 

c. Comparison of tensile properties obtained by pull 
and bulge methods.-Table XIX contains comparative 
values of tensile strength and elongation from pull 
and bulge measurements. Except for the deposits from 
cyanide baths on lines 141 and 146, all deposits from 
both sulfate and cyanide baths were in the range of 
thickness from 1 to 3 mils. 

The first group of data, lines 53-75, is for deposits 
from sulfate baths. It is seen that, for each deposit, both 
pull and bulge methods yield the same value for ten- 
sile strength, within the normal range of variability of 
the measurements. On lines 57 and 75 are shown com- 
parisons between our results and those obtained by 
Read14 from measurements on specimens from dupli- 
cate panels that we supplied to him. Close agreement 
is seen. 

The strength values measured by tensile pull for the 
deposits from cyanide baths on lines 101 through 125 
are seen, with one exception, to be consistently lower 
than the bulge values. This is probably because pre- 
mature rupture occurs during tensile pull. As discussed 
above, tensile pull specimens, when thin and brittle, 
are more subject to damage in preparation and han- 
dling than are bulge disks, and premature failure may 
be expected. Good agreement is seen in lines 140-146 
between tensile pull values of strength for thick 
cyanide deposits and bulge values for corresponding 
thin deposits. Good agreement is seen in lines 119 and 
121 between our values and those determined by Read. 

Turning to comparisons of ductility determined by 
the two methods (Table XIX), agreement cannot be 
expected in light of the preceding discussion in Section 
VII-B-1-b. In both the sulfate and cyanide groups, per 
cent elongation from tensile pull is significantly less 
than 100 x, with one exception in each group. The 
tensile pull specimens in the sulfate group underwent 
varying degrees of necking, which would cause dif- 
ferences between the two methods in the direction that 
is seen. In the cyanide group the differences are prob- 
ably due mainly to premature rupture of the tensile 
pull specimens, since the latter were relatively brittle 
and did not undergo noticeable necking. Good agree- 
ment is seen between our values of significant strain 
and those determined by Read. 

2. Effect of thickness on properties of deposits from 
cyanide baths.-Effects of deposit thickness for several 
deposits from cyanide baths are shown in Table XX 
and Fig. 26. Tensile strength and significant strain in- 
crease with increase of thickness, while electrical re- 
sistivity decreases. The directions of the effects for 
tensile-strength and significant strain are opposite to 
those for sulfate deposits (Section 111-A-3, Table VII, 
Fig. 2, 3). However, the comparisons are made in a 
somewhat different range of thickness. The thinnest 
sulfate deposit was 0.5 mil and most of the thin deposits 
were 1.0-2.0 mils, whereas the thicknesses of several of 
the thinnest cyanide deposits are 0.2-0.3 mil. Our ex- 
planation of the effects in the case of the cyanide de- 
posits is that these very thin deposits contain pores 
and defects which cause them to have abnormally low 
strength and ductility and high resistivity. At a thick- 
ness of about 2 mils these effects were diminishing. 

3. Effects of operating conditions and bath composi- 
tion on mechanical properties of deposits from cyanide 
baths.-a. Bath temperature.-The effect of bath tem- 
perature on tensile strength is shown in Table XXI 
and Fig. 27. Counting sets of three in Table XXI as two 
pairs, there are 12 pairs. The data for all of these are 
plotted in Fig. 27. It is seen that for four pairs the effect 
is minor and for one pair tensile strength decreases 
with increase of temperature. For the other seven 

"H. J. Read, Pennsylvania State University. University Park, 
Pa., Private communication. 
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Table XIX. Comparisons of tensile strengths and elongations measured by pull and bulge methods 
- 

Ductility 
Elon- 
gation By bulge 

Addition agent Tensile strengthha in 2 in. method 
Line No., Panel Bath Cone Pull Bulge 15 cml Significant 
Table I No. symbol Name- g/l psi % strain 

CN-I 
CN-2 
CN-2 
CN-4 
CN-4 
CN-4 
CN-4 
CN-5 
CN-5 
CN-8 

8-NQ 
NDS 
NDS 
SeOd 
SeOr 
TIPA 
TIPA 
None 

Prop. B 

5 8-NQ: 8-naphthoquinoline; NDS: 1.5-napbthalenedisulfonic acid: TIPA: triisopropanolamine; Prop. B: proprietary brightener for high 
efficiency cyanide bath, selenium type. 

'*Both pull and bulae values, for comparability. are based on initial thickness of suecimens. 
Values determined-by Dr. H. J. ~ e a d ,  ~ e n n d v a n i a  State University. University Park. Pa. 

dSpecimens 281 and 305 are 18 and 9 mils (450 and 225 wm) thick, respectively. All others are 1-3 mils (25-15 pml thick. 
One pound per square inch (psi) = 0.000104 kilogram per square millimeter lkg/mm21. 

Table XX. Effect of thickness on properties of deposits from cyanide baths 

Elec. re- 
Bath Current Thick- Tensilea sistivity 

Line No., Panel temp, density. ness." strength, Significant 25°C. 
Table I No. Bath No. A/dmz mil psi strain ohm-cm 

125A CN-I 40 1 0.25 33 x 103 0.4 x 10-2 
130 0.30 1.81 x 
125 0.35 47 1.1 1.81 
128 1.4 66 6 1.79 
133 CN-2 40 2 0.2 1.87 
138 1.4 1.78 
140 60 1 0.4 1.80 
143 1.4 1.76 
142A 2 0.3 28 0.4 
142 0.4 46 1.2 1.80 
145 2.0 81 2 1.75 
150 CN-3 60 2 0.4 1.81 
153 2.0 1.80 
280 CN-8, PRb 80 6 3.0 61 31 1.78 
281 18 640 lZC 1.82 

-Metric conversions: one mil (0.001 in.) = 25 pm: one pound per square inch (psi) = 0.000104 kflogram per square millimeter (kg/mmY]. 
PR cycle 15 sec cathodic, 5 sec anodic. 

c Determined by tensile pull. Elongation for specimen No. 281 is per cent in 2 in. All other values in this table were determined by 
bulge measurements. 

Table XXI. Effect of bath temperature on properties of deposits from cyanide baths 

Addition Younc'sY Hardness Inter- Elec. re- 
agent or Current Bath Tensile' moduius KHN nal* Density sistivity 

Line No., Panel Bath other density, temp, strength, Significant of elastic- 1OOg load, stress, 25% 25'C. 
Table I No. symbol variable A/dmY C p s ~  strain ity, psi kg/mm* psi g/cms ohm-cm 

CN-2 None 1 40 57 x 1W 10 x 10-2 17 x lo8 119 8600 8.913 1.14 x lo-" 
60 66 18 16 135 7400 8.908 1.16 

2 40 53 14 147 6900 8.909 1.18 
60 81 2 159 7800 8.913 1.75 

CN-4 None 2 40 52 10 150 9200 8.916 1.81 
60 53 24 16 129 9200 8.904 1.78 
80 51 25 139 6100 8.917 1.77 

4 40 44 7 144 7500 8.900 1.80 
60 50 12 132 9500 8.908 1.84 
80 51 22 131 6400 8.908 1.79 

CN-5 None 2 40 49 13 143 9300 8.915 1.83 
60 54 12 15 123 9700 8.907 1.78 
80 53 14 139 6200 8.911 1.75 

4 40 48 14 136 1600 8.918 1.83 
60 63 5 16 152 9500 8.900 1.81 
80 78 3 131 6700 8.912 1.79 

CN-6 None 2 40 44 19 116 5200 8.913 1.76 
60 64 29 143 5500 8.919 1.88 
80 57 22 158 5800 8.920 1.87 

a One pound per square inch (psi) = 0.000104 kilogram per square millimeter (kg/mmY). 
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THICKNESS, MICRON 

Fig. 26. Relationships between thickness, tensile strength, signifi- 
cant strain, and electrical resistivity of copper deposits from cy- 
anide baths: (1)-CN-1, 40°C, 1 A/dm2; (2)-CN-2, 40°C. 2 
A/dm2; (3)-CN-2, 60°C. 1 A/dm2; (4)-CN-2, 60°C. 2 A/dm2; 
(5)-CN-3, bWC, 2 A/dm2. 

pairs tensile strength increases with increase of tem- 
perature. With one exception, the effect is smaller be- 
tween 60" and 80°C than between 40" and 60°C. 
We judge that the predominant effect, increase of 
deposit strength with increase of bath temperature, 
which is unexpected, is real. The following hypothesis 
may explain the effect: In cyanide-type baths current 
efficiency, and, hence, plating rate, increases markedly 
with increase in bath temperature. Thus, with other 
conditions constant, increase in temperature may lead to 
depletion of copper ions in the cathode film, with con- 
sequent decrease of grain size and increase of strength. 
This effect would be countered by increase in rate of 
diffusion of complex cyanide ions into the cathode fflm 
with increase of temperature, but the latter might be 
the minor effect because of the large size of the com- 
plex ions. 

40 50 60 70 80 

TEMPERATURE, O C  

Fig. 27. Relationship between bath temperature and tensile 
strength of copper deposits from cyanide baths: (1)-CN-2, 1 A/ 
dm2; (2)-CN-2, 2 A/dm2; (3)--CN-4, 2 A/dm2; (4)--CN-4, 4 
A/dm2; (5)-CN-5, 2 A/dm2; (6)-CN-5, 4 A/dm2; (7)--CN-6, 
2 A/dm2. 

The effect of bath temperature on significant strain 
is indefinite, as seen in Table XXI. Most of the values 
vary randomly in the range of 0.1-0.25. The only clues 
to a relationship are seen in the second and sixth sets 
of data (lines 106-110 and 123-127, respectively) which 
show an appreciable decrease of significant strain with 
increase in temperature. 

Variation of modulus with temperature is in the 
range (16 k 1) x 106 psi, not a significant variation. 

Hardness is not markedly affected by bath tempera- 
ture. However, there is a small but predominant trend 
toward increase of hardness with increase of bath tem- 
perature. The relationship is, thus, parallel to that be- 
tween tensile strength and bath temperature, and our 
explanation is the same. 

b. Current density.-Complete data on the effects of 
current density on mechanical properties are shown in 
Table XXII. Figure 28, which contains data for those 
cases where the effects were significant, shows that the 
predominant tendency is for tensile strength and 
hardness to increase with increase in current density, 
and for significant strain to decrease. Several cases 

Table XXII.  Effect of current density on properties of deposits from cyanide baths 

Young's* Hardness Inter- Elec. re- 
Addition Bath Current Tensilea modulus KHN nal' Density sistivity 

Line No. Panel Bath agent or other temp, density, strength, Significant of elastic- 100g load, stress 25'C. 25'C, 
Table I No. symbol variable C A/dmr psi strain ity, psi kg/mmz psi g/cm3 ohm-cm 

None 

None 

None 

None 

None 

PR. 15-5 sec -. .- 
cycle, 18 mils 

142 279 Ditto PR, 3 mils 8 60 23 
145-146 300, 305 CN-9 Prop. B' 9 
147 303 

80 4 26 
6 24 10 

a One pound per square inch (psi) = 0.000704 kilogram per square millimeter (kg/mm2). 
'Proprietary brightener, selenium type 
Values measured by tensile pull.  longa at ion unit is per cent in 2 in. (5 cm). 
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Fig. 28. Relationships between current density, tensile strength, Fig. 29. Relationships between copper cyanide concentration. 
significant strain, and hardness of copper deposits from cyanide tensile strength, significant strain, and hardness of deposits from 
baths: (1)-CN-2, 60°C; (2)-CN-5, 80°C; (3)-CN-6, 6O"C; (4)- cyanide baths: (1)-CN-1 and CN-2, 40°C, 1 A/dm'; (2)-CN-2 
CN-4.60"C; (5)-CN-2, 40°C; (6)-CN-5, 60°C. and CN-3, 60°C, 2 A/dm2; (3 ) -CN-5  and CN-8, 80eC, 4 A/dm). 

where there was no appreciable effect are seen in c. Concentration of copper cyanide.-The effects of 
Table XXII. concentration of copper cyanide on mechanical prop- 

The range of variation of the modulus is (16 c 1) x erties are shown in Table XXIII and Fig. 29. There is a 
10Qsi; i.e., change of current density does not affect consistent decrease of tensile strength and hardness 
the modulus significantly. and a trend toward increase of ductility with increase 

Table XXIII. Effect of concentration of copper cyanide on properties of deposits from cyanide baths 

Young's* Hardness Inter- Elec. rc- 
Bath Current Conc Tensile" modulus KHN rial" Density sistivity 

Line No., Panel Bath temp, density, CuCN, strength, Significant of elastic- 100g load, stress, 25'C. 25'C. 
Table1 No. symbol C A/dmr g/l psi strain ity, psi kg/mmr p s ~  g/cm3 ohm-crn 

a One pound per square inch (psi) = 0.000704 kilogram per square millimeter (kg/mmz). 

Table XXIV. Effects of concentrations of free sodium cyanide and sodium carbonate on properties of deposits 
from cyanide baths 

A. Effect of free cyanide 

Conc Young'sa Hardness Inter- 
Bath Bath Current free Tensile' 

Elec. re- 
modulus KHN nal. Density sistivity 

Line No.. Panel sym- temp, density. NaCN, strength. Significant of elastic- l04g load. stress. 25"C, 25'C. 
Table I No. bol C A/dmz g/l psi strain ity, psi kg/mms psi g/cm"hm-cm 

B. Effect of sodium carbonate 

Conc 
NarCOa. 

g/1 

a One pound per square inch (psi) = 0.000104 kilogram per square millimeter (kg/mm2). 
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FREE NoCN . GIL 

Fig. 30. Relationships between free cyanide concentration, ten. 
rile strength, and significant strain of copper deposits from cyanide 
baths: (1)-CN-4 and CN-5, 60°C. 4 A/dm2; (2)-CN-4 and CN-5, 
80°C. 4 A/dm" (3)-CN-4 and CN-5, 60°C, 2 Afdm2; (4)--CN-4 
and CN-5,8O0C, 2 A/dmz. 

of concentration of copper cyanide. The modulus of 
elasticity is unaffected. 
d. Concentration of free cyanide and sodium car- 
bonate.-Increase in concentration of free cyanide re- 
sults in increase in tensile strength and decrease in 
significant strain in most instances. The cases in which 
a significant effect occurs are shown in Fig. 30. How- 
ever, examination of Table XXIV shows several cases 
in which the effect was negligible. Neither modulus of 
elasticity nor hardness were affected significantly 
(Table XXIV) . 

The data in Table XXIV also show that a twofold 
increase of concentration of sodium carbonate did not 
produce an appreciable effect on any of the properties 
except significant strain, which was increased. 

e. Concentration of Rochelle salt and effect of potas- 
sium ion.-Examination of the data summarized in 
Table XXV does not give a clear conclusion regarding 
the effect of Rochelle salt on mechanical properties. 
Differences are small and tend in both directions. We 
can only conclude that the effects are minor. 

Effect of an all-potassium bath may be seen by com- 
paring lines 130 and 133 in this table. Potassium ion, 
as compared with sodium, causes significant decreases 
of strength, ductility, and hardness. 

f. pH.-Table IV shows the variation of pH with dura- 
tion of electrolysis of cyanide baths. Variation of pH 
is not normally controlled in these baths, which op- 
erate at a "natural" pH. It is seen that the initial pH 

for all except bath No. CN-8 is in the range 11.4-11.8 
and increases after working to a stable value in the 
range 12.6-12.8. This is the direction of shift to be ex- 
pected due to the low cathode efficiency. Bath No. CN-8 
is initially higher in pH due to its high content of KOH, 
and does not change with working, due to its high 
cathode efficiency. Under the above circumstances, ef- 
fect of pH on properties of deposits is of only academic 
interest. However, a few measurements were made to 
compare the tensile strength and ductility of panels 
made at the lower limit of the pH ranges shown in 
Table IV with those of panels made at  the upper limit 
of the range. No measurable effect was observed. 

g. Proprietary brightener.-Baths No. CN-8 and CN-9 
are fairly similar in composition, as may be seen in 
Table IV, except for the presence in CN-9 of the pro- 
prietary addition agent of the selenium type. Both are 
based on potassium salts and have the same copper 
content. CN-9 is higher in free cyanide and lower in 
KOH but it is probable that effects of these differences 
on properties of deposits are less than that of the addi- 
tion agent. 

Comparing lines 135 and 138 with lines 145 and 147 
of Table XXII, we see that tensile strength, ductility, 
and hardness are all significantly smaller for the de- 
posits from the bath containing the selenium-type ad- 
dition agent. The value of the addition agent lies in its 
effect on smoothness and brightness rather than in its 
effect on properties. 

h. Periodic current reversal (PR).-The effects of 
periodic current reversal on properties of deposits from 
baths CN-8 and CN-9 are summarized in Table XIV. 
Comparing line 140 with 135-138 we see that PR pro- 
duces a marked increase in tensile strength. Addition of 
KCNS (line 143) produces a further significant in- 
crease. Deposits from bath No. CN-9 made with PR 
(line 148) are more than twice as strong as non-PR 
deposits (lines 145-147). Neither change of current 
density nor change of PR cycle had significant effects 
on strength (lines 140 us. 142 and 143 vs. 144, respec- 
tively). Under none of these conditions used by us was 
the tensile strength as high as has been claimed by 
some authors (3). . . 

Effects of PR on ductility are less consistent, but the 
conclusion in summary is that, for deposits from bath 
CN-8, the stronger PR deposits are less ductile than 
the weaker non-PR deposits (cf. line 138 with 140-141 
and line 135 with 143-1441. The strongest deposits 
(lines 143, 144) have the lowest ductility. On the other 
hand, the moderately strong PR deposit from bath 
CN-9 (line 148) has the very high elongation of 45%, 
which is evidently due to a specific effect of the addi- 
tion agent. 

Hardness is much increased by PR for deposits from 
baths CN-8 and CN-9 (Table XIV) . Whereas variation 
of the PR cycle had no effect on strength and ductility, 
the deposit made with the 30-10 sec cycle is signifi- 
cantly harder than that made with the 15-5 sec cycle. 
The PR deposit from bath CN-9 (line 148) is the 
hardest encountered in this research, namely, 224 KHN. 

Table XXV. Effect of Rochelle salt on properties of deposits from cyanide baths 

Bath Current Cone Tensileb 
Hardness Inter- Elec. re- 

KHN nalb Density sistivity 
Line No., Panel Bath temp, density, Rochelle strength, Significant 100g load, stress, 25'C. 25'C, 
Table I No. symbol C A/dmz salt, g/l psi strain kg/mmz psi g/cma ohm-em 

"All-potassium" bath. 
Wna  pound per square inch (psi) = 0.000704 kilogram per square millimeter (kg/mm'). 
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C. Internal Stress in Deposits from Cyanide Baths 

1 .  Effect of thickness.-The uppermost curve in Fig. 
8 shows that the cumulative internal stress of a deposit 
from bath CN-2 (line 105, panel 136, Tables XXI- 
XXIII) increases nearly linearly with time (i.e., with 
thickness) to the limit of thickness over which stress 
was measured (approximately 1.5 mil). With respect 
to internal stress, this deposit is fairly typical of de- 
posits from cyanide baths. This relationship between 
stress and thickness is in marked contrast to that for 
deposits from sulfate baths, such as the deposit from 
a bath containing naphthalenedisulfonic acid. Internal 
stress in the latter deposit levels off, with no further 
increase after reaching a thickness of about % mil 
(Fig. 8). These contrasting effects correlate with the 
increase in grain size with increase of thickness for 
the sulfate deposits (Fig. 20-31, and with the constancy 
of grain size of the cyanide deposits (Fig. 34). 

2. Effect of operating conditions and bath composition 
on internal stress of deposits from cyanide baths.- 
a. Bath temperature.-Effect of bath temperature on 
internal stress is shown in Fig. 31 and Table XXI. At 
first sight the results, shown fully in Fig. 31, appear to 
form no consistent pattern. However, some relation- 
ships may be deduced as follows. Consider first the de- 
posits from baths CN-2, CN-4, and CN-5. The general 
pattern is that, for these deposits, stress tends to go 
through a maximum with increase of bath tempera- 
ture. Of 10 pairs of data involved, only one (curve No. 
1) has a contrary trend. Deposits from bath CN-6 
(Rochelle type, curve No. 7) have significantly lower 
stress than the deposits from the other baths and their 
stress is nearly unaffected by bath temperature. 
b. Current density.-There is no consistent relation- 
ship between internal stress and current density and in 
no case is the effect very large (Table XXII). There is 
indication that the effect of current density on stress 
tends to be lost at the higher operating temperatures. 
c. Concentration of copper cyanide.-The preponderant 
effect indicated by the data summarized in Table XXIII 
is decrease of internal stress with increase of concen- 
tration of copper cyanide. The effect is definite for 
lines 101 us. 105 and 127 us. 135. However, there is a 
borderline reverse effect in lines 110 us. 113. 

The high value of stress seen in line 145 is an addi- 
tion agent effect, discussed in paragraph f below. 
d. Concentration of free cyanide and sodium car- 
bonate.-There is consistently no significant effect on 
internal stress due to changes of concentration of either 
free cyanide or sodium carbonate (Table XXIV). 

e. Concentration of Rochelle salt and effect of potassium 
ion.-The data in Table XXV show that addition of 

TEMPERATURE , O C  
Fig. 31. Relationship between bath temperature and internal 

stress in copper deposits from cyanide baths: (1)--CN-2, 1 A/dm2; 
(2)-CN-2, 2 A/dm2; (3)-CN-4, 2 A/dm2; (4)-CN-4, 4 A/dm2; 
(5)-CN-5, 2 A/dm2; (6)--CN-5, 4 A/dm2; (7)--CN-6, 2 A/dm2. 
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Rochelle salt to a cyanide bath consistently causes a 
decrease of internal stress. 

Comparison of lines 130 and 133 shows that convert- 
ing a sodium to a potassium Rochelle bath results in a 
significant increase in internal stress of the deposits. 
The same change caused decreases of tensile strength, 
ductility, and hardness, illustrating the lack of correla- 
tion of these properties with stress. 
f. Proprietary brightener.-Comparison of the values 
for internal stress on lines 135 and 145 of Table XXII 
shows that addition of the proprietary selenium-type 
brightener to a high efficiency bath causes a marked 
increase in internal stress. 
g. Periodic current reversal (PR).-Data relating the 
effect of PR to internal stress of deposits from cyanide 
baths are available only for bath No. CN-8 (Table 
XIV). Comparing lines 140 and 143 with lines 135 and 
138, it is seen that stress is only slightly higher in the 
PR deposits. The large effect observed with sulfate 
deposits does not occur with cyanide deposits because, 
as seen in Section VII-C-1 above, stress does not dc- 
crease with increase of thickness of the latter. 

D. Density of Deposits from Cyanide Boths 

Excluding the deposits from baths CN-8 and CN-9, 
which will be referred to subsequently, the average 
density of all deposits listed in Tables XXI through 
XXV is 8.911, with extremes of 8.898 and 8.920 g/cm". 
For these thin deposits, the accuracy of our measure- 
ments (k0.01 g/cmV was not sufficient to enable us to 
detect any effect of temperature, current density, and 
bath composition on density. 

It is noted in Table XXII that the densities of the 
deposits from the high efficiency baths (lines 135, 138, 
and 146) range from 8.919 to 8.925 g/cn+, significantly 
higher than the average 8.911 of the low-copper 
cyanide baths. We believe that these higher values of 
high-efficiency deposits, in the same range as the den- 
sities of deposits from sulfate baths, are real, particu- 
larly since some of these high values were obtained 
from measurements on thick deposits for which ac- 
curacy of measurements is judged to be k0.005 g/cm'' 
(e.g., line 146, Table I ) .  

E. Electrical Resistivity of Deposits from Cyanide Boths 

An analysis similar to that given above for density 
leads to the following conclusions regarding the effects 
of various variables on electrical resistivity: 

Table 
NO. Variable Effect on resistivity 

XIV PR 
XIV Added KCNS + PR 

None 
Significant increase 

XIV Adde$_proPrietary addition agent Significant increase 
+ rn 

XXI Temperature increase 
XXII Current density increase 

Variable, minor 
Very small increase 

XXII Added proprietary addition agent None 
(without PR) 

XXIII CuCN increase None 
XXIV Free CN increase None 
XXIV NalCOs increase None 
XXV Rochelle salt addition 
XXV Potassium ion (us. sodium) Small increase Significant decrease 

F. Relotionships between Properties of Deposits from Cyanide Baths 

1. Tensile strength and ductility.-Tensile strength 
as a function of significant strain is plotted in Fig. 32, 
which contains points representing all deposits from 
cyanide baths. In general, significant strain decreases 
with increase in strength. This is the relationship that 
usually occurs for wrought metals, and was observed 
for certain addition agent sulfate deposits. It is the 
opposite of the relation between strength and ductility 
for nonaddition agent deposits from sulfate and fluo- 
borate baths (Fig. 14 and Fig. 22, respectively). The 
two deposits that most conspicuously fail to conform to 
the general pattern are (a) the deposit from the pro- 
prietary high-efficiency bath made with direct cur- 
rent, which has low ductility for its strength, in com- 
parison with the main pattern; and (b) the corre- 
sponding PR deposit, which has abnormally high duc- 
tility. 



Vol. 11 7, No, 10 ELECTROCHEMICAL SOCIETY REVIEWS AND NEWS 

SIGNIFICANT STRAIN 

Fig. 32. General relationship between significon* strain and ten- 
sile strength of copper deposits from various cyanide baths. .- 
CN-I through CN-5, all operating conditions; 0-CN-6, sodium 
Rochelle salt bath, all  operating conditions; @-CN-7, potassium 
Rochelle salt bath, all  operating conditions; 0-CN-8, all  operat- 
ing conditions; 0-CN-8 with periodic current reversal (PR), no 
addition agent; 0-CN-8 plus 2 g/l KCNS, with PR; P-CN-9, 
proprietary bright both; .-CN-9 with PR. 

2. Tensile strength and hardness.-The general rela- 
tionship between tensile strength and hardness for all 
deposits from cyanide baths is shown in Fig. 33, in 
which there is seen to be a positive correlation be- 
tween hardness and tensile strength. The relationship 
is more definite than that for sulfate deposits (Fig. 15). 

G. Structure of Deposits from Cyanide Baths 

1. Egect of type of bath on structure.--Optical 
micrographs of several typical deposits from cyanide 
baths are shown in Fig. 34. Included for comparison are 
a strike bath deposit, a deposit from a typical low-con- 
centration bath, deposits from both sodium and po- 
tassium Rochelle-type baths, a deposit from a standard 
high-efficiency bath, and a deposit from a high-ef- 
ficiency bath containing a selenium-type proprietary 
brightener. The deposits from the low-concentration 
baths (Fig. 34-1 and 34-2) show a fine columnar struc- 
ture, which is surprising, because literature references 
commonly refer to deposits from these baths as being 
extremely fine grained (33).  On the other hand, a 
cyanide deposit with a structure similar to that of Fig. 
34-1 has been reported by R. R. Bair and A. K. Graham 
[Ref. (26),  p. 1671. To verify the structure seen in Fig. 

HARDNESS. K H N  . kg/mme 
100 G LOAD 

Fig. 33. General relationship between hardness and tensile 
strength of copper deposits from various cyanide baths. The code 
defining deposits is the same as for Fig. 32. 

34-1 and to check the possibility that it might be an 
erroneous work-induced structure, an entirely new 
section was prepared and examined by both optical 
and electron micrography. The electron micrographs, 
shown in Fig. 36, were made from a specimen prepared 
by a deep electropolish. The same results were ob- 
tained, indicating that the observed structure is a true 
representation of the deposit. The significant features 
noted in the electron micrographs are: 

a. Small micro-twin and columnar grains extending 
the thickness of the deposit. 

b. Surface rippling in the areas below nodules on the 
upper surface (Fig. 36-2). The electron micrographs 
were made for us by D. B. Ballard of the NBS Metal- 
lurgy Division. Details are given in section X ,  Ap- 
pendix. 

The addition of Rochelle salt (Fig. 34-3) is seen to 
cause grain refinement. The deposit from the potas- 
sium Rochelle bath (Fig. 34-4) does not contain the 
nodular structures of the deposit from the sodium salt 
bath and shows some indication of the presence of 
fairly large equi-axed grains. The deposit from the 
high-efficiency bath (Fig. 34-5) is fine grained, 
whereas that from the proprietary bright bath (Fig. 
34-6) shows large columnar grains extending the thick- 
ness of the deposit. This structure correlates with its 
low strength and ductility (Table XXII) .  

2. Effect of periodic current reversal on structure.- 
Effect of periodic current reversal on structure is 

Fig. 34. Effect of type of bath on structure of copper deposits trom various cyanide baths: (34-1.)-CN-I, 40°C, 1 A/dm2; (34-2)-CN- 
5, 60"C, 2 A/dm2; (34-3)-AN-6, 60°C, 2 A/dm" (34-4)-CN-7, 60°C. 2 A/dm2; (34-5)-CN-8, 80°C 6 A/dm2; (34-6)-CN-9, 80mC, 
6 A/dm2. 
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Fig. 35. Effect of periodic current reversal (PR) on structure of copper deposits from a high-efficiency cyanide bath: (35-1)-CN-8, 80°C. 
6 A/dmZ, continuous current; (35-2)-CN-8, 80°C. 6 A/dm2, no addition agent, PR, 15 sec cathodic, 5 sec anodic; (35-3)--CN-8 plus 2 
g/l KCNS, 80°C. 6 A/dm2, PR, 15 sec cathodic, 5 sec anodic. 

Fig. 36. Electron micrographs of a deposit from cyanide bath CN-I, 40°C. 1 A/dm" 

shown in Fig. 35. Figure 35-1 is a deposit from bath REFERENCES 
CN-8 made without PR, 35-2 the same with PR, and 25. J. W. Dini, H. R. Johnson, and J. R. Helms, Plating. 
35-3 the same as 35-2 except for addition of potassium 54,1337 (1967). 
thiocyanate to the bath. The latter two deposits were 26. F. A. Lowenheim, Editor, "Modern ~lectroplating," 
both built to a thickness of 18 mils. The addition of the 2nd Ed., John Wiley & Sons, Inc., New York 

(1963). 
thiocyanate resulted in a brighter final surface and less 27, R. pinner, "copper and copper plating," znd 
tendencv for nodules to form. Both of the PR struc- Ed., Copper Development Association, London, 
tures appear to be finer than the non-PR but with a W.I. (1964). 
distinct fibrous character. This shift of structure is con- 28. A. V. Ryabchenkov A. A. Gerasimenko, and E. S. 

Naydena, ~ a s h c h i t a  Metallov., 2, No. 2, 232 (1966). 
sistent with the higher strength and hardness of these 29. L. Greenspan, Trans. Electrochem. Soc., 78, 303 
deposits (Table XIV). The laminations in Fig. 35-2 and (1940). 
35-3 due to current interruption are not as distinct as 30. T. A. Prater and H. J. Read, Plating, 36, 1221 
have been shown in other published PR structures (1949) ; 37,830 (1950). 
(14, 26). This is because the short cycle time that we 31' H' platers' J' Read Soc., and 46,318 T. J. (1959). Whalen' 

Am' 

used (15 sec cathodic, 5 sec anodic) resulted in a thick- 32. F. P. Brodell and A. Brenner, Plating, 44, 591 
ness per layer of only about 0.04 mil, which is resolvable (1957). 
and faintly visible in the original photographs at 500X 33. H. Fischer "Elektrolytische Abscheidung und Elek- 

trokristAllisation von Metallen," p. 486, Springer- 
but may not show in published prints. Verlag, Berlin (1954). 
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Chlorine-Caustic Soda 
I. Production.-The production of chlorine increased 

in 1969 to a new record of 9,427,000 tons in the United 
States, according to The Chlorine Institute, Inc. (1). 
This tonnage represents a gain of approximately 11.2% 
over the 1968 production of chlorine gas. The 1969 
production of chlorine in Canada also reached a new 
high, 887,000 tons, which is up 14.4% over 1968 figures. 
During the period 1959-1969, the average annual 
growth rate has been 8.0% in the. U.S. and 11.5% in 
Canada. 

From December 1968 to December 1969, daily capac- 
ity increased 12.2% to 28,276 tons in the U.S. and in- 
creased 6.4% to 2636 tons in Canada. 

Manufacturing in the U.S. operated at  95.6% of 
capacity, while Canadian producers operated at  93.3% 
in 1969. 

During 1969, the unusual situation of a snug caustic 
soda market was the rule rather than the exception. 
Although generally caustic has experienced a slower 
growth trend than chlorine, lower prices have brought 
other markets into range (2). Caustic has already 
taken over most of the alumina processing market, and 
is making inroads into pulp and paper production at 
the expense of soda ash. There is some hope that the 
trend will extend to the glass industry, but most feel 
business in this area will come slowly. 

A 7.5%/yr growth prediction for caustic soda and an 
8.0%/yr growth for chlorine would indicate that sup- 
plies of caustic will continue to exceed market growth. 
In addition, theoretical yield of caustic is about 1.1 tons 
per ton of chlorine. Production figures, however, do 
not indicate that this yield is achieved in practice. 

Some chlorine, approximately 4%, is a by-product 
of making metallic sodium from salt, with no copro- 
duction of caustic. Production of lithium chloride, soda 
ash, potassium hydroxide, and in-plant use of caustic 
account for most of the rest of the discrepancy between 
the theoretical and the actual output ratio for chlorine 
and caustic. 

Dow Chemical leads U.S. producers of caustic with 
30% of the total capacity, followed by PPG with about 
9%, Allied and Diamond Shamrock with about 8% 
each, Olin Mathieson and Hooker with about 6%, 
Wyandotte 5%, and with FMC, Stauffer, Pennwalt, 
B. F. Goodrich, Alcoa, and Kaiser rounding out the 
list of major companies in the industry. 

In marked contrast to chlorine, exports of caustic 
grew at  12%/yr during the period 1960-1967. Most of 
this production was tied to bauxite processing. 

No attempt is made to pinpoint caustic prices due 
to the many grades, type, and volume of shipments, 
etc., but it does appear that discounting has been 
eliminated to a great extent. Most major producers 
announced $3-$4/ton increases, to the $66/ton range, 
effective the third quarter of 1969 (3). 

11. Expansions.-The best estimates of The Chlorine 
Institute, Inc., indicate that by the end of 1970 projects 
now under way will increase combined U.S. and 
Canadian daily capacity by about 6.5% or to approxi- 
mately 12 million tons (4, 5). 

'This report is sponsored by the Industrial Electrolytic Division 
of The Electrochemical Society. While it is primarily a summary 
of production and developments in the chlor-alkali industry, reports 
of other electrolytic industries are included. 

The material presented herein has been gathered from many 
sources, noted in the References, and does not necessarily repre- 
sent the opinions of the authon. 

Electrochemical Society Active Member. 

Capacity Completion 
Company & location Type of cell (tons/day) date 

, . . , - . . - . - - . . 
Arkla Chemical Corp., Hooker S-1 75 
Pine Bluff, Ark. Diaphragm 
Stauffer Chemical Co., Hooker S-1 100 
Huntsville, Ala. Diaphragm 
Stauffer Chemical Co.. BASF 150 
Dominguer, Calif. Mercury 

(B) Production started 
General Aniline and BASF-Krebs 250 
Film Corp., Linden, Mercury 
N. J. 
Interprovincial Coop- Kureha HD-4 70 Exp. 
eratlve Ltd., Saska- Mercury 
toon. Saskatchewan 
Kaiser Aluminum & Hooker S-3B 300 Exp 
Chemical Corp., Gra- Diaphragm 
mercy, La. 
PPG Industries, Lake DeNora 600 
Charles, La. Mercury 
Reactive Metals. Inc., Downs 50% Exp. 
Ashtabula, Ohio metallic 

sodium- 
chlorine 

Velsicol Chemical Co., Hooker 5-4 Hooker S-1 
Memphis, Tenn. Diaphragm removed 
Wyandotte Chemicals Hooker S-IB 350 
Corp., Geismar. La. Diaphragm 

Oct. 1969 

Aug. 1969 

Nov. 1969 

Jan. 1969 

May 1960 

Feb. 1969 

Dec. 1969 
1st stage 

June 1969 

April 1969 

C. Building or planned 
American Magnesium, Magnesium 30,000 tons/yr Bal. 1970 
Snyder, Texas cells 
Conso Chemicals Ltd., ICI $8 million Early 1910 
Abercrombic Point. Mercurv 
Nova Scotia 
Dow Chemical Co., Dow 24,000 tons/yr Late 1911 
Dallesport, Wash. Dow 24.000 tons/yr Late 1973 

Magnesium 
(100,000 tons/yr CIS) 

Dow Chemical Co., Dow E x ~ a n s ~ o n  
Freeport. Texas 
Dow Chemical Co., 
Midland, Mich. 
Dow Chemical Co., 
Pittsburg, Calif. 
Dow Chemical Co.. 
Plaquemine, La. 
National Lead Co., 
Grantslille, Utah 
Oregon Metallurgical 
Co., Albany, Ore. 
PPG Industries Inc., 
Guayanllla, Puerto 

Diaphragm 
Dow 
Diaphragm 
Dow 
Diaphragm 
Dow 
Diaphragm 
B ASF 

Alcan 

DeNora 
Mercury 

planned 
Moderniza- 
tion planned 
450 

$2.2 million 

45,000 tons/yr 
Magnesium 
10,000 tons/yr 
Magnesium 
500 

1910 
Late 1911 

1st Quarter 
1970 
Late 1970 

Rico 
Standard Chemical Uhde 220 1970 
Ltd.. Beauharnois, Mercury 
Quebec 
Stauffer Chemical Co., Uhde 30 m2 500 1st Quarter 
St. Gabriel, La. Mercury 1910 

111. New developments.-A. Pricing.-In the last 
quarter of 1969, the price of chlorine was raised $2/ 
ton to the $75/ton range, in single unit tankcars, 
F.O.B. plants, freight equalized. Higher manufacturing 
and distributing costs were given as the reason for 
the increase. For that small percentage of total pro- 
duction sold in ton containers, the price was also 
increased $2 to $97/ton (6, 7 ) .  

B. Mercury.-Mercury consumption increased 5% 
during 1969 with the larger users being the manufac- 
turers of chlorine and caustic soda, catalysts, pulp 
and paper, and pharmaceutical products. 

Mine production was estimated at  29,000 76-lb 
flasks; secondary production was 50% less than 1968, 
mainly as a result of a drop in government sales. 
California and Nevada supplied 63% and 28%, re- 
spectively, of the mercury produced in the US., with 
the balance from Alaska, Arizona, Idaho, Oregon, and 
Texas. The value of primary production was placed 
at $14,600,000 (8). 

Imports of mercury increased approximately 20%. 
Spain is the largest producer with British Columbia, 
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Algeria, Turkey, and Yugoslavia also contributing to 
the world production. 

The price of mercury has been as low as $182/flask 
in August 1963, and as high as $700/flask in June 1965. 
Lately it has fallen from about $585 to less than $500/ 
flask (9). 

Government officials recently said they would like 
to sell about 73,700 flasks from surplus stockpiles even- 
tually; however, opposition is expected from the do- 
mestic industry and through diplomatic channels. The 
government has been offering stockpiled mercury this 
year at  the rate of 1500 flasks a month. 
C. BASF-Wyandotte.-Badische Anilin and Soda- 
Fabrik AG of Ludwigshafen, West Germany, an- 
nounced that it is acquiring 98.5% of the outstanding 
stock of Wyandotte Chemicals Corporation, Wyandotte, 
Michigan. This represents an investment of about 
$95 million. In the next three or four years, BASF 
expects to spend around $105 million on plant expan- 
sions and modernization. 

In 1968 BASF had sales of $1.4 billion, while Wyan- 
dotte's sales were $147 million (10). 

Other Alkalies and Electrolytic Processes 
Sodium Ch1orate.-Production of sodium chlorate 

in the U.S. was approximately 183,000 tons in 1969. 

in California, the bulk of U.S. needs was supplied by 
Green River, Wyoming, as in previous years. Food 
Machinery Corporation's three shafts in Green River 
are operating at  near capacity of 1,250,000 tons/yr; a 
fourth shaft is planned, commencing a $5,000,000 ex- 
pansion program (14). In addition, nearly 2,000,000 
tons of sodium carbonate were produced synthetically 
(15). 

Year-end price for both dense and light 58% soda 
ash climbed 5% from 1968, listing: bagged, $2.20/cwt. 
and bulk, $1.65/cwt. (16). 

Aluminum.-Primary aluminum production in the 
U.S. increased to 3,800,000 tons in 1969, up from 
3,250,000 tons in 1968. Canadian production of alumi- 
num was reported to total approximately 1,063,000 
tons in 1969. 

Apparent use of aluminum in the US., based on 
shipments of primary metal, net imports, and re- 
covery from scrap, increased to approximately 
4,800,000 tons. This year of relatively steady produc- 
tion served to reduce imports of aluminum metal to 
a level less than 1968, when strikes at plants of two 
major domestic producers forced consumers to rely 
on foreign supply (17). 

Aluminum ingot capacity under construction or 
planned for 1969 was as follows (18) : 

with a projected demand of 244,000 tons by 1973. 0f Producer - - . - .. . . . 
this, 72% goes to the pulp and paper industry, 14% is 
used in the manufacture of chlorates and perchlorates, Aluminum CO, ot America, Rockdale. Texas 
and 9% is used for herbicides. The pulp and paper Aluminum Co. of America. Evansville, Ind. 

industry employs chlorates for the generation of chlo- ~~~f2~:2!,","fi~m~,"i~~c',~4~~b2; 
rine dioxide to bleach paper. Cotton defoliation and Wash. 

clearing railroad rights-of-way account for most of %~l,";~:~i~~j,%,"t,"'c~""H"awesville, 
the herbicide use. KY. 

Capacity 
(short tons/yrl 

The domestic producers of sodium &lorate are The price of unalloyed primary aluminum ingot, 
listed (11) : which had been raised to 27$/lb early in January 1969, 

was raised aaain to 28&/lb in mid-October. 
Producer 

Capacity 
(short tons/yr) 

American Potash and Chemical Corp., Hamilton, 
Miss. 23,500 

American Potash and Chemical Corp., Henderson, 
Nev. 

Brunswick Pulp and Paper Co., Brunswick, Ga. 
Georgia-Pacific Corp., Bellingham Wash. 
Hooker Chemical Coro.. ~olumbus'. Miss. 
Hooker Chemical COI$.', Niagara ~ a l l s l ~ .  Y. 
Reigel Paper Corp., Butler. Ala. 
Reigel Paoer Coro.. Reieelwoad. N. C. 
Pacific EngineeriLgand ~roducti'on ~ 6 . ;  Hender- 

son, Nev. 6,004 
Penn-Olin Chemical Co., Calvert City, Ky. 31,000 
Pennwalt Corp., Portland, Ore. 15,000 
PPG Industries Inc., Lake Charles, La. 15,000 

214,000 Total 

Caustic potash.-Caustic potash facilities currently 
operable in the U.S. are shown below (12) : 

Producer 
Capacity 

(short tons/yr) 

Allied Chemical Co., Svracuse. N. Y. 30.0Wa 
Diamond Shamrock ~ d r p . ,  Deiaware City, Del. i6:000 
Diamond Shamrock Corp., Muscle Shoals, Ala. 40,000 
Dow Chemical Co., Pittsburg, Calif. 10.000 
Hooker Chemical Corp., Niagara Falls, N. Y. 36,000' 
International Minerals and Chemical Corp., Niag- 

ara Falls. N. Y. 23,000' 
Monsanto Co., Sauget, 111. 45,000 
Pennwalt Corp., Calvert City, Ky. 25,000 
PPG Industries, Inc., Corpus Christi, Texas 1,000' 
PPG Industries, Inc., New Martinsville, W. Va. 8,000 

240,000 Total* 

Includes solid or flake production. 

Published price for liquid, in carload or truckload 
quantities, was $3.80/cwt., F.O.B. producing plant. 
Flake prices increased during the year from $11.10/ 
cwt. to $11.60/cwt. 

Soda ash.-Natural soda ash production reached a 
total of 2,500,000 tons in 1969; this quantity was valued 
at $47,800,000 (13). The production rate noted reflects 
continued price degradation, as the quantity increased 
23%, but the value dropped 14% compared to last year. 
While some production came from the dry lake beds 

Domestic -production of bauxite rose to 1,800,000 
long tons, while imports were 12,000,000 long tons. 
Approximately 60% of the bauxite imports in 1969 
came from Jamaica, 20% from Surinam, and the ma- 
jority of the balance from the Dominican Republic, 
Haiti, and Guyana. I t  is estimated that 67% of the 
alumina imports were from Australia and about 25% 
from Surinam (19). Generally speaking, 4 tons of 
bauxite are required to produce 2 tons of alumina 
which will yield 1 ton of primary aluminum. 

Beryllium.-This year marks the fifth straight 
year that the use of beryl (a  beryllium-aluminum- 
silicate) has increased, and the U.S. consumption for 
1969 exceeded 6000 tons (20). Nearly half of the beryl- 
lium metal consumed is used in high-speed aircraft, 
and the remainder employed in missile components, 
the nuclear industry, and copper and nickel alloys (to 
impart fatigue resistance) (21,22). 

Domestic sources for beryllium production are the 
states of South Dakota, Maine, and Colorado, in that 
order, for hand-sorted beryl; and Utah for mined 
bertrandite (another beryllium-aluminum-silicate) . 
General imports of beryl for 1969 should exceed 6400 
tons, valued at $2,600,000; interestingly, while the ton- 
nage is nearly a 40% increase over 1968, the foreign 
value of this material dropped 15%. 

The industrial activity evident in 1969 is probably in 
response to the steadily growing beryllium market. 
Kawecki Berylco Industries, Inc., and Brush Beryllium 
Company processed hand-sorted beryl into beryllium 
metal and alloys; and some concentrates have been 
shipped from the new (September) Brush Beryllium's 
Spor Mountain processing plant near Delta, Utah. 
General Astrometals Corporation has leased the elec- 
trofining facilities of Beryllium Metals and Chemicals 
Corporation. Topaz Beryllium Company (subsidiary of 
The Anaconda Company) has acquired land in Juab 
County, Utah, for a proposed beryllium ore concentra- 
tion plant. 

Government inventories at mid-year listed 7387 tons 
of beryllium-copper master alloy and 229 tons of 
beryllium metal (exactly the amounts reported for 
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mid-year 1968); the 11% BeO-bearing beryl figure was 
26,559 tons, which is slightly down from a year ago. 
The General Services Administration sales of beryl in 
1969 (including a December 1968 sale) totaled 3475 
tons; the price varied from $50.52 to $52.67/short ton 
unit. 

Chromium.-The three leading consumers of chro- 
mite increased their usage during the year, as inven- 
tories dropped. The metallurgical industry used 739,000 
tons in 10 months, an 8.5% increase over 1968, reflect- 
ing the high level of stainless steel production. The 
chemical and refractory industries consumed 175,000 
and 253,000 tons, respectively. This was a 5% increase 
in chromite use by the chemical industry, while the 
8% decrease in use for the refractory group continued 
last year's trend (23). 

The metallurgical industry had to turn to surplus 
chromite from government stockpiles to supplement 
supply, with the continued economic sanction against 
Southern Rhodesia imposed in early 1967. The General 
Services Administration has sold 789,000 tons since 
January 1967 with 206,000 tons delivered in the first 10 
months of 1969. 

Negotiations for a plant to produce ferroalloy in 
Puerto Rico were announced by Air Reduction Com- 
pany. The plant is to have two furnaces with a com- 
bined rating of 40,000 kW; full production is estimated 
for late 1971 or early 1972. A chromium chemical plant 
to be built in Wilmington, North Carolina, was an- 
nounced by Diamond Shamrock Corporation. 

Metallurgical-grade chromite prices moved upward 
for the third successive year. Quoted prices per long 
ton at Atlantic ports were as follows: Russian, 48% 
CreOs, 4-1 ratio $49-$52; Russian 54-56% Ci-203, 4-1 
ratio, $55.10-$59.60; and Turkish 48% Crz03, 3-1 ratio, 
$47.50-$48.50, 

Copper.-In its first full year of operation since 
1966, the U.S. Copper Industry posted significantly 
optimistic gains in 1969. 

A record 9% jump in mine production of recoverable 
copper was recorded, up to 1,560,000 tons over the 
1,429,000-ton 1966 previous high (24). Of this amount, 
more than half (51%) came from Arizona with the 
states of Utah, New Mexico, Montana, and Nevada 
contributing another 40% which accounts for the bulk 
of U.S. production. The U.S. share of free world mine 
output is now up to about 30% (25). 

Based on tonnages of domestic primary material 
only, smelter production was up almost 32% over 
1968, to a projected total for 1969 of 1,520,000 tons. 
Refinery output of domestic material jumped 35% over 
last year, and is expected to post 1,450,000 tons for 
1969. 

Reversing a two-year trend, consumption of refined 
copper increased (over 2,000,000 tons used in 19691, 
but fell short of the 2,400,000-ton record year of 1966. 
Wire and cable alone accounted for 1,300,000 tons (up 
9% over 1968); defense programs, primarily for am- 
munition, took 225,000 tons of copper. 

In conjunction with increased U.S. mine production, 
imports of blister and refined copper dropped this 
year and are estimated below 1968 receipts by 8% and 
a plummeting 69 %, respectively. 

Primary world copper prices have risen 200% in the 
past ten years, using the London Metal Exchange as a 
measure; domestic wholesale price indexes show a 
60% rise. For the year 1969, the LME average price per 
pound for copper went from 56q to 726; U.S. prices 
mirrored this increase, going from 426 to 526 in three 
steps. However, a balance in the copper market is 
anticipated with the expected elimination of World- 
U.S. price differentials. 

In the recovery field, Powdered Metals Corporation 
of Phoenix, Arizona, has announced construction plans 
for the first plant which will employ the new Harlan 
(George E. Harlan) Process to obtain copper powder 
from oxide ores (26). The ore is leached with a demin- 
eralized water-sulfuric acid solution and the leach 
liquor is then filtered and electrolyzed. The process is 
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said to reduce the cost of present smelting and electro- 
winning techniques by 40%. Most of the reduction 
results from utilization of inexpensive equipment and 
avoiding costly milling, flotation, and furnacing units. 
In addition, the components are so simple and light 
that a portable plant can be trucked to operate on-site 
at ore deposits once considered too small or remote. 
Ore-to-powder requires only 4 h r  compared to several 
days using conventional means. 

Lithium.-The following companies are involved in 
processing lithium raw material to lithium primary 
products: Foote Mineral Company at Sunbright, Vir- 
ginia, and Silver Peak, Nevada; American Potash and 
Chemical Corporation, Trona, California; and Lithium 
Corporation of America, Bessemer City, North Caro- 
lina (27). Production data are not available. 

Use of lithium in 1969 was at an all-time high. 
Products employing lithium in their manufacture in- 
clude: ceramics and glass, greases, welding and brazing 
fluxes, air conditioning equipment, rubber, and phar- 
maceuticals. Some newer uses include aluminum re- 
duction cells, and bleaches and sanitizers. 

Lithium metal was priced at $7.75/1b in 1000-lb lots; 
lithium carbonate at  $0.46/lb in carload lots; and 
lithium chloride at  $0.85/lb. 

The reports on cesium and rubidium, normally in- 
cluded in this section, are omitted this year since the 
Mineral Industry Survey fails to make any mention of 
these metals. 

Magnesium.-For the year 1969, production of pri- 
mary magnesium is projected at  89,500 tons, up 2% 
over 1968; and shipments at  107,000 tons, up 16%. 
Secondary magnesium recovery is expected to be 15,- 
000 tons. While there was only a minimal rise in 
exports (4500 tons), imports increased 43% netting 
about 24,000 tons. The U.S. accounts for over 60% of 
the world 162,000-ton annual production figure. 

The consumption of primary magnesium in 1969 was 
100,000 tons, which represents a 3% drop from the 
103,000 tons in 1968, as reported by the U.S. Bureau 
of Mines (28). In contrast, Business Week reports 1969 
as the sixth consecutive year that magnesium demand 
has risen, and the third year in a row that demand has 
exceeded capacity (29). However, all sources agree 
that magnesium is on the verge of a Cinderella boom; 
expansions of present capacity are predicted to double 
by 1971 and reach 300,000 tons/yr in 1972 (30). 

The ultimate target of the expanding magnesium 
industry is an anticipated 400,000-ton potential auto- 
motive market within 10-15 years. In the near term, 
the largest single market for magnesium is in the 
aluminum-magnesium alloys used in commercial air- 
craft; machinery is next, and the chemical industry 
third. The lightweight metal is making a strong bid to 
replace aluminum; while it still costs more than alu- 
minum, the price differential may shrink with the 
activity the magnesium producers are exhibiting. New 
products include rapid transit systems, motors, cam- 
eras, power tools for home use, photoengraving, cor- 
rosion-resistant paint, and battery casings. 

One big name in the industry dropped out in the 
third quarter of 1969: Alamet Division of Calumet and 
Hecla Corporation shut down its dolomite (highest 
grade magnesium, but most expensive process) plant 
at Selma, Alabama. The major producers now in the 
field are: Dow Chemical Company, with a 48,000- 
ton/yr plant to go on stream the last half of 1971 and 
reach design capacity in 1976 at  Dallesport, Washing- 
ton (31, 32) ; National Lead Company with a 45,000-ton 
plant under construction at  Salt Lake, due for com- 
pletion in 1971 (33, 34); American Magnesium Com- 
pany began operation of its scheduled 30,000-ton plant 
at Snyder, Texas; and Oregon Metallurgical Corpora- 
tion at Albany, Oregon, plans to complete its 10,000- 
ton plant in early 1975 (35). In addition, two large 
aluminum producers, Alcoa and Kaiser, own property 
in the magnesium-rich Salt Lake area (36); and two 
steelmakers, USS and National are taking a close look 
at producing magnesium themselves (37). 
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Magnesium compound production increased over 
1968 by 14% in volume and 16% in value. Imports of 
refractory magnesium declined about 20% for the year. 

Manganese.-In 1969, approximately 1,800,000 tons 
of manganese ore containing 35% or more manganese 
were imported from Brazil, Gabon, Australia, and the 
Congo. Ferromanganese imports increased to 300,000 
tons for the year, primarily from the Republic of South 
Africa, France, India, and West Germany. Manganese 
metal imports were down to 1428 tons for the first 
three quarters, with the majority from the Republic of 
South Africa. 

Domestically, approximately 2,300,000 tons of ore 
were produced. Montana and New Mexico continued to 
mine ore containing 35% manganese, but at lower 
levels than in 1968. International Minerals and Chemi- 
cal Corporation shut down their blast furnace in Sheri- 
dan, Pennsylvania, and stopped producing ferroman- 
ganese. High imports and large inventories were given 
as reasons for this change (38). 

December quotations for ore with a content of 46- 
48% manganese were 49-53t/long ton. Foote Mineral 
announced price increases effective January 1, 1970 on 
all grades of electrolytic manganese, with a typical 
increase being No. 1 chip to 31.25t from 30.25t/lb (39). 

Deepsea Ventures Inc., a subsidiary of Tenneco Inc., 
was active in carrying on the deep-sea mineral in- 
vestigations formerly pursued by Newport News Ship- 
building and Dry Dock Company. This work, off the 
Georgia and Florida coasts, has yielded over 40 tons of 
manganese nodules that are to be treated in process 
pilot plants. 

Nickel.-International Nickel Company of Canada, 
Ltd. (Inco) operations in Ontario were closed by a 
strike of the United Steelworkers of America from 
July 10 until November 17, 1969. While Inco's Mani- 
toba facilities continued to produce nickel, these ac- 
count for only 30% of the company's total capacity. In 
addition, Falconbridge Nickel Mines, Ltd., was out of 
operation from August 21 until November 22, 1969, 
because of a strike by the Mine, Mill, and Smelter 
Workers Union (40). These two stoppages reduced the 
free world's production of nickel approximately 50%. 
Upon resumption of work, the increased wage and 
fringe benefits (worth $1.35/hr) increased Inco's em- 
ployment costs by approximately 35% (41). 

A total of 29 million pounds of nickel has' been 
released from Government stockpiles thus far, com- 
pared to the 150 million pounds International Nickel 
claims to have lost during the four month strike. The 
stocks must be replaced with the government by July 
1972, so it seems certain the shortage will continue 
(42). 

World production of nickel was estimated at 530,000 
tons. Imports into the U.S. from all sources were 
expected to be 125,000 tons with exports at 30,000 tons. 

The producer price for cathodes started the year at 
$1.03/lb F.O.B. shipping point. Following settlement of 
the 128-day strike, Inco raised the price to $1.28 which 
was followed by other major producers. Quotations for 
dealer cathodes according to Metals Week were $1.65- 
$1.75/lb early in the year, but reached $6.65-$7.15 in 
October. Prices in the $8-$10/lb range were said to 
have been obtained for small quantities of special 
forms. 

A hydrometallurgical nickel refining process, de- 
veloped by Sherritt Gordon Mines, Ltd. (Toronto, 
Canada), has come to the attention of others due to 
the nickel shortage. Sherritt Gordon has been using 
this process since 1954 and recently licensed the proc- 
ess to Western Mining Corporation of Australia. A 
50-million lb/yr refinery was announced for completion 
in 1971 or 1972 by The Philippine's Marinduque Mining 
and Industrial Corporation, using a modified version 
of the process (43). 

International Nickel announced construction of an 
$80-million refinery marking the first commercial use 
of the Inco Pressure Carbonyl (IPC) process. This 
highly automated plant at  Copper Cliff, Ontario, is 

scheduled for completion in 1971. Capacity is stated to 
be 100 million lb/yr of pellets and 25 million lb/yr of 
powder (44). 

Sodium.-The usc of sodium metal was up slightly 
over 3% in 1969 compared to last year; the 3% figure 
confirms the growth estimated in this industry for the 
next 3 years (45). While the sodium business recovered 
from the 1967-1968 drop, projected quantities based on 
8-month figures show the 1969 total at 162,000 tons, 
which is still under the 1966 165,000-ton high. Of the 
sodium metal produced, 83% was used to manufacture 
tetramethyl and tetraethyl lead, 6% was used as a re- 
ducing agent in the production of titanium sponge, and 
the remaining 11% found miscellaneous uses (peroxide 
production, sodium hydride descaling of metals, chemi- 
cal and drug intermediaries, and coolant in nuclear 
power stations) (46). 

All major producers increased metallic sodium prices 
effective on spot in mid-November and on January 1, 
1970 for contract business. Brick price (drummed, in 
18,000-lb lots) rose 2G/lb to 24MB; reactor grades in- 
creased to 29t; and carload lots increased to 183/4$/lb. 

Titanium.-Titanium sponge metal (refined ore) pro- 
duction rose 12% in 1969; sponge consumption leaped 
35% over 1968, to about 19,500 tons (47). Foreign 
sponge imports for the first 9 months indicated a total 
receipt of 6230 tons. At year's-end, domestic sponge 
of 99.3% purity held at $1.32/lb, while import (from 
Japan and the United Kingdom, principally) dropped 
0.05 to $1.20/lb (48). Only a small amount of titanium 
sponge was sold by the General Services Administra- 
tion in 1969. 

Through October, titanium metal (unwrought, waste, 
and scrap) was imported for consumption in an amount 
projected to equal 6500 short tons at a value expected 
to exceed $10,500,000. The bulk of the imports came 
from Japan (70%), with Russia (15%) and the United 
Kingdom (10%) making up most of the remainder. 
Exports, mostly scrap, were up 20%, totaling 3400 tons 
for 1969. 

The price reduction reported last year (49) seems to 
have produced the desired result as the burgeoning 
consumption in 1969 indicated. Gains in chemical and 
construction uses are difficult to measure accurately, 
but aerospace and the aircraft industry are still prime 
markets. 

No rutile was produced domestically in 1969, and 
imports increased 15%. To expand domestic rutile 
production, in June of 1967 the Office of Emergency 
Preparedness (OEP) reduced the war stockpile of ru- 
tile from 200,000 to 100,000 short dry tons. In 1969, im- 
port price for 96% Ti02 rose to a high of $160 per short 
ton over last year's close at  $125. 

Ilmenite imports of the mineral concentrate rose 
50% over 1968 in the face of a 3% drop in domestic 
production. Ilmenite is used mostly in making titanium 
oxide pigment. Quoted prices for 1969 held firm at 
$30-$35 per short ton for domestic 60% TiOz-content 
stocks; and at  $20-$21 per long ton for imported 54% 
Ti02 material. 

Zinc.-Reversing a three-year trend, U.S. mine pro- 
duction of zinc for 1969 rose 4%, to 546,000 tons (50). 
In conjunction with the expanding lead industry, 33,- 
000 tons of zinc supplied from new mines alone placed 
Missouri as one of the country's leading zinc pro- 
ducers. While the historically higher zinc producing 
states increased their output, zinc production in others 
dropped, which offset the potential gain. 

Smelter production of slab zinc zoomed the first 
half of 1969, but fell off the last half; still, projected 
output was up from the previous record year of 1966 
by 5% and exceeded 1968 by 8%, totaling 1,160,000 tons. 
To add to this bright picture, shipments led produc- 
tion by a net 9000 tons for the year, considering cus- 
tomer's stores accumulation. Zinc imports of ore and 
metal approximated those of 1968. The principal sup- 
pliers were Canada, Mexico, Australia, and Peru. 

Total consumption of zinc for 1969 was 1,800,000 tons 
with slab accounting for 1,400,000 and the other 400,- 
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000 tons made up of direct ore use (135,000) and scrap 
(265,000). In line with the increases noted in produc- 
tion, consumption also equalled the record year 1966. 
The largest advances in the industry were posted by 
zinc-base alloys (585,000 tons), zinc oxide (44,0001, and 
in copper-base alloys as a result of full-year operation 
of brass mills (184,000 tons). 

The General Services Administration sales amounted 
to 25,440 tons from the existing zinc disposal authoriza- 
tion; 22,610 tons remain in inventory. 

Prime Western Grade zinc price rose 24 during the 
year, in three steps, to finish 15?4C/lb. The London 
Metal Exchange price, after fluctuating throughout the 
year, ended at  14@/lb. 

Electrical Energy 
U.S. Generation.-The utility companies and indus- 

trial plants in the U.S. combined to produce 1.43 tril- 
lion kilowatt hours (kWhr) of electricity this year 
(51). Reflecting ever-increasing power consumption, 
this represents an 8.8% gain over 1968, substantially 
greater than the 5.2% growth in 1968, and the 7.4% 
average for the 5-year period ending 1967. 

Utility production (representing 93% of the nation's 
total electrical energy capacity) held at  the same 9.3% 
increase over the previous year, to a new record total 
of 1.33 trillion kWhr. The breakdown by production 
means shows: 16.7% hydroelectric, 82.7% by steam 
electric plants, and the balance (0.6%) by internal 
combustion engines and gas turbines. Each category 
reached a new high, exceeding 1968 levels by 0.3, 11.2, 
and 16.9%, respectively. 

Steam electric generation using nuclear fuel showed 
a gain compared to 1968, of from 7.7 to a total of 12.3 
billion kWhr; this increase (60%) is still only 0.86% of 
the country's total energy need. However, it is pre- 
dicted that, by the year 2000, 50% of the nation's elec- 
trical energy requirements will be met by nuclear 
facilities (52). In 1969, consumption of coal reached 
297 million tons, gas nearly 3.15 trillion cubic feet, and 
oil 188 million barrels. In keeping with the production 
increases, use of each fuel also rose. Hydroelectric 
generation also set a record high of 52.8 million kW, 
topping 1968 by 3.3%. It is estimated that, of the coun- 
try's total hydroelectric potential (178.5 million kW), 
only 48.8 million kW, or 27%, has been developed. 

There has been some concern regarding the rate at 
which present resources are being dissipated. Coal, 
gas, and oil have been carefully studied, and it is 
estimated that existing supplies will suffice for from 
200 to 1000 years (53). 

Utility generating capacity posted a record 8.1% in- 
crease this year, adding 21,806,000 kW, to a new high 
of installed capacity totaling 291,058,000 kW. This total 
capability is ample to supply current U.S. needs. Look- 
ing to the future, however, demand for electricity in 
the U.S. is expected to match the growth rate of the 
past three decades, which means doubling the gener- 
ating capacity each ten years (54). 

Coupled with the capacity and consumption increases 
seen in 1968, the industry also experienced delays. 
Some generating plants and transmission lines were 
not put into service on schedule, primarily as a result 
of shortages of skilled labor. 

Nuclear Power.-In the U.S. Generation section of 
this report, it was reported that the total percentage of 
electrical energy derived from nuclear sources was 
very small (less than 1%).  The past year still suc- 
ceeded in chalking up a 60% production increase over 
1968, even though it was a declining year for orders 
in the nuclear business. Furthermore, though recent 
rising construction costs (now about $1.45/kW for con- 
ventional us. $2.00/kW for nuclear) have made utility 
companies hesitate to go the nuclear route, 1972 is 
predicted as the turning point for the swing to nuclear 
power (55,56). 

Historically, fossil-fueled steam generating plants 
have been the major source of electrical energy (57). 
In 1957, a government-sponsored program to develop 
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and demonstrate the feasibility of nuclear reactors 
for civilian application was introduced to the electric 
utility industry. By 1964, $3 billion in study had in- 
dicated the cost advantage of a nuclear installation as 
typically slightly over 5 mills/kWhr, compared to 5-6 
mills/kWhr for a fossil-fired plant. In addition, nuclear 
plants will require considerably less expense for pollu- 
tion control. Following these findings, a rash of orders 
were placed for nuclear plants in 1966 and 1967. The 
explanation for the difference between the fast start 
and the current restrained status of the nuclear power 
industry is simply growing pains. 

The power plant supply industry was pushed beyond 
its capacity, as neither facilities nor trained workmen 
were available to begin; construction costs and inflation 
have been steadily rising; and delays were experienced 
in educating a public concerned with thermal and 
radiation effects. On-stream service has been post- 
poned as much as two years, and the original five 
years have been stretched to the present 6%-7 years 
for expansion planning. 

The U.S. is well established as the world leader in 
enriched-uranium light water type nuclear power re- 
actors, but the present generation of nuclear reactors 
employ less than 2% of uranium's potential energy. For 
this reason, the government and private industry are 
actively investigating fast (breeder) reactors for elec- 
trical power generation. Breeder reactors will utilize 
50% of the latent energy in uranium and will, in fact, 
produce or "breed more fissionable material than they 
consume. The major effect of the fast reactors will be 
to stabilize the supply and price of uranium; however, 
commercial exploitation of fast reactors is not expected 
to begin before the 1980's. Accordingly, power rates 
will probably fluctuate little in the next ten years, and 
only begin to drop as a result of breeders in the suc- 
ceeding ten years. 
D-C power.-In evaluating the power transmission 

figures of the last few years, the recent use of extra- 
high-voltage (EHV) lines must be taken into account. 
Power transfer capability increases as the square of 
the voltage, so comparing only miles of transmission 
line installed is not comprehensive. The decrease in 
actual miles from 18,452 in 1968 to 14,555 in 1969 
illustrates the point well; in terms of voltage-miles, 
power transmission installation increased 32% in 1969 
(58). 

Currently, utility transmission installations are lim- 
ited to 500-kilovolt (kV) lines, but this year saw the 
first 765-kV line become operable. Tests are in prog- 
ress to utilize 1100- and even 1500-kV lines. Also, 
additional exploration is under way to examine the 
benefits directly related to direct current EHV trans- 
mission systems working in conjunction with alternat- 
ing current systems. 

There was a delay in completing the 853-mile, 
750-kV2 d-c transmission line between the Dalles Sub- 
station (on the Columbia River in Oregon) of the 
Bonneville Power Administration and the Slymar Sub- 
station of the Los Angeles Department of Water and 
Power. Start-up service was rescheduled for Spring of 
1970. 

Developments of Interest 
Petrochemicals by electrolysis.-Electrolysis in or- 

ganic syntheses has been studied for many years; how- 
ever, very few processes have reached a commer- 
cialized scale. Electrolytic routes to organics may be 
applicable where product selectivity may be superior 
to known chemical methods (59). 

A good example is the Monsanto process for electro- 
hydrodimerization of acrylonitrile producing adiponi- 
trile in a single, high-selectivity step; it is recognized 
that existing thermal and catalytic dimerization meth- 
ods give inferior yields and/or lower conversions. 
Asahi Chemical of Japan is reported to be planning a 
20-million-lb/yr adiponitrile facility. BASF is also 
said to be working on a similar process. 

 erroneously reported as an 825-mile, 800-kV line in the Report 
for 1968. 
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When objectional co-products may be avoided, the 
electrolysis method may have merit. An example 
would be the electrolytic chlorohydrin process for 
propylene oxide, eliminating the unwanted production 
of calcium chloride. 

Conversion by chemical means may require reaction 
conditions so severe in terms of pressure, temperature, 
residence time, catalyst life, or corrosivity that the 
cost of the electrolysis system is justified. Direct han- 
dling of troublesome reagents may be eliminated, as in 
3M's electrolytic fluorination process, and the bromina- 
tion process developed by Sohio. The use of lower cost 
raw materials and useful products from both anode 
and cathode reactions may provide economic advan- 
tages. 

Continued research in this area is indicated and, 
when any of the above advantages or a combination 
of them offset the high power and cell cost, an attrac- 
tive process will result. 

The Kel-Chlor process.-At the April 1969 American 
Chemical Society meeting in Minneapolis, Dr. Alex G. 
Oblad, Vice-President of Research and Development 
for the M. W. Kellogg Company (New York), pre- 
sented the chemistry involved and the potential market 
impact of a breakthrough nonelectrolytic process for 
the manufacture of chlorine (60-62). Essentially, the 
Kellogg development provides a successful way to oxi- 
dize hydrogen chloride to chlorine. 

The basic idea is not new. In the same manner, 
chlorine was first produced in the laboratory by the 
Swedish chemist Karl Wilhelm Scheele (63), and the 
concept was refined to commercial use about a century 
ago by Deacon and Hurter. They employed solid cop- 
per chloride as a catalyst; but, by using air as the 
oxidizing medium, the resultant chlorine was highly 
diluted with nitrogen, though acceptable for those 
times. More recent attempts to upgrade the process 
include increased catalytic activity, which has not 
proved attractive, or introduction of an organic mole- 
cule to react with chlorine and thus drive the reaction 
equilibrium toward more complete oxidation. The lat- 
ter are generally termed oxychlorinations, and are 
useful but limited in application. 

With the present-day availability of cheap oxygen, 
the Kellogg process employs two novel keys to push 
its descendant of the Deacon reaction to completion: 
nitrogen oxides as homogeneous (gas phase) catalysts, 
and sulfuric acid to absorb oxides and steam (64). 
Briefly, gaseous hydrogen chloride is reacted with hot 
recycled nitrosyl sulfuric acid to form nitrosyl chlor- 
ide; in the first oxidation chamber, nitrosyl chloride 
with oxygen breaks down to chlorine and nitric oxide; 
conversion is completed in a second oxidizing step, 
where sulfuric acid absorbs water (steam) and reacts 
with the nitrogen oxides to yield nitrosyl sulfuric acid, 
which is recycled. The product chlorine is quite pure 
and relatively dry and meets the specifications of some 
applications as is; for more stringent uses, it can be 
easily upgraded. 

In the past, attempts to commercialize hydrogen 
chloride oxidation processes have stumbled on eco- 
nomically insurmountable corrosion problems. Kellogg 
reports, however, that in its new process corrosion is 
not a difficulty and that "available" materials are 
utilized. Continuous operation of a one-ton/day unit is 
said to have proven the Kel-Chlor process, and Kellogg 
is prepared to offer it for license. Operating costs will 
vary, depending on plant size, from $17 to $10/ton of 
chlorine produced. 

Dr. Oblad points out that, for the first time, the 
production of chlorine is exceeding that of caustic, 
dumping more caustic in an already saturated market. 
In addition, by-product hydrogen chloride from or- 
ganic chlorinations is also creating an increasing dis- 
posal problem. Its developer offers the Kel-Chlor proc- 
ess as the solution to this situation. Neither the elec- 
trolysis of aqueous hydrogen chloride nor the elec- 
trolysis of magnesium chloride is geared to American 
market requirements, according to Dr. Oblad. 

Two major areas are suitable targets: the produc- 
tion of elemental chlorine itself, and the use of chlorine 
in chlorination reactions (the largest of which is manu- 
facture of vinyl chloride). As to the hydrogen chloride 
charge, four processes are listed as adequate sources: 
1-steam hydrolyzed magnesium chloride, 2-the by- 
product from Solvay Process ammonium chloride, 3- 
the reaction of sulfuric acid with sodium chloride, and 
&the fertilizer industry's conversion of potassium 
chloride to the more potent potassium phosphate or 
nitrate. 

Manuscript received June 11, 1970. This, report.was 
presented at  the Industrial Electrolytic Divlsion 
Luncheon at the Los Angeles Meeting of the Society, 
May 10-15,1970. 

Any discussion of this report will appear in a Dis- 
cussion Section to be published in the June 1971 
JOURNAL. 
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F. M. Becket Memorial Award 
The Electrochemical Society will (1) a graduating senior of demonstrated 

offer the F. M. Becket Memorial Award ability, regularly enrolled in any recog- 
to a qualified graduate student for the nized college, university, or institute of 
summer of 1971. This Award commem- technology in continental United States 
orates F. M. Becket, a man of great or Canada, who intends to seek an ad- 
research and administrative ability and vanced degree, or (2) a graduate stu- 
a former President of the Society, whose dent, similarly enrolled, who is seeking 
accomplishments in science and indus- an advanced degree. No limitations of 
try were outstanding. The stipend val- sex, race, nationality, or religion are to 
ued at $1500 provides a grant-in-aid be imposed by the Award Committee in 
toward a summer's (at least two months) determining the recipient of the Award. 
research and study overseas in the lab- The Award shall be presented on the 
oratory of a recognized research insti- basis of the following material: 
tute or institution of higher learning, 1. A complete transcript of the stu- 
selected from the approved list main- dent's academic record. 
tained by the F. M. Becket Memorial 2. Two copies of a letter, over the 
Award Committee. signature of the head of the College or 

The objectives of this Award are to Department in which the student is en- 
stimulate and encourage education and rolled, describing briefly his academic 
participation in the fields of electro- work, his campus activities, and pre- 
chemical science and industry con- senting an estimate of his abilities. 
erned with specialty materials and proc- 3. Two copies of a letter, over the 
esses as follows: student's signature, containing a brief 

a) Materials such as refractory metals biographical sketch, a detailed descrip- 
and compounds, intermetallics, graph- tion of the nature and extent of his 
ite, fused salts, and rare earth metals; academic work, particularly as i t  may 

b) Equipment for the utilization of relate to the field of the Award, and 
electrical energy in materials synthesis; an outline of his plans for the future. 

C) Processes using arcs, vacua, plas- The student shall indicate, from the list 
mas, and electron and ion beams; and provided by the Award Committee, his 

d) High temperature kinetics and choice of a place of residence under 
thermodynamics phenomena such as the Award. 
melting, vaporization, reactions, sinter- Application forms are available from 
ing, diffusion or oxidation occurring at the Executive Secretary, Mr. Ernest G. 
high temperatures, high pressures, or Enck, The Electrochemical Society, Inc., 
vacua involving high temperature mate- 30 East 42nd Street, New York, N. Y. 
rials. 10017. Deadline for receipt of completed 

To be eligible for the Award, the applications will be February 1, 1971; 
entrant must qualify in one of the two and the Award winner will be announced 
following categories. He must be either on April 1, 1971. 
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Sheraton Park Hotel, Washington, D.C. 

May 9,10,11,12,13, and 14,1971 

The following Divisions are planning sessions: 

Dielectrics and Insulation Division-Symposia on Electronic Applications of Ceramic Ma- 
terials and Deposited Thin Film Dielectric Materials and Processes. 

Dielectrics and Insulation and Electronics Divisions-Symposium on Plastics for Environ- 
mental Protection and Encapsulation of Electronic Devices. 

Electronics Division-Symposium on Infrared Excited Visible Luminescence, Semiconduc- 
tor General Sessions, and Luminescence General Sessions. 

Electronics and Electrothermics and Metallurgy Divisions-Symposium on New Techniques 
for Materials Characterization. 

Electro-Organic Division-Symposium on New Directions in Organic Electrochemistry and 
General Sessions. 

Electro-Organic and Theoretical Divisions-Symposium on Electrochemistry and Biological 
Processes. 

Electrothermics and Metallurgy Division-Symposia on Chemical Reactions in Gaseous Dis- 
charges and Directional Solidification of Eutectics. 

Industrial Electrolytic Division-Symposium on Anodes for the Electrolytic Industries. 

Theoretical Electrochemistry Division-General Session. 

Papers are now being solicited for the meeting to be held in Washington, D. C., May 9-14, 
1971. One copy of the usual 75-word abstract is due at The Electrochemical Society, Inc., 30 
East 42 St., New York, N.Y. 10017, not later than December 1, 1970, and Extended Abstracts 
are due not later than January 1, 1971 in order to be included in the Program. 

Please indicate on 75-word abstract for which Division's Synlposium the paper is to be sched- 
uled. Underline the name of the author who will present the paper. No paper will be placed 
on the program unless an author will present it in person, or has designated a qualified person 
to present it. Should clearance of a paper be required by the author's employer, such should 
be obtained before the paper is submitted. 

Notification of acceptance for meeting presentation, along with scheduled time, will be mailed 
to authors with general instructions no earlier than two months before the meeting. Those au- 
thors who require more prompt notification are requested to submit with their abstract a self- 
addressed post card with full author-title listing on the reverse. 

Presentation of a paper at a technical meeting of the Society does not guarantee publica- 
tion in the JOURNAL. 

An author who wishes his paper considered for publication in the JOURNAL should send trip- 
licate copies of the manuscript to the appropriate section, 30 East 42 St., New York, N. Y. 
10017. 

All papers presented at meetings, become the property of The Electrochemical Society and 
may not be published elsewhere, either in whole or in part, unless permission for release is re- 
quested of and granted by the Society. Papers already published elsewhere, or submitted for 
publication elsewhere, are not acceptable for oral presentation except on invitation by a divi- 
sional program chairman. 



The Electrochemist in a Changing World' 

N. C. Cahoon* 

Everyone will agree that wc live today in a world 
that only faintly resembles that of a half century ago. 
But the changes have occurred gradually and perhaps 
their significance is not immediately recognized. One 
therefore should occasionally view these changes in 
perspective in order to assess their effect on our life 
and environment. The business of electrochemistry has 
not been free from changing conditions and I wish to 
point out some of the interesting aspects of our chosen 
field during the past decade. 

The Growth of Industrial Electrochemistry 
It is difficult to measure the growth of a scientific 

subject such as electrochemistry except in terms of dis- 
coveries and major developments. Unfortunately, most 
of these can best be evaluated several years later. It 
is much easier, and often more timely, to examine the 
growth of applied electrochemistry in the industrial 
field. In this area, both the quantities produced an- 
nually and their monetary value offer direct means of 
comparison with previous years. Because the field of 
all electrochemically produced materials is a very dif- 
ficult one to treat in this way, a few examples have 
been chosen to show representative growth. 

The chlor-alkali industry has been evaluated an- 
nually by a special committee of the Industrial Elec- 
trolytic Division of the Society and these reports (1-10) 
offer an excellent source of information. Figure 1 
shows the annual production of chlorine in the U.S.A. 
for the last ten years. It is amazing to note that the 
chlorine industry in this country produced only 10,000 
tons in 1902, and the industry has grown until the out- 
put today is almost 100 times that of 1902. Moreover, 
the production has doubled during this decade to 
around 1 million tons annually. Surprisingly, the points 
on the log-linear graph deviate little from a straight 
line for the period 1961-1969. The investment in 
chlorine-producing facilities in 1969 approximated 
$1.7-$2 billion. During the past decade, about $1 bil- 
lion has been invested by the industry to achieve this 
production level, based on data published in 1964. 

' Electrochemical Society Active Member. 
'The Electrochemical Society Presidential Address. delivered at  

the Los Angcles Meeting of the Society, May 12, 1970. 

Another interesting example is the battery industry. 
Figure 2 shows the value of annual U.S. shipments of 
both primary and secondary types during most of the 
past decade through 1967 (11). The rate of increase of 
total battery shipments has been similar to that shown 
in Fig. 1, i.e., an approximate doubling during the dec- 
ade. 

Falk and Salkind (12) in their recent book on 
"Alkaline Storage Batteries" estimate that the Euro- 
pean demand for batteries is slightly smaller than 
that in this country. Furthermore, the rapid growth of 
battery-making facilities in many of the emerging na- 
tions of the world strongly suggests that the world- 
wide demand will continue to rise. 

Figure 3 shows the growth in the electronic com- 
ponents market (13) during the past decade with 
separate lines for two important segments, semicon- 
ductors and capacitors. All parts of this important in- 
dustry have doubled in ten years, just as in the chlor- 
alkali and battery industries. 

In the field of metals, the aluminum industry is one 
in which electrochemistry plays a vital role. Although 
this industry had an explosive growth in the 1940's 
and 19501s, it has continued to grow as shown by the 
annual output data presented in Fig. 4 (1-10). The 
growth rate shown amounts to more than doubling the 
output in a decade. 

It is difficult to obtain comparable growth data for 
the other electrochemical industries on which our 
Society is dependent. Table I shows some estimates of 
the value of U S ,  products of the above four and one 
additional electrochemical industry for three years, 
1967-1969, where the values have beeen available. The 
growth in the electroplating industry (14) has also 
been significant. Thus we may conclude that all or most 
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Fig. 1.  The  annual production of chlorine in the U.S.A. 
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Fig. 2. T h e  value of annual battery shipments in  the U.S.A. 
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Fig. 3. U.S. factory sales of electronic components 

Fig. 4. The annual production of aluminum in the U.S.A. 

of the electrochemical industries have experienced sig- 
nificant growth in the past decade. These and other 
electrochemical industries are the ones which depend 
on the Society for the leadership in technology that is 
so necessary to their growth. 

In each electrochemical industry, major changes in 
product or process have helped meet the increased 
demand. In the chlor-alkali industry, there has been an 
increasing trend to the use of mercury cells and, in the 
last few years, a trend toward the use of the metal 
anode has developed. Pollution charges may speed up 
these changes if present indications can be believed.2 
The battery industry has profited from the increased 
consumer acceptance of the alkaline MnOz-zinc and the 
sealed nickel-cadmium and silver-zinc rechargeable 
systems. The alkaline MnOz-zinc and magnesium pri- 
mary cells have grown to commercial status. Further- 
more, there have been many improvements in existing 

SRecent articles (15), appearing in many newspapers, reported 
that mercury lost from certain chlorine-manufacturing plants had 
found its way into one or more of the Great Lakes. The mercury 
content of certain fish had been found high enough to poison hu- 
mans and fishing had been prohibited. 

Table I. Value of U.S. products by industries 
in millions of dollars 

Chlor-alkali $1,170 $1,250 - $1,400' 
Batteries 890 - 
Electroplating 2,760 3,000 3,300' 
Electronic components 5,356 5,294 - 5,000. 
Aluminum 1,972 - 

types which have materially added to the demand. In 
the electroplating industry, new methods of plating 
continue to be offered. New processes to be used alone 
or in combinations have resulted in major improve- 
ments in the corrosion resistance of plated products. 
Processes for plating the exotic metals from fused salt 
baths have provided economical ways of efficiently 
utilizing these expensive materials. The developing 
area of electrochemical machining of metals, which 
one might hesitate to include in the electroplating 
group, appears to be well on its way to becoming a 
sizable industry. Plating onto plastic substrates has 
reached commercial acceptance and has materially in- 
creased the demand for electroplated products. In the 
electronic industry, the application of solid-state de- 
vices, e.g., integrated circuits of many types, has been 
widely used to provide more portable, more service- 
able, more attractive units for industry and consumer 
alike. 

The important growth in new areas of electrochem- 
istry should not be overlooked. The application of 
clectro-organic synthesis in the preparation of an 
intermediate for nylon manufacture adiponitrile by 
the Monsanto organization (16) is an important ex- 
ample. In addition, some new areas of industrial elec- 
trochemistry have grown almost explosively. For ex- 
ample, ion-selective electrodes, water detection and 
determination devices, coulometers, and many instru- 
ments devised for the measurement and control of 
important processes represent perhaps small but 
rapidly growing industries in the electrochemical area. 

In four of the examples discussed above, the growth 
of production during the past decade has been greater 
than the approximate 70% increase in the Gross Na- 
tional Product (17). It is of course recognized that the 
latter includes a large monetary inflation, a fact that 
must be considered in any direct comparison with the 
growth of production quantities. Thus the growth in 
tonnage produced becomes of increased significance. 
Chlorine is not a consumer product and its growth 
reflects the increased demand in a wide range of in- 
dustrial products. Thus it is used in many industrial 
organic chemicals, such as polyvinyl chloride, and in 
the paper industry. Batteries and electroplated prod- 
ucts are used in a wide range of manufactured goods 
such as autos, radios, many luxury items, etc. Alto- 
gether, the growth of the basic electrochemical indus- 
tries has made important contributions to the national 
wealth. 

The Electrochemist 
The electrochemisf has indeed played an important 

role in the growth of the industry. The strength of the 
Society resides in the fact that the membership com- 
prises people from academic, governmental, and indus- 
trial backgrounds. All groups are important to the 
continued success of the organization and to continued 
industrial growth. 

In the past decade, the professional man working in 
electrochemistry has been faced with the problems in- 
herent in an expanding industry. If he worked in in- 
dustry, he hired and trained more people and probably 
supervised a larger number of employees than ever 
before. Since it is very difficult to hire new graduate 
chemists or engineers-with previous trainingin elec- 
trochemistry, the experienced man has been forced to 
undertake in-plant electrochemical education of his 
newly acquired help. Many societies, including ECS, 
and a number of universities have offered short courses 
on specific branches of technology in an effort to as- 
sist in this educational effort in electrochemistry. A 
part of this training has been directed toward updating 
the workers already in the field. Along with the 
workers in other industries, the electrochemist has 
profited from the rising salaries even though inflation 
has tended to reduce their real value. 

The Electrochemical Society Growth 
In view of the fact that the business of electrochem- 

istry has grown tremendously during the past decade, Predicted values. 
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we may well ask the question, "How has The Electro- 
chemical Society grown during this period?" 

The Electrochemical Society is the largest technical 
society serving the industry and it would be normal 
to expect that the Society membership would have in- 
creased at a rate comparable to that of industrial 
growth. Figure 5 shows that the actual growth (18) in 
membership during this period was only approximately 
30%. The dashed line shows what it would have been 
if the growth had kept up with industry, i.e., doubled 
in the past decade. At the same time, nonmember sub- 
scriptions to the Journal increased rapidly but did not 
quite keep up with the industrial growth rate. It is 
believed that this curve represents the increased ac- 
ceptance of our Journal in libraries. The data in Fig. 5 
represent world-wide figures and thus may not be di- 
rectly comparable to the data in Fig. 1, 3, and 4 which 
represent data on industrial growth in the U.S.A. only. 

Undoubtedly, the Society meetings and publications 
during the past ten years have contributed significantly 
to the technical knowledge on which industry growth 
was based. This situation raises a number of important 
questions that I would like to present a little later in 
this talk. One of these is the Society membership and 
a second is the orientation of the meeting programs. 

In view of the fact that the electrochemist has ap- 
parently been busier than ever before, how has his 
technical output been affected? The number of papers 
that this group of workers has presented at various 
meetings is one measure of the technical output. Since 
it is virtually impossible to actually count the total 
number of such papers on a nation-wide scale, let us 
look at those that have been presented at ECS meet- 
ings during the last decade. Figure 6 shows these data 
and it is clear that there has been a definite and con- 
tinuous uptrend, but that rate is not as great as in Fig. 
1 through 4. Another method of measuring the technical 
output is the number of technical pages published. 
Figure 7 shows that the number of pages published by 
the ECS has not quite doubled in each of the two past 
decades. 

The costs of publication and other Society opera- 
tions have risen over the past years and it has been 
necessary to increase the membership dues periodi- 
cally. Every effort has been made to see that such in- 
creases in dues are held to a minimum both in number 
and amount. The record is shown in Fig. 8. I believe we 
can claim that the ECS dues have increased less 
markedly than those of many other Societies. As you 
will see in later charts, the membership dues have not 

Fig. 5. Growth of The Electrochemical Society 

"*ar  

Fig. 6. Number of Technical Papers presented a t  National Meet- 
ings. 

Fig. 7. Electrochemical Society publications 

Fig. 8. Electrochemical Society costs to members and nonmembers 

risen as fast as the Society costs of operation. This for- 
tunate situation has been possible by somewhat larger 
increases in nonmember subscription rates and by the 
use of page charges to help defray a part of the cost 
of publication. 

If the data of Fig. 7 and 8 are combined, it is pos- 
sible to calculate what the Society member paid per 
page per year for the JOURNAL and ECT when the latter 
was published. Figure 9 shows this information as the 
annual cost per page over this period. Surprisingly 
enough, it has fallen from about 1.6 cents to about 1.2 
cents at the present time. When one recognizes that 
one page in the JOURNAL is about equivalent to three 
pages in a modern scientific book, this reduces the cost 
of an equivalent book page to about 0.4 cents. As you 
know, a page of a modern scientific book costs from 
4 to 6 cents-at least ten times the price of the same 
text space in the JOURNAL. 
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Fig. 9. Page cost of ECS publication to members 

Fig. 10. Annual expenses of The Electrochemical Society 

Figure 10 shows a chart giving the annual expenses 
of the Society over the same period. It is clear that the 
small surplus is shown by the small area between total 
income and total expenses. However, we cannot be 
complacent because we already know that printing 
costs will rise 5% in 1970. Other costs of operation can 
be expected to follow upward. 

The largest part of the expenditure are the publica- 
tion costs of the JOURNAL, the abstract booklets, and 
various softbound monographs. These are the Society 
communications media and, because they are so popu- 
lar with members and nonmembers alike, the Society 
derives important financial support for the activities 
and the services provided to the members. Some other 
smaller items are shown on the expense chart, Fig. 10, 
such as the ECS Headquarters Office costs and Na- 
tional Meeting expenses. 

Figure 11 shows the total annual income of the So- 
ciety over the last ten years and some of the important 
sources of that income. It is clear that the member's 
dues are an important item but the amount from this 
source is not as large as that obtained from nonmem- 
ber subscriptions. Moreover, the latter are growing 
more rapidly than the membership. Several small items 
also help materially to bolster Society income. Na- 
tional Meetings do provide income but they also cost 
an appreciable amount to operate, so the net surplus is 
not as large as one might think. However, Royalties on 
Monographs, income from Extended Abstracts, and 

Fig. 11.  Annual income of The Electrochemical Society 

sales of Society softbound publications amounted to 
$22,000 in 1968. Not to be overlooked is the income from 
invested funds. In 1969, this amounted to about $15,000. 

In considering these records, it should be recognized 
that the Society is growing both in size and in its ser- 
vice to the membership. The Headquarters Office has 
taken on more responsibilities, such as the preparation 
and sales of Extended Abstracts, once handled entirely 
by the Divisions. Softbound publications of various 
symposia are another area where the Headquarters 
Office has played an increasing role. 

These charts emphasize that the Society operations 
are being managed efficiently. Thus, a small but healthy 
surplus results. The finances are periodically reviewed 
by the various committees involved and any surplus is 
invested in appropriate stocks recommended by the 
Investment Committee. 

The only reason a surplus exists at the end of each 
year is because a minimum staff is maintained at the 
Headquarters Office and the Society depends on the 
time and effort freely contributed by hundreds of its 
members. In the past, this group of devoted and gen- 
erous people have built the Society to its present state. 
The continuation of these contributions is effectively 
helping the Society to grow today. It should be recog- 
nized, however, that as the Society operations become 
larger and more complex, we must look forward to 
providing even greater services to the members. 

Figure 12 shows the progress made in developing one 
part of Society finances designated as the Society Re- 
serve fund. About 1959 it was recognized that such a 

Fig. 12. Society Reserve Fund 
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I I I I I I I Although it may appear that the Society award pro- 
gram is adequate a t  the present time, it seems clear 

6" 
that these activities should be expanded in the future 
and definite steps should be taken in this direction. 
Only by recognizing and rewarding outstanding in- 
dividuals for their contributions in electrochemistry 
can the Society maintain its leadership in this im- 

ysrr  

Fig. 13. Market value of principal invested for specific funds 

program was vital to the future welfare of the Society. 
The objective at that time was to build up this port- 
folio to the point where its value equaled one year's 
budget. Although the value of this portfolio amounted 
to over $246,000 at the end of 1969, this objective has 
not yet been achieved and we recognize we must con- 
tinue to build this investment as inflation reduces 
the purchasing power of our money. 

portant field. 
What of the Future? 

On the basis of all these considerations, can we make 
some comments about the future of electrochemistry 
and of the Society? Probably we should prefix such 
comments with some hopes and assumptions, thusly: 

1. That the general character of the Society remains 
as it is today. 

2. That no major effort to explore or annex new 
fields of technology is undertaken. 

3. That business growth continues in the general di- 
rection and at a rate similar to that of the last 20 years. 

In view of the encouraging growth of the electro- 
chemical industries in the past decade, it appears safe 
to predict that their growth will continue. The present 
trend toward a plentiful supply of low-cost electrical 
power should encourage new industrial developments 
in this field. The fact that the electrochemical indus- 
tries have a broad and diversified base of operations 
should help materially. Thus we can be optimistic 
about the future of the electrochemical industries and 
the opportunities presented to the technical man en- 
tering this field. 

We have shown that the Society has progressed 
financially, in several areas of publication, and in 

Awnrrlc .awards given to outstanding members. However, when ..,.".".. 
In looking at the finances of the Society, it should be 

recognized that a number of special funds have been 
established as memorials to various individuals who 
have contributed importantly to the Society. These 
funds are used for various awards given by the So- 
ciety. Moreover, these funds are not available to the 
Society for general use in an emergency and must be 
considered on a separate basis from the Society Re- 
serve Fund. Figure 13 shows how four of these award 
funds and the Consolidated Fund have grown during 
the past few years. Table I1 shows a list of nine awards 
given by the Society periodically to outstanding scien- 
tists and students. In addition to awards made at the 
Societv level. there are a number of awards eiven by 
the ~ivisions and the Local Sections of the-society. 
These are also listed in Table 11. These awards help to 
encourage interest and excellence in electrochemistry 
and related fields. 

From the list of awards and fellowships given above, 
it seems quite clear that the Society is fulfilling its 
objective of recognizing and supporting technical ex- 
cellence in many fields. 

Table I I .  Electrochemical Society Awards 

When Datc of 
Award granted Value origin 

Acheson Award Alternate Medal + 1929 
Years PI000 

we look at the tardy growth of the membership in Fig. 
4, we must agree that the Society has failed to attract 
many people in the industry. The electrochemical in- 
dustry grew, they hired more people, trained them 
as electrochemists, and paid them well. Why, then, 
have these new electrochemists not joined the Society? 
In a technically based growing industry, the scientist 
and engineer are in the forefront of new technology. 
It is recognized that much of their work and their re- 
sults may be proprietary. Nevertheless, these people 
represent an important segment of the technological 
industry and they can be a very dynamic part of the 
Society if they can be interested in contributing their 
time, efforts, and ideas to its growth. How can the So- 
-:-*-- ..L*......* &,--.... :-2:-.:A..-,"., 
c l r L y  a L L 1 d . c ~  b i l r b r  I I I C I I V I L I U ~ L ~ :  

In our present type of meeting, it is difficult for a 
newcomer from industry to establish a competence and 
rapport with others in the same field except through 
the medium of presenting papers. Any individual who 
seriously follows this discipline will establish a reputa- 
tion. In doing so, he competes directly with papers 
offered by the academic segment of the Society. There 
is often a wide naa between these two groups. even in 
the same field of-electrochemistry. an2 it 'is' the oa- 
portunity of the program-planning officers to bridge 
this gap if at all possible. For example, it would 
definitely help the industrial man if symposia subjects 
were announced well in advance of the meeting so the 
interested author would have the necessary time to 
prepare his manuscript and abstracts and obtain 
clearance before submitting his title to the Society. - - ~  . 

Palladium Award Aiternate Medal + 1951 Actually, it appears to many technical men in industry 
years $100 

Edward Weston Fellowship Annually $1000 1931 that their interest in the Society would increase if 
Colin Garfield Fink Fellowship Annually 51000 1962 more industry-oriented papers were presented. Tech- 
Electrochemical Society Fellowship Annually $1000 1960 
F. M. Becket Award Alternate $1500 1962 nical men want to talk with their colleagues and coun- 

years 
Two Young Author's Prizes Annually $150 1929 terparts and the Society meetings offer an excellent op- 
Joseph Richards Memorial occasion- ~~~t~~~ 1932 portunity. More conferences and less emphasis on for- 

ally funds mal presentations of papers might help provide the 

Division Awards medium for such an exchange. 
Battery Division 1958 
~ i e ~ e c t r i c s  and ~ n s u ~ a t i o n  1967 A Challenge for the Future 
Electronics Division Here, then, is the challenge to the Society to re- 

Local Section Awards double its efforts to appeal to a larger number of in- 
Cleveland G. W. Heise Medal 1960 dustrial electrochemists of all disciplines, to encourage 
National Capital 
Ontario-Quebec ~ f n i ~ ; $ i f i ~ ~ $ a r d  them to attend its meetings, and to persuade them to 
Southern c a l i f . - ~ e v a d a  Graduate Student 1969 become active members participating in Society af- 
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fairs. Then, and only then, can our Society feel that it 
has kept up with the industries it serves. In fact, such 
growth may be necessary for the survival of the So- 
ciety as an important factor in the future of applied 
electrochemistry. 
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SECTION NEWS 

Southern California-Nevada Section 

The 6th Advances in  Battery Tech- 
nology Symposium, sponsored by the 
Southern California-Nevada Section, 
will be held on December 4, 1970 at 
the Union Oil Auditorium, 461 S. Boyle- 
ston Street, Los Angeles, Cal. Some of 
the invited speakers and topics are: 

Elton Cairns, Argonne National Labs 
-"Electrode Structures for Molten Salt 
Batteries" 

David Feder, Bell Telephon&"Bell 
System Lead Acid Battery Design" 

Galen Flysinger, Electric Storage 
Battery, Inc.-"Batteries for the 70's" 

Jose Giner, Tyco Laboratories, Inc. 
-"Rechargeable Oxygen Electrode" 

George Hoffman, McDonnell Douglas 
Astronautics Co.-"The All-Electric 
Bus" 

T. Katan, 'Lockheed Missiles & Space 
Co.-"Structure and Performance of 
Oxygen Electrodes" 

C. J. Menard, Gould Inc.-"Nickel 
Plaque Substrates for Cadmium Elec- 
trodes." 

Attendance is open to all interested 
persons. The proceedings of the sym- 
posium will be published by the Sec- 
tion as in previous years. The regis- 
tration fee of $10 will entitle attendees 
to a copy of the proceedings when 
published. 

Three  concentrated short  courses in 

NON-METALLIC 
MATERIALS SCIENCE 

MATERIALS PREPARATION-Nov. 30-Dec. 4, 1970 

MATERIALS CHARACTERIZATION-March 1-5, 1971 

MATERIALS PROPERTIES-May 17-21, 1971 

presented by t h e  

MATERIALS RESEARCH LABORATORY 
THE PENNSYLVANIA STATE UNIVERSITY 

STATE COLLEGE, PENNSYLVANIA 

For information contact: 

Mr. Ernest M. Hawk, Coordinator 
102 Engineering Sciences Building 
University Park, Pennsylvania 16802 
Telephone: Area 8 14/865-3424 
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Further information may be obtained 
from: E. L. Littauer (Joint Chairman) 
Manager, Electrochemistry Dept., Lock- 
heed Aircraft Service Company, P. 0. 
Box 33, Ontario, Cal. 91764 

NEW MEMBERS 

I t  is a pleasure to announce the fol- 
lowing new members of The Electro- 
chemical Society as recommended by 
the Admissions Committee and ap- 
proved by the Board of Directors in 
August 1970. 

Active Members 
Broyde Barret Princeton N J. 
~awsof i ,  L. ~., '~ummit, i. J: 
De Bie, Edouard. Hoboken. Belgium 
Fredlein. R. A.. Ph~ladelohia. Pa. 
Hein. E.'R.. Doylestown; pa.' 
Kumar Satish Wappinger Falls N. Y 
~c~ in iock ,  G. 'A,, Ottawa, Ont., kanada 
Mehlhaff, L. C., Tacoma. Wash. 
Nickless H. C Haverhill Mass 
~odbielkcik, 3. S., seattie, wa: 
Stroup, E. R., Arlington, Va. 
Voegerl, Manfred, Los Angeles, Cal. 
Williams, R. L., Blue Bell, Pa. 

Student Member 
Knights, R. t., Seattle, Wa. 

PEOPLE 

W. E. Kuhn was recently appointed 
Research Associate Professor, Mate- 
rials Science and Metallurgical Engi- 
neering Department, University of Cin- 
cinnati, Ohio, 45221. 

Among his interests will be the de- 
velopment of research programs in fine 
particle technology and high tempera- 
ture chemistry. With respect to the 
former, emphasis will be placed in 
studies of the fundamentals of powder 
consolidation and applications to exist- 
~ n g  and conceptual fabrication proc- 
esses involving metals, alloys, ceramics 
and composites. With respect to the 
latter, processes involving vapor phase 
reactions utilizing electric arcs and 
plasmas will be developed. Also, funda- 
mental studies directed ultimately to 
economic materials production proc- 
esses will be undertaken. 

W. E. Kuhn was formerly Manager of 
the Materials Division, Spindletop Re- 
search, Lexington, Ky. He is a member 
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Call for Papers 
Washington, D. C. Meeting ..... .371C-374C 

of The Electrochemical Society and 
Past Chairman of the Electrothermics 
and Metallurgy Division. He has edited 
two Wiley volumes based on symposia 
sponsored by the Society and is the 
author of several papers published in 
the Journal. 

NEWS ITEM 

ASTM Symposium on Localized 
Corrosion 

Call for Papers 
A Symposium on Localized Corro- 

sion is scheduled for the ASTM annual 
meeting in Atlantic City, N.J., June 27- 
July 2, 1971. This Symposium is spon- 
sored by ASTM Committee G-1 on Cor- 
rosion of Metals, Subcommittee 5 on 
Laboratory Corrosion Tests. 

Papers are invited in the areas of: 
1-Recent advances in testing for 

localized corrosion including inter- 
granular, pitting, crevice, exfoliation 
and de-alloying corrosion. 

2-Recent advances in the under- 
standing of localized corrosion. 

Offers of papers with a title and 
some indication of the content should 
be sent immediately to: Dr. Michael 
Henthorne, Carpenter Technology 
Corp., Reading, Pa. 19603. 

A 500-word abstract will be required 
in December 1970, with the final manu- 
script due in March 1971. 

BOOK REVIEWS 

"Advances in Electrochemistry and 
Electrochemical Engineering", Vol. 7 
(Electrochemistry), Ed. P. Delahay. 
Published by Interscience Publishers 
(A Division of John Wiley & Sons, 
New Yorkl, 1970. 366 pages; $18.50. 

This is the seventh volume in the 
important series of books edited by 
Delahay and Tobias, namely "Advances 
in Llectrochemistry and Electrochemi- 
cal Engineering." This particular vol- 
ume has been edited by Delahay and 
deals with some topics in fundamental 
electrochemistry. I t  consists of five 
chapters which are: "The Electrical 
Double Layer in Nonaqueous Solutions" 
by Richard Payne; "Reference Elec- 
trodes in Aprotic Organic Solvents" by 
J. N. Butler; "Faradaic and Non-Fara- 
daic Processes" by Roger Parsons; 
"The Electrochemical Reduction of Or- 
ganic Compounds" by G. J. Hoytink; 
Hydrogen Overvoltage and Adsorption 

Phenomena Part Il l. Effect of the Ad- 
sorption Energy of Hydrogen on Over- 
voltage and the Mechanisms of the 
Cathodic Process," by L. I. Krishtalik. 

In his lucid chapter on double layer, 
Payne has chosen to restrict himself to 
a discussion of the work on mercury 
only, probably because the work avail- 
able on solid electrodes, somewhat 
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WHY GUESS ? 

Your profits depend on meeting tight speciflca- 
tionr, maintaining qualify control and reducing 
rejects. Can you afford to guess at plating thick. 
ness when it is  so easy to meosure and be sure? 
UNITRON'S PI-MEC PLATER'S MICROSCOPE sub- 
stitutes facts for uncertainty. The plated deposit is 
observed through a Filar Micrometer Eyepiece 
and measurements are read directly from a 
micrometer drum. This compact microscope is 
easy to use, portable around the shop and has o 
built-in light source. It also doubler as a metol- 
iurgicol microscope for examining grain structure 
etc. at magnifications of 25X-1500X. Permanent 
photographic records may be mode using on 
accessory 35mm. camera attachment and provide 
valuable legol protection for subcontroctors. 
UNITRON'S PLATER'S MICROSCOPE will save its 
initial cost many times over. Prove this for 
yourself-as so many firms in the plating 
Indu.ttv hnvr Ann.-hv r m n t m r t i n n  n FRFF 

scanty, difficult-to-analyze, and dis- 
crepant as it is, does not "contribute 
much to the basic understanding of the 
double layer." Payne is quite correct 
in his conclusion, although some men- 
tion of results, even approximate ones, 
on solid metals would have made his 
chapter more valuable to the experi- 
mental electrochemist working in non- 
aqueous media. He has presented an 
excellent critical survey of the experi- 
mental work on the subject even 
though there is virtually no section on 
the formal theoretical aspects of the 
various concepts he uses in his dis- 
cussions. These theoretical matters, of 
course, have already been discussed in ' previous reviews and books, etc., on 1 double layer. 

Butler's contribution is an extremely 
useful one since i t  will undoubtedly be 
frequently consulted by many electro- 
chemists working in nonaqueous media. 
He has achieved successfully the dif- 
ficult task of organizing an enormous 
amount of work (there are 458 ref- 
erences in this chapter) into a compact 
and readable chapter. I t  is unfortunate 
that he has not included a small sec- 1 tion on the theory of reference elec- 
trodes (notwithstanding the book by 
lves and Janz) i n  terms of exchange 

I current densities, impurity reactions, 
mixed potentials, and recovery re- 

, sponse subsequent to the polarizing 
pulse of significant value, etc. This is 1 .  important because there are a few 

1 workers, especially in the field of elec- 
I tro-organic syntheses, who would dip a 

wire of a nonnoble metal (or even a 
small mercury pool) in relatively im- 
pure solutions and assume that i t  works 
satisfactorily as a reference potential. 

' His statement on the criteria for a 

Faradaic processes against the back- 
ground of pre-(Delahay-Susbielles) 
work on the subject. One cannot help 
noticing the absence of mention of 
other viewpoints and some criticisms of 
Delahay's ideas; e.g., the lively corn. 
mentaries [especially Conway's com- 
parison of Delahay's theory with the 
converse situation to that which ob- 
tains in the Butler (J.A.V.1-Armstrong 
treatment of the open-circuit decay] 
of several workers during the discus- 
sion of Delahay's paper in the ECS 
Symposium in 1966. Nor is there any 
mention of the debate between Dela. 
hay and Weir. Parson's assessment of 
some of these contentions would have 
definitely added a new dimension to 
his presentation. 

Hoytink's chapter deals with the ex- 
perimental work on polarographic be. 
havior of aromatic hydrocarbons as well 
as Hoytink's considerable contributions 
to the theoretical aspects of the prob. 
lem in terms of approximate quantum 
mechanical treatment of the subject. 
This is a very personal review in the 
sense that its main theme is to outline 
the viewpoints and work of Hoytink and 
co-workers on the subject of aromatic 
reductions. Hoytink has definitely been 
a resounding success in achieving his 
stated goal. From the foregoing com- 
ments, i t  follows that a comprehensive 
modern review on electroreductions 
covering the complete spectrum of 
work done i n  the last few years (since 
the article by Popp and Schultz in 1961) 
has yet to be written. 

Krishtalik's chapter is the most pro- 
vocative article in the book since i t  
deals with the perennial problem of 
the mechanism of hydrogen evolution 
reaction (HER) in a somewhat unor- 

satisfactory reference electrode (pg. thodox marine;. As regards presents. 
79) is no doubt quite valuable. I t  does tion, this chapter is not well section. 
not, however, deal with the conceptual alized and at points the interlacing of 
basis of a satisfactory reference €!kc- arguments, which do not always seem 
trode. to follow sequentially, gives the impres- 

Parson's review, on the whole, is an sion of a Jovcean exercise in electro- . . - - -. . - , . - - - - . . . . - . . . - - 
10 D A ~  T k  ih& own DI~,,+. 7here is no cost / excellent one, which is not at  all unex- chemical wriiinn. In his discussion of 
and no obligation. 1 

T H E  T R E N D  I S  T O  U N I T R O N  

pected. He discusses the now well- 
recognized idea that in the nonsteady- 
state measurements, a priori separa- 
tion of Faradaic and Non-Faradaic 
processes is not justified for any elec- 
trode which is not ideally polarized. 
This procedure is particularly invalid 
for electrode reactions having high ex- 
change current densities, e.g. several 
metal deposition reactions or other 
electrode processes in which the elec- 
trode tends to approach a nonpolariza- 
ble situation. Parsons formulates 
clearly Delahay's recent ideas on the 
subject as well as previous important 
contributions of Llopis et al. and some 
other workers. There are also sections 

HER on mercur;, he states that in ad- 
dition to the ordinary potential region 
for HER one may define two limiting 
cases. One region he calls barrierless: 
in his theory this region is close to the 
reversible potential and here a -t 1 
and the heat of activation is maximum. 
The other l imiting region is activation- 
less: here a -+ 0 and heat of activation 
-+ 0. This is in actual fact the region 
at extremely high potentials where the 
heat of activation approaches zero 
since (AH* - a q F) = 0. This situation 
at very high cathodic potentials would 
then be somewhat similar to the or- 
dinary very fast reactions proceeding 
with zero or low activation energies. 

; Plsan rush UNITRON'S Mrrotcope Calalol y-86 . . -  I I various aspects of the S t u d ~  of fast His review of the material oertainine 
I I Hame I 

I 1 company I 
( Addrar I 
1 C3tY state. I 
L,-,-----------------------L 

~- - ~- ~ ~ - -  
reactions also receives some attention. to the relationship between ~LH-bondD 
Basically, Parsons has attempted to strength and mechanism of HER on 
focus, in a critical way, the impact and various metals leaves a great deal to 
importance of Delahay's recent gen- be desired. He creates some confusion 
eralized treatment of Faradaic and Non- by using interchangeably heat of ad- 
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sorption and bond energy in scores of 
sentences where he should have used 
neither; in fact he means by these 
terms bond strength (or bond dissocia- 
tion energy i n  Pauling's terminology) 
of an isolated M-H bond. I t  is incredible 
that he fails to mention several key 
papers (Ruetschi and Delahay; Conway 
and Bockris; recent work of Matthews 
and Srinivasan with Bockris) and re- 
views (Kita) on the subject. Nor is there 
any mention of the all-important discus- 
sion of the subject that followed Kita's 
review paper in the ECS Symposium in 
1966. Despite the fact that Krishtalik's 
review is not quite comprehensive, i t  
contains some of the most controver- 
sial, stimulating, and sophisticated ar- 
guments to be found in the book. This 
chapter is not recommended to an in- 
vestigator interested in HER from the 
point of view of applied work, e.g. 
corrosion and protection of metals, etc. 
However, it is strongly suggested that a 
graduate student who is in the field of 
fundamental electronics and is anxious 
to impress his research director by his 
electrochemical erudition should 
achieve a critical mastery (the keyword 
being critical) of the wealth of argu- 
ments presented. 

In conclusion, in one respect or an- 
other, every one of the chapters con- 
tained in this book is a distinguished 
article. There are some matters of de- 
tail, of course, which are contestable. 
Many of the experimentalists will be 
grateful to Payne and, especially, But- 
ler for their chapters for years to come. 
The contributions by Parsons, Hoytink, 
and Krishtalik, in addition to their being 
useful to the practicing electrochemist, 
should also form good subjects for 
provocative, even electrically charged, 
graduate seminars. 

A final point. It seems that Delahay 
and Tobias have also succeeded in 
persuading their publishers to adopt a 
more electrochemical posture. It is 
stated on pg (iv) that "The paper used 
in this book has pH of 6.5 or higher. 
. . . this will contribute to its longevity." 
In this connection, i t  would be interest- 
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ing to know the pH of the paper used 
in books published by the Plenum 
press! 

In closing, purchase of this book is 
strongly recommended to any one pur- 
suing modern electrochemistry. 

Ashok K. Vijh 
Hydro-Quebec Institute of Research 

Varennes, Que., Canada 

"Gas-Liquid Reactions," P. V. Danck- 
werts. Published by McGraw-Hill, 
New York (1970). 276+Xlll pages, 
$11.50. 

"Digital Simulation of Continuous Sys- 
tems," Y. Chu. Published by McGraw- 
Hi l l  (1969). 423+XVll pages; $14.50. 

"Describing Chemical Engineering Sys- 
tems," W. E. Ranz. Published by 
McGraw-Hill (1970). 248+XX pages; 
$9.95. 

"Gas-Liquid Reactions" is a mono- 
graph on the chemical absorption of 
gases into liquids. According to the 
author, i t  is written for the process 
designer, the research worker and as a 
"working textbook" for the graduate 
student. I t  is a useful book-one which 
no serious worker i n  mass transfer 
should be without, i f  for no other rea- 
son than that Professor Danckwerts is 
a well known authority on the subject, 
having contributed significantly to its 
theoretical and experimental under- 
standing. 

Some deficiencies are best got out of 
the way first: The introductory discus- 
sion of liquid diffusion and gas-liquid 
equilibrium, admittedly brief, is so su- 
perficial that it could well have been 
left out altogether. Secondly, although 
the mass transfer characteristics of in- 
dustrial absorbers are discussed and 
diagrams of laboratory apparatus given, 
there are no flowsheets of industrial 
processes nor is there much discussion 
of industrial practice. There are, of 
course, other sources for this informa- 
tion. But i n  our opinion, a few such 
illustrations would have been helpful. 

A comparison to the earlier work of 
Professor Astarita on mass transfer 
with chemical reaction would not be 
out of place here. In many aspects of 
suborganization and content, the two 
books are similar. Both treat essentially 
solutions to the one-dimensional diffu- 
sion equation for fast and slow reac- 
tions of various orders, reversible and 
irreversible. Both contrast the predic- 
tions of the f i lm and penetration models 
for a variety of absorption systems. 
Both treat laboratory apparatus, such 
as the string-of-disks absorber, and 
industrial equipment, such as the 
packed tower. But of the two books, 
"Gas-Liquid Reactions" is the longer. 
Its philosophical tack is toward practi- 
cal applications and its overlying or- 
ganization is by hydrodynamic rather 
than kinetic regime. Theoretical treat- 
ment is illustrated by many examples of 
worked-out absorption calculations and 
there is an exhaustive review of the 
literature. Indeed, of the nearly 300 
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Call for Papers 
139th National Meeting 

Washington, DOCo, May 9-14, 1971 
Divisions which have scheduled sessions are listed on overleaf, along with symposium topics. 

I .  Symposium Papers. 

Authors desiring to contribute papers to a symposium listed on overleaf should check first with the symposium chair- 
man to ascertain appropriateness of the topic. 

2. General Session Papers. 

Each of the several Society Divisions which meet in  Washington, D. C., can plan a general session. I f  your paper 
does not f i t  readily into a planned symposium, you should specify "General Session." 

3. To Submit a Meeting Paper. 

Each author who submits a paper for presentation at a Society National Meeting must do three things: 

A-Submit one original 75-word abstract of paper to be delivered, use the form printed on the overleaf or a fac- 
simile. This abstract is required for consideration for scheduling a t  the meeting. Deadline for  receipt of 75-word 
abstract is December 1, 1970.  

B-Submit original and one copy of an Extended Abstract of the paper. Deadline for  receipt o f  Extended Ab-  
stract is January 1, 1971.  See (5) below for details. 

&Determine whether the meeting paper is to be submitted to the Society Journal for publication. See (6) be- 
low for details. 

Send a l l  material to The Electrochemical Society, Inc., 30 East 42nd Street, New York, N. Y. 10017. 

Unless the 75-word and required Extended Abstracts are received by stated deadlines, the papers will not be 

considered for inclusion in  the program. 

4. Meeting Paper Acceptance. 

Notification of acceptance for meeting presentation, along with scheduled time, will be mailed to authors with 
general instructions no earlier than two months before the meeting. Those authors who require more prompt noti- 
fication are requested to submit with their abstracts a self-addressed postal card with ful l  author-title listing on 
the reverse. 

5. Extended Abstract Book Publication. 

Division programs will be the subject of an Extended Abstracts volume in a manner prescribed by the Society 
Board of Directors. The volume is published by photo-offset directly from typewritten copy submitted by the author. 
Therefore, special care should be given to the following instructions to insure legibility. 

A-Abstracts are to be from 500 to 1000 words in  
length (maximum two pages, single spaced) and are to 
contain to whatever extent practical a l l  significant 
experimental data to be presented during oral delivery. 

B-Please send original and one copy of the abstract 
typed single spaced. Use white bond paper, size 8% x 
11 inches, with 1% inch margins on a l l  sides. Typing 
guide forms are available from symposium session 
chairman and from National Headquarters. Submit a l l  
copy in  black ink. No handwritten corrections, please. 

diately below. I t  is not necessary in the heading or 
body to designate paper as "Extended Abstract" or to 
quote the divisional symposium involved. 

D-If figures, tables, or drawings are used total 
space for these cannot exceed one page. Submit only 
the important illustrations and avoid use of halftones. 
Lettering and symbols should be no smaller than '/8 
inch in size. Type captions no wider than figure dimen- 
sions, placing figure caption a t  bottom of figure ond 
table t i t le a t  top of table. 

C-Title of paper should be in  capital letters. E-Mail to The Electrochemical Society, Inc., 30 
Author(s) name and affiliation should be typed imme- East 42nd Street, New York, N. Y. 10017, unfolded. 

Abstracts exceeding the stipulated length will be returned to author for condensation and retyping. 

6. Manuscript Publication in a Society Journal. 

Al l  meeting papers upon presentation become the property of The Electrochemical Society, Inc. However, presen- 
tation incurs no obligation to publish. I f  publication in  Journal is desired, papers should be submitted as promptly 
as possible in  ful l  manuscript form in  order to be considered. I f  publication elsewhere after presentation is de- 
sired, written permission from Society Headquarters is required. 



Washington, D. C., Meeting Symposia Plans-Spring 1971 

Dielectrics and lnsulation 
Division Symposia Plans 

The Dielectrics and lnsulation Divi- 
sion has planned Symposia on Elec- 
tronic Applications of Ceramic Materials 
and Deposited Thin Film Dielectric Ma- 
terials and Processes, as well as a 
Joint Symposium with the Electronics 
Division on Plastics for Environmental 
Protection and Encapsulation of Elec- 
tronic Devices for the Spring Meeting 
in Washington, D. C., May 9-14, 1971. 

Electronic Applications of Ceramic 
Materials 

This Symposium will cover the gen- 
eral field of electronic ceramic ma- 
terials. Specific topics to be included 
will be insulators or substrates for thick 
and thin f i lm applications and electro- 
optic materials. A number of invited 
papers will be presented and contrib- 
uted papers are also being solicited. 
For further information contact R. E. 
Mistler, Western Electric Engineering 
Research Center, P. 0. Box 900, 
Princeton, N. J. 08540. 

Deposited Thin Film Dielectric 
Materials and Processes 

A Symposium on Deposited Thin Film 
Dielectric Materials and Processes is 
scheduled for the Spring 1971 Meeting 
of the Society. 

There will be a number of invited 
papers; contributed papers are also 
being actively solicited. Subject matter 
for this symposium includes: 

a. Studies on the electrical and me- 
chanical properties of deposited thin 
f i lm dielectrics. 

b. New techniques for the deposi- 
tion or control of thin f i lm dielectrics. 

c. Properties and applications of thin 
f i lm dielectrics. 

Comments and suggestions are wel- 
come and should be directed to the 
Chairman of the Symposium, F. Vratny, 
and Co-Chairmen W. R. Sinclair and 
R. J. Strain, Bell Telephone Labora- 
tories, Inc., Mountain Avenue, Murray 
Hill, N. J. 07974. 

Dielectrics and lnsulation and 
Electronics Divisions Joint 

Symposium Plans 
Plastics for Environmental Protection 

and Encapsulation of Electronic 
Devices 

The purpose of this Joint Symposium 
of the Dielectrics and lnsulation and 
the Electronics Divisions is to present 
and discuss the various means to pro- 
tect and encapsulate electronic devices 
and circuits by means of plastics and 
polymeric materials. 

Topics of interest are the packaging 
requirements and device interactions 
(electrical mechanical, thermal, and 
chemical) as well as material types 
and properties. This includes tech- 
niques, equipment, testing, evaluation, 
repair, and long range reliability. 

In particular we encourage papers on 
the theoretical and explanatory aspects 
of the behavior of plastics on electronic 

May 9-14, 1971 
a,) For receipt no later than December 
1, 1970, submit a 75-word abstract of 
the paper to be delivered, on the form 
overleaf. b.) For receipt no later than 
January 1, 1971, submit two copies of 

devices. All types of devices, both pas- 
sive and active, including discrete 
semiconductors, integrated circuits, and 
hybrids wi l l  be considered. Suggestions 
and questions for the Dielectrics and 
lnsulation Division should be directed 
to the Symposium Co-Chairman, A. 
Pfahnl, Bell Telephone Laboratories, 
555 Union Blvd., Allentown, Pa. 18103. 
Suggestions and questions for the Elec- 
tronics Division should be directed to 
the Symposium Co-Chairman, Ralph 
Olberg, Fairchild Research and De- 
velopment Lab, Materials and Proc- 
esses Department, 4001 Miranda 
Avenue, Palo Alto, Cal. 94304 

Electronics Division 
Symposium Plans 

In addition to the Joint Symposium 
with the Dielectrics and lnsulation Di- 
vision on Plastics for Environmental 
Protection and Encapsulation of Elec- 
tronic Devices and the Joint Symposium 
with the Electrothermics and Metallurgy 
Division on New Techniques for Ma- 
terials Characterization, the Electronics 
Division has planned a Symposium on 
lnfrared Excited Visible Luminescence. 
There wi l l  also be Semiconductor Gen- 
eral Sessions and Luminescence Gen- 
eral Sessions. 

lnfrared Excited Visible Luminescence 
The areas of interest for this Sym- 

posium will include the preparation, 
characterization, optical properties, en- 
ergy transfer and luminescent prop- 
erties of materials exhibiting lumines- 
cence from incoherent multiphoton ex- 
citation, as well as discussion o f  any 
properties of interest to their use in 
optoelectronic displays. Papers may 
range from theoretical investigations to 
device applications. For further infor- 
mation please contact Symposium 
Chairman Dr. Ralph Hewes, Lighting 
Research Laboratory, General Electric 
Company, Nela Park, Cleveland, Ohio 
44112. 

Semiconductor General Sessions 

Original papers relating to the follow- 
ing areas are being solicited for the 
Semiconductor General Sessions. 

1. Semiconductor Materials Prepara- 
tion: synthesis, purification, crystal 
growth, shaping, epitaxy, heteroepi- 
taxy, and thin f i lm deposition. 
2. Semiconductor Materials Evalua- 
tion: measurements of physical, 
chemical electrical, and optical 
properties. 
3. Semiconductor Materials Process- 
ing for Devices and lntegrated Cir- 
cuits: diffusion. e~ i taxv .  ion i m ~ l a n -  
tation, and effect; of *processin'g on 
materials properties. 
4. Characterization of Semiconductor 

an extended abstract, 500-1000 words. 
Send al l  material to The Electro- 

chemical Society, Inc., 30 East 42nd 
Street, New York, N. Y. 10017. 
See details on preceding page. 

Materials for Specific Device and 
lntegrated Circuit Application. 
5. Dielectric Films Used on Semicon- 
ductor Devices and lntegrated Cir- 
cuits: grown films, deposited films, 
control of f i lm properties, defects, 
patterning, MIS effects, breakdown 
phenomena in dielectric films, thin 
f i lm capacitors, amorphous film 
switches, and dielectric isolation. 
6. Metal Films Used on Semiconduc- 
tor Devices and lntegrated Circuits: 
f i lm properties, silicon contact ef- 
fects, deposition techniques and 
control, f i lm defects related to sub- 
strate topology, electromigration, i n  
termetallic formation, multilayer me. 
tallization, and burnout. 
7. Resistive Films Used on Semicon- 
ductor Devices and lntegrated Cir- 
cuits: deposition techniques, control 
of fi lm properties, and contact ef. 
fects. 
8. Reliability: physics of failure re. 
lated to the materials and processes 
utilized in the fabrication of semi- 
conductor components, and acceler- 
ated reliability testing. 
9. Radiation Effects Pertinent to the 
Materials Systems Utilized in Semi- 
conductor Devices and lntegrated 
Circuits. 
10. Packaging: materials and tech- 
nologies important to the encapsula7 
tion of semiconductor components, 
and testing methods and results. 

Suggestions and questions should be 
directed to the Chairman, I. A. Lesk, 
Motorola Semiconductor Products Di- 
vision, 5005 East McDowell Road, 
Phoenix, Ariz. 85008. 

Luminescence General Sessions 
General sessions on luminescence 

and laser materials are being organized 
by the Luminescence Section of the 
Electronics Division for the Spring 1971 
meeting in Washington, D. C. The areas 
of interest will include such topics as 
materials and phosphor synthesis, opti. 
cal and luminescent properties of rare 
earth and non-rare earth activated 
phosphors, laser materials and prop- 
erties, energy transfer, cathodolumi- 
nescence and phosphor screen appli- 
cations. 

Papers are being solicited from 
those workers active i n  research and 
development in these areas. The papers 
may range from theoretical investiga. 
tions to device applications. While 25 
minutes is the usual time allotted for 
presentation and discussion of sched- 
uled papers, authors desiring more or 
less time should indicate this when 
submitting their short abstract. Ques. 
tions concerning the program should 
be addressed to the Program Chair- 
man, Frank C. Palilla, General Tele- 



phone & Electronics Laboratories, 208-20 
Willets Point Blvd., Bayside, N.Y. 11360. 

There wi l l  also be a Recent News 
Papers Session. Triplicate copies of 
the 75-word abstract should be sent to 
Mr. Palilla at  the above address. The 
submission deadline is April 1, 1971. 
Authors requiring more or less than the 
standard 15 minutes should so indicate. 

Electronics and Electrothermics 
and Metallurgy Divisions 
Joint Symposium Plans 

New Techniques for Materials 
Characterization 

The Electronics Division is jointly 
sponsoring this Symposium with the 
Electrothermics & Metallurgy Division 
to be held during the Spring Meeting, 
Washington, D. C. May 9-14, 1971. 

This Symposium will cover new tech- 
niques for surface and bulk charac- 
terization of materials of interest to 
The Electrochemical Society. Suitable 
topics ~nclude: scanning electron 
microscopy, electron microprobe anal- 
ysis, auger electron analysis, field ion 
microscopy, and high resolution elec- 
tron microscopy. 

Invited papers wi l l  predominate but 
appropriate contributed papers are also 
welcome. The Symposium Chairman is 
Victor A. Phillips, General Electric Re- 
search & Development Center, P. 0. 
Box 8, Schenectady, N. Y. 12301. 

Electro-Organic Division 
Symposia Plans 

The Electro-Organic Division wi l l  
sponsor a Symposium on New Directions 
in Organic Electrochemistry and wi l l  
hold General Sessions at the Washing- 
ton, D. C., Meeting, May 9-14, 1971. In 
addition, this Division is cosponsoring a 
Symposium on Electrochemistry and 
Biological Processes with the Theoreti- 
cal Division. 

New Directions i n  Organic 
Electrochemistry 

This Symposium will be organized by 
Prof. Ralph N. Adams, Dept. of Chemis- 
try, University of Kansas, Lawrence, 
Kansas, and Dr. Thomas B. Reddy, 
Stamford Research Laboratories, Amer- 
ican Cyanamid Co., 1937 W. Main St., 
Stamford, Conn. 06904. The object of 
the Symposium wi l l  be to explore new 
trends i n  organic electrochemistry. A 
round table discussion of important 
new areas in this field wi l l  be con- 
ducted. Potential contributors may con- 
tact Prof. Adams. 

General Sessions 
The Electro-Organic Division wi l l  

also hold General Sessions and papers 
are needed for inclusion in such ses- 
sions. For information please contact 
Dr. Thomas B. Reddy, American 
Cyanamid Co., 1937 W. Main St., Stam- 
ford, Conn. 06904. 

Electro-Organic and Theoretical 
Divisions Joint 

Symposium Plans 
Electrochemistry and Biological 

Processes 
The Electro-Organic and Theoretical 

Divisions are scheduling a Joint Sym- 

posium on Electrochemistry and Bio- 
logical Processes for the Spring Meet- 
ing to be held i n  Washington, D. C., 
May 9-14, 1971. There wi l l  be approxi- 
mately sixteen invited and contributed 
papers. The topics for discussion will 
be: 

1. Electrochemistry of Biologically 
Significant Compounds 
2. Charge Transfer i n  Membranes 
3. Biological Electrodes 

For further information, please 
contact, Dr. H. P. Silverman, Man- 
ager, Biosciences and Electrochemistry 
Dept., Systems Group of TRW, Inc., 
One Space Park, R112094, Redondo 
Beach, Cal. 90278. 

Electrothermics and Metallurgy 
Division Symposia Plans 

The Electrothermics and Metallurgy 
Division program for the Spring 1971 
Washington. D. C., Meeting will include 
two Symposia. Chemical Reactions in 
Gaseous Discharges and Directional 
Solidification of Eutectics, as well as 
General Sessions. In addition the Di- 
vision is cosponsoring a Symposium on 
New Techniques for Materials Charac- 
terization with the Electronics Division. 

Directional Solidification of Eutectics 
Recent developments i n  the applica- 

tion of controlled solidification of 
eutectic systems have identified the 
possibility of uti l izing this technique to 
produce new materials for high tem- 
perature, high strength, as well as opti- 
cal, electronic and magnetic applica- 
tions. This Symposium wi l l  document 
the latest developments pertinent to 
directional solidification of eutectic sys- 
tems including: theories of controlled 
eutectic freezing, crystallography and 
microstructure of eutectic alloys pre- 
pared by controlled solidification, as 
well as, utilization of modern chemical 
and analytical techniques pertinent to 
this area. Additional information can be 
obtained by contacting the Vice Chair- 
man of the Electrothermics and Metal- 
lurgy Division, Dr. Joan B. Berkowitz, 
Arthur D. Little, Inc., 15 Acorn Park, 
Cambridge, Mass. 02140. 

Authors wishing to submit papers for 
this Symposium should submit the nor- 
mal 75-word and extended abstract by 
the appropriate date directly to Society 
Headquarters. 

Chemical Reactions in Gaseous 
Discharges 

The purpose of this Symposium is to 
discuss homogeneous gas phase reac- 
tions occurring i n  electric discharges 
and the engineering aspects of reactor 
design and scale-up. Papers pertinent 
to economic investigations or systems 
which possess commercialization feasi- 
bil ity would be particularly welcome. 
In addition the Symposium wi l l  cover 
research i n  the area of f i lm deposition 
from species produced i n  the gas 
phase, including sputtering of material 
from target to a substrate. 
Specific topics of greatest interest 
include: 

1. Discussions of the basic mech- 
anisms of discharge reactions and 

the relationship between the produc- 
tion of atomic and free radical inter- 
mediates and the electrical param- 
eters controlling the discharge. 
2. Proposals for reactor design and 
scale-up and evaluation of the eco- 
nomics of applying electric discharge 
chemistry. 
3. Discussions of thin f i lm deposition 
by the use of discharge devices, ex- 
clusive of transport of matter from 
electrodes. 
4. Interpretation of material transfer 
processes occurring during sputter- 
ing glow discharge environments. 

Authors wishing to participate in this 
Symposium should submit the normal 
75-word and extended abstract directly 
to Society Headquarters by the appro- 
priate dates. Additional information 
pertinent to this Symposium can be 
obtained by contacting Professor 
Alexis T. Bell, Department of Chemical 
Engineering, University of California, 
Berkeley, Cal. 94720, or Dr. Eric Kay, 
IBM Research Laboratories, Monterey 
and Cottle Roads, San Jose, Cal. 
95114. 

General Sessions 
In addition to the Symposia on 

Chemical Reactions i n  Gaseous Dis- 
charges, Directional Solidification of 
Eutectics, and the Joint Symposium on 
New Techniques for Materials Charac- 
terization, General Sessions wi l l  be 
scheduled i f  sufficient papers pertinent 
to the interest of the Division are sub- 
mitted. Suggestions and questions 
should be directed to Dr. Stanley T. 
Wlodek. Chairman E&M Division, C/O 
Stellite Division, Cabot Corporation, 
1020 West Park Avenue, Kokomo, Ind. 
46901. 

Industrial Electrolytic Division 
Symposium Plans 

Anodes for the Electrolytic Industries 
This Symposium will cover metal, 

graphite and other nonconsumable 
anodes for the aqueous electrolytic in- 
dustries. Papers are solicited covering 
anode materials, design, preparation, 
production, economics, mechanisms 
and operating characteristics in use. 
Suggestions and inquiries should be 
directed to the Chairman; Dr. W. C. 
Gardiner, Crawford and Russell, Inc., 
Stamford, Conn. 06904; or to the Co- 
chairman, Dr. P. A. Danna, Olin Cor- 
poration, Research Center, 275 Win- 
chester Avenue, New Haven, Conn. 
06504. 

Theoretical Electrochemistry 
Division 

General Session 
The Theoretical Electrochemistry Di- 

vision will hold a General Session at 
the Spring 1971 Meeting to be held in 
Washington, D. C.. May 9-14, 1971. In- 
cluded in the program will be a panel 
discussion on the topic "Are Univer- 
sities Meeting the Current Employment 
Needs in Electrochemistry"? For fur- 
ther information contact the session 
chairman, Dr. Christie G. Enke, Dept. 
of Chemistry, Michigan State University, 
East Lansing, Mich. 48823. 
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