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Editorial 

What Are We Teaching Our Students? 

REcEmLY a first-year student, with four full weeks of College 
Chemistry behind him, asked me some serious questions about the table of electro- 
negativities of the elements. How far apart must the numbers be to insure a com- 
pletely ionic compound? How close together for definite covalent bonding? What 
about the intermediate compounds? Was hydrogen omitted from the table by an over- 
sight? 

At about the same time, my class of juniors and seniors had an examination; one 
question was to trace the electrical conductance as stronger ammonia is dribbled in- 
to weaker copper sulfate solution. Not an easy question to answer in full, but a certain 
amount of pertinent information was available. There was demonstrated an appalling 
ignorance of the simple facts which would have made the available information useful. 

The fact is that our undergraduate students are bombarded with so much informa- 
tion that many of them only succeed in becoming extremely confused. Recent "ele- 
mentary" chemistry texts run 750 to 950 pages in length, and, while in general they 
contain excellent expositions of many phases of the subject, they are really suitable 
only for the mature, superior student who can grasp principles quickly and assimi- 
late numerous details easily. The authors do not write for the students; they write for 
the professors. The text must contain as much theory as can be crowded in, at the most 
advanced level compatible with the author's conscience (one text has a 58-page chap- 
ter on Chemical Thermodynamics). If an attempt is made to include, with proper em- 
phasis, a reasonable amount of descriptive chemistry, the book becomes a tome, a 
reference volume, not a text (the book mentioned above does not contain much sys- 
tematic descriptive material). 

A well-known physicist, a Nobel Prize winner, has told of his experience with 
college courses. He did not wish to become a chemist, but he saw a golden opportun- 
ity to learn a maximum amount of chemistry with a minimum of time and effort. He 
did not bother with textbooksthere were more important books to read. However, 
he paid careful attention to everything the professor said, because surely the lectures 
would cover all the important material. Also, he took good notes, which he studied 
diligently before the examinations, at the same time appraising carefully the type of 
questions most likely to be asked. In this way, he says, he could "walk into the exami- 
nation and get a decent gentleman's grade." To get an A would be harder; you must 
study the professor and his whimseys. 

I cannot recommend that students in general follow similar methods, but I do be- 
lieve that the text should contain not much more than the professor can reasonably 
lecture about in the allotted time. The student should be able to study leisurely, with- 
out a feeling of futility, and he should be stimulated to ask, Where can I find more 
about this or that? In the great push to train more scientists more quickly, perhaps 
we actually are discouraging potential scientists. Possibly, superior students can be 
turned into Ph.D.'s in six years; maybe it is equally important to convince many 
others that we have something worth studying for eight years, or for a lifetime. 



NEW 
BELL LABORATORIES 
RESEARCH FORESHADOWS 
COMMUNICATIONS 
AT OPTICAL 
FREOU ENCI ES A revolut ionary 

\ 

new device, the continuously operating Optical 
Gas Maser, now under investigation at Bell Tele- 
phone Laboratories, foreshadows a whole new 
medium for communications: light. 

Light waves vibrate at frequencies tens of 
millions of times higher than broadcast radio 
waves. Because of these high frequencies, a beam 
of light has exciting potentialities for handling 
enormous amounts of information. 

Now for the first time, Bell Laboratories' new 
Optical Gas Maser continuously generates light 

waves that are "coherent." That is, the light 
waves move in phase as seen looking across the 
beam. 

With further research, it is expected that such 
beams can be made to carry large amounts of 
information. The beams can be transmitted 
through long pipes. They can be projected very 
precisely through space, and might be used for 
communications between space vehicles. 

Research with coherent light is another ex- 
ample of how Bell Laboratories prepares ahead 
for communications needs. 

The Optical Gas Maser (above) was first demonstrated at Bell Telephone 
Laboratories. Heart of unit is a 40-inch tube containing helium and 
neon. Interaction between gas atoms produces a continuous, coherent 
beam of infrared light that may one day be used in communications. 

B E L L  T E L E P H O N E  LABORATORIES 
WORLD CENTER OF COMMUNICATIONS RESEARCH AND DEVELOPMENT 
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The Silver-Silver Oxide Electrode 
I. Anodic Oxidation in Alkaline Solutions 

Charles P. Wales 

U. S. Naval Research Laboratmy, Washington, D. C. 

ABSTRACT 

Silver electrodes were oxidized anodically at 25'C in 35 or 50% KOH at 
constant charge currents that ranged from the W to 40 hr rates. The electrodes 
were given both partial and complete charges. Except at a low charging rate 
the capacity was higher in 35% KOH than at 50% KOH. Oxidation was highly 
efficient at the *st two potential plateaus. During a charge at the Ag,O/AgO 
plateau initially AgnO oxidizes to Ago and then the prevailing reaction is Ag 
oxidizing to Ago. Simultaneously some Ago reacts with Ag to give AGO. 
Under certain discharge conditions Ago may reduce directly to Ag, with AgrO 
forming as a secondary product. 

The silver oxide electrode has proved to be a use- 
ful electrode at high rates of discharge current, es- 
pecially when coupled with Zn in a Ag-Zn battery. 
As more reliable Ag-Zn batteries have become 
available in recent years, they have been put to in- 
creasingly wider uses for special purposes requiring 
light weight or the ability to discharge at high rates. 
Experience has shown, however, that the Ag elec- 
trode is not charged easily, except at relatively low 
rates of current. The manufacturers usually specify 
a 12 to 24 hr rate of charge for commercial Ag-Zn 
batteries, which contain a 30-45% KOH solution as 
the electrolyte. 

Published reports that give appreciable data on 
the charging of Ag electrodes usually indicate that 
the electrodes decreased continually in capacity, and 
thus results were not reproducible (1-3). While 
there have been many tests on Ag-Zn storage bat- 
teries, the results are not widely available and often 
have not clearly differentiated between effects tak- 
ing place at the Ag electrode and those at the Zn 
electrode. 

For these reasons there is need for an over-all 
study of the effect of charge rates and electrolyte 
concentration on the anodic oxidation of Ag. It is 
proposed to study the chargeability of the Ag elec- 
trode under various rates of current, electrolyte con- 
centrations, and temperatures. An attempt will be 
made to determine the cause of these variations in 
chargeability and to find a method of improving the 
charge characteristics. 

ence electrode. The instrumentation and techniques 
previously described were used to control the charge 
and discharge current (4). A stabilized vacuum tube 
voltmeter having a 22-megohm input resistance was 
used as an aid in continuously recording potentials 
without drawing appreciable current from the cell 
or reference electrode. A simpler type of vacuum 
tube voltmeter, also having a 22-megohm input re- 
sistance, powered the current-sensitive relay used 
as the voltage cutoff for the discharge. 

The basic charge rate was chosen arbitrarily to be 
100 ma. The characteristics of a silver electrode 
were determined first at 100 ma in 35% KOH and 
then the charge rate was increased by doubling until 
the capacity was reduced appreciably. Other elec- 
trodes were put in 50% KOH after the initial cy- 
cling in 35% KOH. !Fhe cells were given both partial 
and complete charges at each of the charge rates 
and were always discharged at 100 ma (the 15 to 18 
hr rate) to -300 mv without any appreciable open- 
circuit period. A few charges were made at 50 ma 
(the 40-hr rate), but this rate was not studied in 
detail due to the excessive length of time required 
for a cycle. All work was done at 25°C. It is pro- 
posed to study 20 and 5% KOH in the future, as well 
as temperatures of 50°, 0°, and -25°C. 

Results and Discussion 

The capacity decreased as the charge rates were 
increased (Fig. 1). The electrode capacity was pro- 

Experimental Procedure 
The Ag electrodes were made by cutting in half 5 

Ag plates taken from a commercial Ag-Zn storage 
battery. The test electrodes measured about 28 x 
66.5 x 0.7 mm and had a capacity of about 1.7 
amp-hr. Each electrode was wrapped in several 
layers of the separator material normally used in lo/ P , , , i\,doo , 2 ! o  

Ag-Zn batteries. These electrodes served as both 
positive and negative electrodes and were assembled 0240 

in pairs in closed plastic containers with an excess CHARGE CURRENT ( M A 1  

of electrolyte, together with a Ag, AgrO/OH- refer- Fig. 1. Dependence of discharge capacity on charging current 
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portional to a negative exponential function of the 
charge current in the range of current that was 
studied. Kinoshita reported a similar result for 
charges at the 0.9-4.8 hr rates in 20% KOH, but at 
the 7-16 hr charge rates he found the capacity was 
less than would be expected from this exponential 
relationship (2). This may have been due to rela- 
tively large amounts of active material going into 
solution under his experimental conditions during 
the longer charge periods. 

The capacity decreased much more rapidly in 50% 
KOH than in 35% KOH, indicating that the electro- 
lyte concentration affects the charge acceptance. 
Dirkse and De Vries reported that the anodic for- 
mation of both Ag,O and Ago have the same de- 
pendence on hydroxyl ion concentration in KOH 
(5). According to the mechanism for the formation 
of silver oxides proposed by Dirkse, the mobility of 
the OH- ions is an important factor (6). Therefore 
as either the current density or KOH concentration 
is increased, a point may be reached at which the 
amount of oxide that can form before gassing takes 
place will be decreased, since these conditions im- 
pair the mobility of the OH- ion. 

The charge efficiency did not drop off at the higher 
rates of current (Table I). This table includes all 
complete cycles that did not reach gassing and in 
which there were no periods of stand between 
charge and discharge. Very short charges tended to 
give over 100% efficiency, probably due to the fact 
that after a cell is discharged to the endpoint a short 
additional discharge can be obtained after a stand 
period. For this reason, and since slight errors in 
measuring time affect the calculated efficiencies of 
short charges more than longer ones, the efficiencies 
calculated for the longer charges are believed to be 
more accurate. Therefore the arithmetic mean of the 
efficiencies weighted by the length of charge gives 
a more representative average than the simple 
arithmetic mean. 

It has been reported that the charge efficiency is 
low at the AgO/Ag,O potential plateau, at least 
under certain conditions (7,8). In the present work 
there was no indication of a decrease in efficiency 

Table I. Efficiency of charge-discharge cycles in 35% and 50% 
KOH at 25. using various rates of charge current and ending 

the charge before the potential rises to the gassing point 

Charge Weighted* 
rate, No. of Arithmetic arithmetle 
ma cycles mean mean 

35% KOH 
44 99.8 
23 100.0 

50% KOR 
100 30 99.6 99.7 
200 14 100.4 100.3 
400 12 100.1 100.2 
800 9 100.5 100.5 

Welghted by the length of charge. 

08 
50% KO* 

&'a- 

WWNT ff CHIRGE !&UP-MRI 

Fig. 2. Typical constant current charges in 50% and 35% 
KOH at  25°C. Potentials are given with respect to a Ag/Ag.O 
reference electrode. 

at this plateau near the end of the charge with the 
possible exception of the 1600 ma charge rate in 
35% KOH. Even here the worst efficiency of any in- 
dividual cycle among the 11 cycles that were be- 
lieved to have been stopped short of gassing was 
98.5%. 

Charge Characteristics of the Electrodes 
Varying the charge current gave a family of 

charge curves (Fig. 2). This clearly shows why low, 
time-consuming charge rates are used in Ag-Zn 
batteries, even though it would be much more con- 
venient to shorten the charging time. When the cell 
was charged in 35% KOH at high rates (2 hr or less 
for a full charge) the potential often dropped just 
as gassing was reached. This is probably due to a 
temporary breaking open of the oxide layer which 
was preventing the remainder of the silver from 
being oxidized. Stresses may be set up as a result of 
fast formation of the film or layer due to the high 
current, and then be relieved by cracking. At the 
lower charging rates there is more time for both 
diffusion of the electrolyte into the electrodes, and 
reaction of the divalent Ag with metallic Ag accord- 
ing to 

Ago + Ag -, AgzO 111 

Since the electrode is oxidized more completely 
before the barrier layers are formed, the lower 
charging rates are more effective. 

After steady gassing was reached at the higher 
currents, the potential often fluctuated over a range 
of a few millivolts. Potential fluctuations could re- 
sult from several causes: breaking of the surface 
film, varying OI pressure, and change of effective 
surface area due to the gas mechanically covering 
part of the surface. Relatively little additional 
charge was accepted at the gassing plateau, except 
at the higher charge rates where the electrodes 
normally had low capacity. 

Charging became increasingly difficult at the 
higher currents in the more concentrated KOH solu- 
tion and the potential tended to lack the sharp rise 
to the final gassing plateau. The electrode could be 
given a much greater total charge when stands were 
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Fig. 3. Effect of stand periods on an 800-ma charge in 
50% KOH at 25°C. The Roman numerals indicate the order 
in which periods of stond or charge took place. Potentials are 
given with respect to a Ag/AgIO reference electrode. 

700 

WO- 
- 
I - 

interspersed between periods of high-rate charges. 
Figure 3 shows an electrode accepting about three 
times the normal 800-ma charge. The following dis- 
charge gave 95.8% of this charge, indicating that 
some gassing occurred at the higher potentials. This 
rapid charging rate combined with lowered ionic 
mobility due to concentrated KOH only allows the 
Ag which is near the surface'to charge to Ago. This 
Ago reacts according to Eq. [I] during a stand, and 
at the same time the electrolyte within the plate has 
an opportunity to come to equilibrium with the 
bulk of the electrolyte in the cell. Stands in which 
the potential fell to the AgpO/Ag plateau (i.e., in 
which all or almost all Ago had reacted) were much 
more effective in promoting further charging than 
were stands which remained at the AgO/AgnO level. 
It is interesting to note that the charge acceptance of 
charge V (Fig. 3) was greater than that of the initial 
charge. Perhaps the deeper formation of Ag,O, 
which is assumed to take place during the stands, is 
accompanied with an opening of better electrolyte 
paths into the interior of the electrode. 

The chargeability of these Ag electrodes varied 
from cycle to cycle, and is similar to the erratic per- 
formance often observed in Ag-Zn storage batteries 
(9). It was noted that when the lower potential 
plateau of a charge is shorter than normal, the total 
charge probably will also be shorter. This makes it 
possible to predict how much of a charge the cell is 
going to accept. When a cell was allowed to stand 
discharged for two or more days the next charge was 
usually either very long or very short at the lower 
plateau; seldom was it of average length. Appar- 
ently the initial condition of the electrode surface is 
a controlling factor in determining the charge ac- 
ceptance. The effect of porosity or surface of the 
plate seems to be important and merits further 
study. 

The portion of a charge which took place at the 
Ag/Ag,O potential plateau varied with current den- 
sity (Fig. 4). The ratio remained at about 0.20 from 
200 to 1600 ma in 35% KOH, although it was higher 
at lower currents. The ratio seemed to increase with 
current in 50% KOH, but considering the variation 
between individual charges it is possible that this 
ratio was steady at about 0.17 in the 200 to 800 ma 
range of current. The fact that the portion of a 

- -0 

0 
CHARGE CURRENT (MA1 

$3000 d 2 0  I d 2 .  0 A 2 0  n 0 1 2 '  

,., M R G E  TlME (HR1 

. . . . . .. . 2;mj 
STAND TIME I H R l  

Fig. 4.  Relationship between charging current and the 
portion of o charge that took place at the Ag/AgD plateau. 

J' 
Jm 

Jd 

charge occurring at the Ag/Ag,O potential is lower 
in 50% KOH than it is in 35% KOH suggests that 
the electrolyte enters the reaction differently when 
Ag,O is forming than it does when Ago forms. 
Dirkse however reported more Ag converted to Ag20 
in 42% KOH than in 8% KOH (6). 

The charge length at the lower potential tended 
to increase with repeated cycling at any given cur- 
rent in 35% KOH, but decreased with cycling in 
50% KOH. This probably resulted from changes in 
plate capacity since the capacity tended to decline in 
50% KOH with cycling and to increase in 35% KOH. 
For example one plate in 35% KOH gained 25% in 
capacity after 111 cycles, while another plate in 50% 
KOH had lost 29% of its original capacity after 116 
cycles. Replacing older KOH solutions with fresh 
ones had no noticeable effect on the length of the 
lower charge plateaus. Although doubling the 
charge current always decreased the electrode ca- 
pacity, it was normal for the capacity to increase 
during the first 10-15 cycles at any given rate of 
charge in 35% KOH (but not in 50% KOH) with 
the largest increases occurring at the higher charge 
currents. As a result, capacity losses at the higher 
charge rates were not as large as they first appeared 
to be. Andre reported a somewhat similar effect: Ag 
electrodes seem to acquire a greater activity when 
used at high discharge rates (10). This may be due 
to the roughness of the electrode surface changing 
under different operating conditions. 

Considerable interest has been expressed in the 
potential peak which occurs on charge when going 
from the Ag/Ag*O to Ag,O/AgO plateaus. It was re- 
ported by Hickling and Taylor that this peak cor- 
responds to formation of an unstable higher oxide 
( l l ) ,  but later work seems unanimously opposed to 
this view (8, 12-14). Jones, et al., attributed the 
peak to the difficulty in forming Ago nuclei in the 
AgD lattice (8). Dirkse and Werkema suggested 
that difficulty in nucleation does not explain the 
peak sometimes observed during a discharge and 
interpreted both peaks as being due to resistance of 
the Ag*O layer (12). Cahan, et al., measured the re- 
sistance during oxidation and reduction and showed 
that the peak was much higher than would be pro- 
duced by resistance (14). They state that the charge 
peak is due to passivation, forcing the currents to 
small areas and producing a high overvoltage. Gi5hr 
and Lange report that most of the current in the for- 
mation of Ag,O takes place by the tranference of the 
Ag+ ion through the AgnO layer (15). They noted 
that usually the electrical conductivity of ions does 

- 

I 
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not obey Ohm's law, but instead there is an expo- 
nential relationship between current and voltage E. 
With a constant applied E the effective E drops as 
the AgD layer thickens, with current dropping more 
rapidly. If one applies this reasoning to constant cur- 
rent conditions, instead of constant E, it can be seen 
that E must rise sharply to maintain a constant cur- 
rent. It was reported by Vidovich, et al., that the 
high resistance found in this period probably char- 
acterizes one of the stages in the Ag + AgJ3 process, - --- M O M A  

4 0 0 M A  

perhaps electrochemical adsorption of 0 on the Ag 1600MA 

surface (16). 
This peak is less pronounced at  the higher rates 

AMOUNT OF CHARGE AT UPPER PLATEAU (AMP- HR I 
of charge and has greater apparent ampere-hour 
capacity in the the more KOH p ig .  2). Fig. 6. Dependence of initial discharge potential on the 

Under higher current densities, less forms on amount of charge at the upper potential plateau. Potentials 
were measured after 0.01 hr of 100-ma discharge and are 

the electrode surface before the AgO/AgzO plateau given with respect to a A g / ~ g r O  reference electrode. In- 
is reached, and resistance is lower so little or no dividual measurements are not shown. 
peak would be expected if the peak were due to 
ohmic resistance. However the results shown, par- The potentials measured at O.O1 hr of discharge 
ticularly in 50% KOH, indicate that polarization is exhibited the potential after the elec- 
the likely cause as suggested by Cahan, et al. (14). trodes were given only a short charge above this 
AgrO may continue to form on the surface for a time tential (Fig. 6). Figure 6 the 187 individual 
at the higher currents, either directly from anodic measurements, but shows curves that seemed to fit 
oxidation of Ag or from reaction 111, thus causing a these measurements. The average deviation of the 
longer but less sharp potential peak. measurements from these curves was 3.3 mv. Two 

Reduction of the Electrodes factors that may increase these potentials are the 
decreased electrode resistance as the amount of Ag,O 

The discharge became shorter as the rate of the decreases, and the decreased current density on the 
preceding charge increased, especially in 50% KOH, A ~ O  as the quantity of Ago increases. Opposing 
since the electrodes did not charge well at high rates these is the increased resistance as the metallic 
of current (Fig. 5). The potentials of both plateaus is ~h~ minimums in the curves of ~ i ~ .  6 
were lower in than in 35% The for 35% KOH at the lower charging currents may 
AgaO/Ag plateau had a tendency to be 5-10 mv be due to consumption of Ago according to reaction 
more negative during discharges that followed corn-  hi^ reaction may not take place readily after 
plete or nearly complete low-rate charges. This was only small amounts of are formed, if the ini- 
due probably to decreased conductivity after most tial formation is by ~ ~ ~ 0 ,  but the 
of the metallic Ag was oxidized. At the beginning of lower rates allow more tirne for reaction 
this plateau the potential normally reached a mini- [11 to take place. 
mum value about 5-7 mv the plateau* The AgO/Ag,O potential portion of a discharge 
though this minimum usually was lacking after curve often showed signs of an intermediate PO- 
high-rate in 50% W~~~ there W~~~~ tential plateau when an electrode was only partially 
be less polarization since there was less charged charged before the discharge p ig .  7). ~ i ~ .  7, 
active material. After an incomplete charge with is defined as the average capacity obtained 
all of the charge below the AgO/Ag,O potential, the from the electrode after it was charged to gassing 
discharge often began at the minimum and at a particular charge rate. The intermediate Po- 
then increased. tential plateau was rare after the higher rates of 

charge, but occurred often when the cells were 
SOX KOW Ago-. charged partially at the lower rates. For example, 

the intermediate potential level almost always was 
, :  observed in 35% KOH during a discharge after a 

partial charge at 100 ma. With 200 ma charges this 
,ZOOM& IOOMA level usually was found when an electrode was 

50-90% charged, but at 400 ma this level seldom was 
found, although there were some indications of it 
when an electrode was 70-90% charged. This inter- 

&.;.- mediate level often was found when an electrode 
was 60-90% charged in 50% KOH with 100-ma 
partial charges, and on several occasions after the 

AMOUNT OF DISCIIARGE (&UP-WRI electrode was about 90% charged all of the higher 
discharge plateau took place at this intermediate 

Fig. 5. Typical 100-ma discharges in 50% and 35% KOH 
at 25.C following charges to gas evolution at various rotes. 
Numbers on curves give the charging current. Potentials are This intermediate plateau indicates that the gen- 
given with respect to a AgIAgrO reference electrode. erally accepted theory of Ago reducing first to Agso, 
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300 
SOYaKOH 35% KOH 
I 0 0  MA IOOMA 

0- 

-100 

AMOUNT OF DISCHARGE IAYPIRl 

Fig. 7. Upper potential portion of 100-ma discharges fol- 
lowing constant current charges of various lengths. Percentage 
values give charge lengths, where o charge that reaches 
gassing is defined as 100% at a particular rate. Potentials are 
given with respect to o Ag/Ag10 reference electrode. 

and then Ag,O reducing to Ag, may not represent 
the entire picture of the discharge reactions. It may 
be that Ago also can discharge directly to Ag, in a 
reaction something like 

Reaction [I] would be expected to take place simul- 
taneously. The calculated potential for reaction [2] 
is midway between the equilibrium potentials of the 
lower and higher oxides and would be at 131 mv 
on the scale used in Fig. 7 if one assumes unit ac- 
tivity. However Ag would not be expected to have 
an activity of one under these conditions, since the 
little Ag forming this way may react with Ago very 
rapidly, perhaps even before the Ag can form into a 
crystal lattice. 

Oxidation of the Electrodes 
There is an almost linear dependence between the 

amount of discharge capacity that is obtained at 
the upper potential plateau following an incomplete 
charge and the amount of charge at this plateau 
(Fig. 8). The results of charges at 200 and 400 ma 
resembled the 100-ma curve of Fig. 8, and 800-ma 
charges were intermediate between the 100 and 1600 
ma curves. These curves tend to become linear after 

a 
3 PiMOUNT OF CHARGE AT UPPER FIATEAU I AMP - HR) 

Fig. 8. Comparison of the amount of charge and discharge 
at the Ag,O/AgO plateau in 35% KOH at 25°C. 

0,' d2 d4 d ,  db ,Io ,!, 
AMOUNT OF CHARGE AT UPPER PLATEAU (AMP-HRI 

Fig. 9. Relationship between the amount of charge and the 
ratio (amount of discharge)/(amount of charge) at the 
Ag./AgO plateau. For clarity individual points are shown only 
for the 100-ma curves. 

0.10-0.15 amp-hr of charge and may rise slightly 
near the end. The results in 50% KOH were more 
linear, but still quite similar to these shown in Fig. 8. 

The ratio of the amount of discharge at the upper 
potential plateau to the amount of charge at this 
plateau is approximately the same as the slope of 
the curves in Fig. 8. If this ratio is plotted against 
the amount of charge, it can be seen more clearly 
that the curves of Fig. 8 are not linear (Fig. 9). The 
ratio is comparatively large initially at the lower 
charging currents and then it decreases; at high 
charge currents the ratio increases. Since the upper 
potential plateau is reached when the electrode is 
covered with Ag20, but still has much Ag in the in- 
terior, the initial charging reaction at this plateau 
is probably 

and a ratio of 1.0 would be expected for electrodes 
charged only a short time at this plateau, but this 
high a ratio was never found. After most or all of the 
Ag20 is oxidized to Ago, a second reaction, prob- 
ably the reverse of Eq. 121, takes over (13). This is 
a 2-electron reaction per atom of Ag, and therefore 
a ratio of 0.5 would describe it, but the measured 
ratio was always less than 0.5 when this 2-electron 
reaction was supposed to be occurring. There is also 
the possibility of a third reaction, some higher oxide 
which might be able to form, but there was no indi- 
cation of this. Much of the evidence reported for an 
oxidation state of Ag higher than +2 can be inter- 
preted in other ways, and if higher valence Ag does 
exist, it has little significance in alkaline batteries 
(9, 13, 17). 

It is believed that reaction [3] takes place initially 
on Ag electrodes at the second charge plateau, and 
then the reverse of reaction [2]. The fact that the 
initial ratio at low charging currents is about twice 
as large at the later ratios (Fig. 9) is an indication 
of changing from a 1-electron to a 2-electron reac- 
tion. Another reaction seems to take place simul- 
taneously, with the result that 20-30% of the Ago 
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does not appear during a discharge judging by the 
amount of discharge at  potentials above the Ag20/Ag 
plateau, although there is no loss in the total amp-hr 
capacity. This probably is due mainly to reaction [I] 
taking place both during the charge and during the 
discharge. I t  is known that Ag and Ago can react in 
Ag electrodes (3, 13, 18), but it was thought to be a 
slow reaction under the conditions found here. How- 
ever Cahan, et  al., report that this reaction should 
proceed rapidly, since the oxidation of Ag and re- 
duction of Ago are both fast reactions (14). The 
rise in the ratio curves of Fig. 9 as the electrode 
nears a full charge may be due to a comparative 
lack of Ag available for [I]. 

The low ratios found initially at  the higher cur- 
rents may be due to some Ag still charging to Ag,O 
when the electrode is first polarized to the Ago po- 
tential plateau. In addition reaction [I] will take 
place more readily with high rate charges, since 
more Ag will remain in the electrode and the Ag*O 
layer will be thinner and less concentrated. On the 
other hand there would be less time for this reac- 
tion at  the higher charge rates. In addition there is 
little sign of a decrease in this reaction rate as the 
amount of Ag that is present decreases. These are 
both indications that reaction [I] is fairly rapid. 
Perhaps the surface of a silver particle becomes 
Ago, which then reacts with the inner Ag. The re- 
sulting Ag90 layer separates the Ag from the outer 
Ago layer. This Ago may prevent the Ag20 from 
contacting the electrolyte, thus making further oxi- 
dation more difficult. If such a layer does form it is 
doubtful whether much of the remaining Ag would 
be oxidized. Since Ag would not be in contact with 
the electrolyte, unless cracks form in the layers, 
further charging would be restricted to ionic con- 
duction of Ag' or OE through the solid lattice. This 
relatively slow process is probably efficient only at  
very low rates of current. 

Conclusions 

The capacity of the Ag electrodes decreased pro- 
portionally to a negative exponential function of 
charge current, with the decrease greater in 50% 
KOH than in 35% KOH. Although the capacity 
gradually declined with cycling in 50% KOH, it in- 
creased in 35% KOH, indicating that short cycle life 

is not necessarily a basic characteristic of Ag elec- 
trodes. Even a t  high rates of current the electrode 
charged with about 100% efficiency at  the flrst two 
potential plateaus. The electrode accepted a greater 
total charge at  the higher current densities when 
periods of charge alternated with open-circuit stands 
of sufficient length to allow much of the Ago to re- 
act with Ag. Variations in chargeability were an 
effect of surface condition. 

When conditions are suitable Ago may reduce 
directly to Ag with Ag,O being formed as a sec- 
ondary product from the reaction between Ago and 
Ag. The main charge reaction at  the Ag20/Ag0 
plateau initially is Ag,O oxidizing to Ago. Then the 
prevailing reaction changes to Ag oxidizing to Ago. 
Simultaneously with both of these reactions, part of 
the AgQ that is formed reacts with Ag to give Ag,O. 

Manuscript received Sept. 12, 1960. This paper was 
prepared for delivery before the Houston Meeting, 
Oct. 9-13, 1960. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1061 
JOURNAL. 
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Some Important Factors That Influence the Composition of the 

Positive Plate Material in the Lead-Acid Battery 

Vance H. Dodsonl 

The Electric Autolite Company, Toledo, Ohio 

ABSTRACT 

The composition of positive plate material formed (a )  from positive pastes 
of various densities, ( b )  in aqueous sulfuric acid solutions of various specific 
gravities, (c) at various rates (current densities), and ( d )  at various tempera- 
tures has been studied. Variations in these conditions not only influence the 
total PbO. content of the formed material, but also the ratio of a-PbOn to 
p-PbOn in the formed material. The presence of a-PbO* in the positive plate 
material is attributed to the pH of the electrolyte within the paste during its 
development. A method for estimating the amounts of a -PbO, and p-PbOn in 
mixtures of the two is also described. 

Lead-acid battery manufacturers are very much 
aware of the fact that the composition of formed 
positive plate material can vary from one batch to 
another, from one day to another, and from one 
plant to another. The differences in composition may 
be only minor in some cases, but in other instances 
they may be quite significant. While a multitude of 
factors can influence the composition of the devel- 
oped positive material, only those which have been 
found to exert a major influence are discussed in this 
paper. 

The lead dioxide formed in the positive plate is a 
mixture of two crystallographic modifications of 
PbO,, a-PbO. and 8-PbO, (1-6). Evidence has been 
presented in these earlier works which indicates that 
a-PbO, is formed by the direct oxidation of metallic 
lead above the PbOl/PbSO, potential, and that 
8-PbOl is formed from PbSO, at the PbOn/PbSO, 
potential. Most of the earlier studies of a - P b a  werq 
carried out by anodizing pure lead and certain of 
its alloys in aqueous sulfuric acid at various poten- 
tials. Very little work has been reported in which 
these findings are related to actual battery plate 
manufacture. The influence of several manufactur- 
ing variables, such as positive paste density, devel- 
oping acid concentration, rate of electroformation, 
and temperature of electroformation on the total 
PbO,, a-PbO, and 8-PbOs content of the positive 
plate material is reported in this paper. 

Experimental 
The positive pastes described in this work were 

prepared by blending a mixture of 70% lead oxide 
and 30% lead with water and sulfuric acid in a 
Baker-Perkins mixer. The density of the pastes was 
measured by the method of Dittmann and Harner 
after the pastes had been applied to the supporting 
grid and cured (7). All of the pastes were cured 
at room temperature, or slightly above, during 
which time most of the free water was lost by evap- 
oration and most of the free lead in the paste was 

1Present addreas: Dewey and Almy Chemical Division. W. R. 
Grace Co., Cambridge. Massachusetts. 

converted to lead oxide. After curing, the pastes 
contained 3-5% free lead. 

All of the positive plate samples were thoroughly 
washed in water and dried at 110°C in a vacuum 
oven prior to their chemical analysis. The total 
per cent PbO, was determined iodometrically (8). 
The relative amounts of a-PbO, and 8-PbO, were 
determined by x-ray diffraction. Three diffraction 
lines were chosen for analytical purposes, the 3.49 
and the 2.79 lines of p-PbO, and the 2.61 line of 
a-PbO.. A plot of the ratio of the average intensities 
of the first two lines to the intensity of the third 
us. the composition of standard mixtures of pure 
a-PbO. and 8-PbO*, which approximates a straight 
line on a semi-log scale, was used as a yardstick for 
estimating the composition of the mixtures of the 
two dioxides prepared in this work (Fig. 1). This 
method gave reproducible results, within 5%, in re- 
peated analyses of the standard mixtures and of the 
various samples of positive plate material. Each 
sample of positive material was thoroughly digested 
in ammonium acetate solution, washed with hot 
water, and vacuum dried at llO°C before being 
subjected to x-ray diffraction analysis. A Norelco 
x-ray diffraction unit equipped with a goniometer, 
Geiger counter, and recorder was used in this in- 
vestigation. Copper K-alpha radiation was used in 
all of the analyses. 

Fig. 1.  X-ray diffraction data for mixtures of a- and p-PbOz 
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The pure a-PbO, used in the standard mixtures 
was prepared by electrolyzing 2N solutions of so- 
dium hydroxide saturated with lead oxide. Platinum 
electrodes and current densities in the range 0.8-1.6 
ma/cms were employed. The anodic deposits were 
washed successively with water, hot saturated solu- 
tion of ammonium acetate and water, then vacuum 
dried at llO°C. The x-ray diffraction patterns of all 
of the preparations were in good agreement with 
those given in the literature for a-PbOp (5,9). The 
pure 8-PbO, used in the standard mixtures was 
Fisher Certified Reagent 8-PbO? 

The various aqueous solutions of sulfuric acid 
were prepared from commercial grade sulfuric acid 
whose specific gravity was 1.400. The concentrations 
of the acid solutions are expressed in terms of spe- 
cific gravity, and these values have been corrected 
to 27°C. 

The positive pastes were applied by hand pasting 
to 7% antimonial lead alloy grids, and the positive 
plates were then assembled into standard battery 
elements. Negative plates, chosen from the same 
production lot and containing negative paste of the 
same dry density, and resin coated cotton linter 
separators were used in the construction of the ele- 
ments. Each element was formed in a one-cell bat- 
tery container in a constant temperature bath. Pos- 
itive plate potentials were measured against 
cadmium during electroformation. A pulsating, 60- 
cycle, current technique was employed in the meas- 
urements to eliminate the IR drop component of the 
positive plate potential (10). Unless otherwise 
stated, each of the cells was allowed to stand in its 
developing electrolyte for a period of 2 hr then sub- 
jected to 200 amp-hr of electroformation. The elec- 
troformation current density values cited in this 
work are based on the apparent surface area of the 
positive plates in the test cells. 

Results and Discussion 

Influence of positive paste density.-The cornposi- 
tion of positive material formed from pastes of nide 
different densities is shown in Table I. The per cent 
a-PbOn in the positive plate material increases as the 
density of the positive paste increases. The density 
of the paste was raised by increasing the ratio of 
water to acid in the paste formula and lowered by 
decreasing that ratio. Therefore, as the density of 
the paste is increased, the amount of lead oxide in 

Table I. Composition of positive material formed from pastes of 
several densities a t  60.C. 7.2 ma/cma current density and in 1.135 

specific gravity electrolyte 

Density Composition of positive actlve material 
 eat 'of positive Total % % % 

Cell No. paste, g/cc PbOs a-Pb02 8-PbOs 

the paste either free or combined as one of the basic 
lead sulfates increases. Data in Table I indicate that 
there is a direct relationship between the amount of 
a-PbOl formed in the positive material and the 
amount of lead oxide in the cured positive paste. 

In this study positive plate materials containing 
up to 55% a-PbO, were prepared from pastes having 
only 2-59'0 free lead. Positive material containing 
u p t o  70% a-PbOn has been prepared from similar 
pastes in other experiments. It is difficult to imagine 
that such large amounts of a-PbOn could originate 
from the pure lead either in the paste or in the grid. 
It has been suggested that small crystals of a-PbOt 
which form from free lead in the grid metal and/or 
the paste act as nuclei on which more a-PbO, can 
form (6). There are two arguments against this 
concept. First, if this nucleation is an important 
factor, then it is reasonable to expect that all posi- 
tive pastes, regardless of density, would produce a 
positive material of about the same a-PbO, content. 
Second, if free lead must be converted to a-PbO. 
which then acts as nuclei for further formation of 
a-PbO, then a-PbO, would not start to appear in 
the positive plate material until late in the develop- 
ing process when the potential of the positive plate 
had risen above the PbO./PbSO. potential. Evidence 
will be presented later in this paper which shows 
that the major portion of the a-PbOn found in the 
positive plate is formed during the early stages of 
development. 

The total per cent PbO, in the positive material 
decreases as the density of the positive paste is in- 
creased. The number of ampere-hours of electrofor- 
mation employed in this work was in sufficient ex- 
cess so that any increase in weight of positive paste 
per cell with increase in paste density should not 
have influenced the total percentage of PbOI that 
was formed. The amounts of PbSO. found in the 
positive material formed from the paste of the low- 
est density and from the paste of the highest density 
were essentially the same. Neither a-PbOl nor 
8-PbO*, as they are formed in the positive plate, are 
stoichiometric dioxides, and a-PbOs contains less 
oxygen than 8-PbOl. The calculated formula for 
a-PbOl found in forty different dry charged positive 
plate materials averages PbOl.~ (11). Because of its 
lower oxy$en content, positive material rich in 
a-PbO* would exhibit a lower total per cent PbO, 
by virtue of the method of analysis used in this 
work. 

Influence of the initial concentration of the devel- 
oping acid.-The composition of positive material 
formed from pastes of three densities in electrolyte 
of three different initial specific gravities is shown 
in Table TI. The amount of a-PbO* in the positive 
material formed from a paste of a given density de- 
creases as the initial specific gravity of the develop- 
ing electrolyte increases. As the density of the paste 
is decreased, the amount of a-PbO* formed in the 
positive material decreases at all three specific grav- 
ity levels. These relationships can be accounted for 
if it is assumed that the lead oxide in the paste is 
in some way responsible for the major portion of 
the a-PpO* found in the positive material. The 
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Table Il. a-PbOs content of positive material'formed from pastes of 
different densities in electrolyte of different specific gravities 

at  bO°C and 5.7 mo/cm2 current density 

% a-PbOl 
Denaity Initial in positive 

Test of positive sp gr of active 
Cell No. paste, g/cc electrolyte material 

amount of lead oxide, both as free oxide and as 
combined oxide in the basic lead sulfates, in the 
positive paste can be estimated from the amount 
and composition of the original paste ingredients. 
In the electrolyte whose specific gravity is 1.250 
(Table 11, test cell No. 18) there is sufficient sulfuric 
acid present in the cell to convert about three- 
fourths of the lead oxide to lead sulfate prior to 
electrbfofmation. In the electrolyte whose specific 
gravity is 1.100 (Table 11, test cell No. 16) there is 
only enough acid in the cell to convert about one- 
third of the lead oxide in the paste to lead sulfate 
prior to electroformation. 

The total per cent PbO, in the positive materials 
formed from paste of the same density but in elec- 
trolyte of different specific gravities does not vary 
appreciably over the range of. specific gravities 
studied here. However, the amount of PbSO. found 
in the positive materials increases as the initial 
specific gravity of the developing electrolyte is in- 
creased. 

Influence of electroformation rate.-Positive paste 
of a fixed density (3.91 g/cc) was formed at three 
different rates in electrolyte of three different initial 
specific gravities. The composition of each of the 
positive plate materials is shown in Table I11 (test 
cell No. 22-30). The a-: B-PbOs ratio in the positive 

Table Ill. Composition of positive material formed at different 
rates in electrolyte of different specific gravities at  43-C 

Electro- a-: 8-PbOs 
Density Initial development ratio in 

Teat of positive ap gr of current density, positive 
Cell No. paste, g/ce electrolyte ma/cmz material 

material appears to reach a maximum value some- 
where near the 10 amp-20 hr (5.2 amp/cma) elec- 
troformation rate. However, the data are not sufficient 
to establish the exact rate at which the maximum 
occurs. The reason or reasons for this maximum 
a-:8-Pb02 ratio cannot be explained at this time, 
but some speculation is in order. 

In a separate experiment, positive paste of 4.39 
g/cc density was formed at two different rates. Cells 
were withdrawn from the electroformation circuits 
at various intervals, and the positive plate material 
was analyzed. The composition of the positive ma- 
terial at various stages of electroformation is shown 
in Fig. 2. The a-PbO. content of the positive mate- 
rial rises rather sharply during the early stages of 
electroformation then levels off sometime after 100 
amp-hr of formation. The 8-PbO, content remains at 
a fairly low level during the early stages of electro- 
formation then begins to rise after 50 amp-hr of 
formation. The differences in the a-PbO, levels fi- 
nally attained during electroformation might be at- 
tributed to the potential of the positive plate during 
formation. It was noted that the positive plate po- 
tential approached the PbOs/PbSO, potential more 
rapidly when the higher formation rate was em- 
ployed. After 80 amp-hr of electroformation, the 
potential of the positive plates formed at the 40 
amp rate was 100 to 150 mv higher than that of the 
plates formed at the 10 amp rate. 

While the behavior of the positive plate potential 
might account for the decrease in the a-:B-PbO, 
ratio when the electroformation rate is increased 
from the 10 amp-20 hr rate to the 20 amp-10 hr 
rate, it does not account for the drop in the ratio that 
is experienced when the rate is decreased from the 
10 amp-20 hr rate to the 5 amp-40 hr rate. In this 
case tlie rate of diffusion of the electrolyte may be 
an important factor. At a low electroformation rate, 
the electrolyte would have a greater opportunity to 
diffuse throughout the positive paste during the 
electroformation process and convert most of the 
lead oxide to sulfate before oxidation to B-PbO9. 

30 3.91 1.250 2.6 
31 4.70 1.150 10.4 0.06 1.17 zl-y/'/: lk A A 
32 4.70 1.150 5.2 1.32 10 

33 4.70 1.150 2.6 1.93 . ,/ 

34 4.70 1.200 10.4 0.78 o 
/, 

35 4.70 1.200 5.2 1.07 -- HW- EI F C T R O ~ R M ~ T ~ X ~  
36 4.70 1.200 . 2.6 1.43 
37 4.70 1.250 10.4 0.61 Fig. 2. Composition of positive material a t  various stages 
38 4.70 1.250 5.2 0.70 of electroformotion. Positive paste density 4.39 g/cc formed 
39 4.70 1.250 2.6 0.96 in  electrolyte of 1 .I35 initial sp gr a t  50°C. 
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The composition of positive plate material formed 
from paste of a higher density (4.70 g/cc) at three 
different rates and in electrolyte of three different 
initial specific gravities is also shown in Table I11 
(test cells No. 31-39). The a-:p-PbOl ratio in the 

. formed positive material continues to increase as the 
electroformation rate is decreased and does not ex- 
hibit a maximum. Apparently, electrolyte diffusion 
is not a factor in determining the a-:p-PbO, ratio in 
positive material formed from a high density paste 
and the magnitude of the ratio is essentially the re- 
sult of a progressively slower rate of increase of the 
positive plate potential with decreasing electrofor- 
mation rate. It is interesting to note that when a 
paste of low density, such as that used in test cells 
No. 22-30 (Table 111), is formed at temperatures 
below 1O0C, the a-:p-PbO. ratio in the positive ac- 
tive material no longer exhibits a maximum, but 
continues to increase as the electroforrnation rate 
is decreased. Apparently at low temperatures diffu- 
sion of the electrolyte throughout the positive paste 
is not a factor in determining the ratio even though 
the paste is of a relatively low density. 

Influence of electrolyte temperature.-Positive 
pastes of three densities were formed at three differ- 
ent temperatures at a rate of 5 amp (for 40 hr) in 
an electrolyte whose initial sp gr was 1.150. The 
composition of the positive plate material is shown 
in Table IV. The a-:p-PbO, ratio increases as the 
temperature of the electrolyte is raised, and the 
ratio is greater for the higher density pastes at all 
three of the temperatures investigated. The decrease 
in total PbO* with decrease in temperature, for a 
paste of a given density, agrees with the work of 
earlier investigators (12,13). A more detailed anal- 
ysis of positive material formed at three different 
temperatures is shown in Table V. The positive ma- 
terials described in Table V are those produced at a 
rate of 5 amp (for 40 hr) in an electrolyte whose 
initial specific gravity was 1.200. The "% Remain- 
der" listed in Table V is often referred to as "ap- 
parent" PbO. Even though only a part of this is 
really PbO, because both a- and B-PbOS are defi- 
cient in oxygen, the analytical data indicate that a 

Table V. Composition b f  positive material formed from pastes of 
various densities a t  various temperatures in electrolyte of 1.200 

cm a t  a 2.6 ma/cm%urrent density 

Density of 
Temperature positive 

of forma- paste. 
tion. 'C g/cc 

Composition of positive materlal 
Total % % % 

% PbOn PbSOa Free Pb Remainder 

of PbO within the pellet of positive active material 
after electroformation is a strong indication that 
the degree of electrolyte diffusion throughout the 
paste is a function of both the paste density and 
temperature of the developing electrolyte. 

The relationship between the composition of posi- 
tive plate material formed from pastes of two den- 
sities at two different rates and ( a )  the initial spe- 
cific gravity of the electrolyte and (b)  the temper- 
ature of the electrolyte during electroformation is 
illustrated in Fig. 3-6. The surface bounded by the 
solid lines in Fig. 3-6 represents the total per cent 
PbOs in the positive material. The surface bounded 
by the dotted lines represents the per cent a-PbO, 
in the positive material. The positive materials de- 
scribed in Fig. 3 and 4 were formed at the same rate 
but from paste of different densities. The higher 
a-PbOn plane in Fig. 4 is attributed to the higher 
density of the paste. The a-PbO, plane is generally 
lower in Fig. 5 than in Fig. 3, and this is attributed 
to the higher electroformation rate that was em- 
ployed in preparing the positive materials shown in 
Fig. 5. The density of the positive paste from which 
the materials shown in Fig. 3 and 5 were prepared 
was the same. The effect of positive paste density on 
the U-PbO, content of the positive material is again 
illustrated in Fig. 5 and 6. The a-PbOl plane is lower 
in Fig. 6 than in Fig. 4 because a greater electrofor- 

decrease in the temperature of development results 
in an increase in the amount of lead oxide in the 
positive material at each paste density level. X-ray 
diffraction analysis of the positive materials are in 
agreement with the chemical analyses. The presence 

Table IV. Composition of positive material formed from pastes of 
various densities o t  various temperatures in electrolyte of 1.150 sp gr 

a t  a 2.6 ma/in2 current desnity 

Composition of 
Density positive material 

Test of positive Temp. of Total u-:,5-PbOs 
Cell No. paste. g/ce electrolyte, 'C % PbOs ratio 

40 4.03 4 80.5 0.12 
41 4.03 24 86.0 0.25 

43 90.9 0.47 ' 42 4.03 
43 4.39 4 70.0 0.25 
44 4.39 24 84.5 0.66 
45 4.39 43 90.9 1.19 
46 4.70 4 63.7 0.47 
47 4.70 24 80.8 1.00 Fig. 3 .  Composition o f  positive material formed a t  a rate 
48 4.70 43 89.8 1.93 o f  5 a m p  for 4 0  hr  from ~ a s t e  o f  4 . 0 3  g/cc density. 
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Fig. 4. Composition of positive moteriol formed at a rote of 
5 amp for 40 hr from paste of 4.70 g/cc density. Fig. 6. Composition of positive moteriol formed at a rate 

of 20 amp for 10 hr from paste of 4.70 g/cc density. 

an extreme case where a high density paste, rich in 
PbO, is developed in a low gravity acid, the amount 
of unsulfated PbO present in the positive plate just 
prior to its development should be sufficient to 
maintain a fairly high pH within the paste during 
the first half of the developing period. This would 
favor the formation of large amounts of a-PbO*. At 
the other extreme, where a low density paste is 
developed in a high gravity acid, there would be 
only enough lead oxide reserve in the plate to main- 
tain a pH above 2 for a small portion of the devel- 
oping period. Under these conditions only relatively 
small amounts of a-PbO, would be formed. 

Manuscript received Oct. 27, 1960; revised manu- 
script received Jan. 12, 1961. This paper was prepared 
for delivery before the Houston Meeting, Oct. 9-13, 
1960. 

Fig. 5. Composition of positive moteriol formed at o rate Any discussion of this paper will appear in a Dis- 
of 20 amp for 10 hr from paste of 4.03 g/cc density. cussion Section to be published in the December 1961 
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ABSTRACT 

The discharge capacities of a-PbOl and p-PbOn at various discharge current 
densities have been measured. The capacity of a-PbOn is considerably lower 
than that of p-PbOn over the range of discharge rates employed in this work. 
The change in composition of the positive plate material during (a) initial SAE 
20-hr discharge, (b) successive SAE 20-hr discharge tests, (c) high rate dis- 
charge at 26.7" and at -18"C, and (d) stand at 26.7"C has been studied. The 
performance of the positive plate under the conditions of these tests can be 
related to the relative amounts of a-PbOl and p-PbOl in the positive material. 

The relationship between the composition of the 
positive plate material and some of its performance 
characteristics has been reported previously by sev- 
eral investigators (1-3). These earlier works were 
concerned with the total per cent PbO, and per cent 
"apparent" PbO and their influence on the discharge 
capacity and open-circuit reactions of the positive 
material. 

Two forms of PbO, have been found in positive 
plate material, a-Pb03 and &PbOn (4-7). The 
former is the orthorhombic and the latter is the 
more common tetragonal modification. It has been 
shown previously that the amounts of a- and 8-PbO* 
that are formed in the positive plate material vary 
with the (a) density of the positive paste, (b) spe- 
cific gravity of the developing acid, (c) rate of de- 
velopment, and (d) temperature of development 
(8). Positive material containing a-PbOz in amounts 
ranging from traces to 70% have been prepared (8). 

The work reported in this paper was carried out 
to determine the influence of a-PbO, on the per- 
formance of the positive plate. The change in the 
composition of the positive material, with respect 
to total PbO, B-PbO., and a-PbO, during discharge 
and stand was also investigated. 

Experimental Procedure 
Positive paste was prepared by blending a mix- 

ture of 70% lead oxide and 30% lead with water 
and sulfuric acid. The density of the pastes was 
measured by the method of Dittmann and Harner 
after the pastes had been applied to the supporting 
grid and cured (9). The pastes were cured at room 
temperature, or slightly above, during which time 
most of the free water was lost by evaporation and 
most of the free lead in the paste was converted to 
lead oxide. After curing, the pastes contained 3-5% 
free lead. The pastes were applied by hand pasting 
to 7% antimonial lead alloy grids. The grid alloy in 
the negative plates was the same as that in the posi- 
tive plates. Resin coated cotton linter separators 
were used in the construction of the battery ele- 
ments. 

*Present address: Dewey and Almy Chemical Co., W. R. Grace 
Cc., Cambridge. Mass. 

All of the positive plate samples were thoroughly 
washed in water and dried at 110°C in a vacuum 
oven prior to their chemical analysis. The total per 
cent PbO, was determined iodometrically (10). The 
relative amounts of a-PbO, and 8-PbO, in the posi- 
tive materials were determined by x-ray diffraction 
analysis (8). Each sample was digested in hot am- 
monium acetate solution, washed with hot water, 
and vacuum dried at llO°C before being subjected 
to x-ray diffraction analysis. A Norelco x-ray dif- 
fraction unit equipped with a goniometer, Geiger 
counter, and recorder was used in this investigation. 
Copper K-alpha radiation was employed in all of 
the analyses. The weight and composition of the 
positive material in a given plate or cell was as- 
sumed to be representative of that in the other 
plates or cells of that series in the same state of 
charge. 

The various aqueous solutions of sulfuric acid 
were prepared from commercial grade sulfuric acid 
whose specific gravity was 1.400. The concentrations 
of the acid solutions are expressed in terms of spe- 
cific gravity and these values have been corrected 
to 26.7OC. Alkaline electrolytes were prepared 
from Fisher Certified Reagent sodium hydroxide. 

Most of the batteries were subjected to the SAE 
20-hr test. In this test, the electrolyte in each cell 
is adjusted to a specific gravity of 1.285 and to a 
temperature of 26.7"C. The battery is then dis- 
charged at a rate equal to one-twentieth of its rated 
ampere-hour capacity in a water bath maintained 
at 26.7'C. The discharge is terminated when the 
voltage reaches 1.75 v/cell. 

Specific Experiments and Results 

Capacity of a- and &PbO, at various discharge 
current densities.--One group of cured positive 
plates containing paste of 4.52 g/cc density was 
soaked in 1N NaOH for 2 hr then developed as posi- 
tives in the alkaline electrolyte at a current density 
of 10 ma/cms (apparent positive plate area) for 96 
hr. The temperature of the electrolyte was main- 
tained at 27' * 2°C. Lead-antimony alloy grids were 
used as negatives in the developing process. The 
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PbO, formed in the positive plate under these con- 
ditions was identified as a-PbOl by x-ray diffraction 
analysis (4,7). 

A second group of the positive plates was allowed 
to stand in acid of 1.400 sp gr for 18 hr, then devel- 
oped as positives in 1.135 sp gr acid at a current 
density of 10 ma/cml (apparent positive plate area) 
for 18 hr and at a current density of 3 ma/cma for 
an additional 72 hr. The PbOa formed in the posi- 
tive plate under these conditions was practically 
pure &PbO,. Traces of a-PbO. which appeared in 
the material were attributed to the oxidation of free 
lead in the grid metal and in the paste. 

After electroformation, both groups of positive 
plates were washed and dried at llO°C in a vacuum 
oven. The positive material was removed from four 
of the plates prepared in the alkaline medium and 
from four of the plates prepared in the acid medium 
for chemical and x-ray diffraction analysis. Each of 
the remaining plates was weighed, soaked in acid 
of 1.260 sp gr for 1 hr and discharged in acid of the 
same specific gravity at 26.7"C. Two production dry 
charged negative plates which had been activated in 
1.260 acid were used in the discharge of each of the 
positive plates, and the amount of negative material 
in each of the cells was in sufficient excess to cause 
the positive plate to limit the discharge. Each dis- , 

charge was terminated when the voltage of the cell 
reached 1 v. After the discharge, each positive plate 
was stripped of its active material in hot mannitol 
solution, 10 g hydrazine dihydrochloride, 20 g man- 
nitol, 100 g sodium hydroxide, per liter of solution, 
and the weight of the supporting grid was deter- 
mined. 

The discharge capacities of a-PbO, and of &PbOp, 
containing traces of a-PbO, at four different dis- 
charge current densities and at 26.7"C are listed in 
Table I. The current densities are based on the ap- 
parent area of the positive plate, and the capacities 
are in units of ampere-hours per 453 g of PbOp pres- 
ent in the positive material. Each of the capacities 
cited in Table I is the average of three determina- 
tions. The discharge capacity of a-PbO. is consider- 
ably lower than that of 8-PbO, at all four current 
density levels. It was not ascertained in this work 
whether the difference between the discharge ca- 
pacities of the two forms of PbO, is due to their dif- 
ferent crystallographic forms or to a difference in 
the surface area and pore structure of the plates 
containing the two oxides. 

Discharge capacity of a- and 8-PbO* at the SAE 
20-hr rate.--One series of six, 11 plate, 55 amp-hr 

Table I. Discharge capacities of a- and 8-PbO. at 26.7'C 

Form of PbOn 

a-PbO, 
8-PbOn 
a-PbO* 
8-PbO* 
a-PbOl 
8-PbOl 
a-PbO* 
p-PbOs 

Discharge rate. 
ma/cml 

Discharge capacity. 
amp-hr/453 g of PbOs 

capacity cells was developed in 1N NaOH. The posi- 
tive plates were washed and dried and the plates 
from five of the cells were coupled with dry charged 
negative plates which had been activated in acid of 
1.285 sp gr. The five elements were placed in their 
appropriate battery case and electrolyte of 1.285 sp 
gr was added to each cell. After standing for 2 hr 
in their electrolyte, each of the five cells was sub- 
jected to the SAE 20-hr test. The weight and com- 
position of the positive material in the sixth cell 
was determined. The entire procedure was repeated 
with a second series of six cells. 

A third series of six cells, of the same type and 
capacity, was developed in acid of 1.135 sp gr after 
standing over night in 1.400 sp gr acid. The positive 
plates were coupled with dry charged negatives 
which had been activated in acid of 1.285 sp gr. Five 
of the cells were subjected to the SAE 20-hr dis- 
charge test. The weight and composition of the posi- 
tive material in the sixth cell was determined. The 
entire procedure was repeated with a fourth series 
of six cells. 

The results of the discharges indicate that the ca- 
pacity of a-PbO* is 50.0 f 0.3 amp-hr/453 g of 
a-PbO, present in the cell and that the capacity of 
8-PbO, containing traces of a-PbO,, is 78.0 2 0.2 
amp-hr/453 g of &PbOa in the cell. Positive plates 
of 0.060 in. thickness were used in the comparison of 
PbO, capacitites at the SAE 20-hr rate, and all of 
the discharges were limited by the positive plate. 

The measured SAE 20-hr capacities of a-PbO* 
and of 8-Pb02 can be used, with some accuracy, to 
calculate the SAE 20-hr capacity of a battery whose 
positive plate material contains a mixture of the 
two, assuming, of course, that the positive plate 
limits the discharge. Forty-four batteries, both 6-v 
and 12-v, of various ampere-hour capacities and 
containing positive plates whose thickness was in 
the range 0.060-0.080 in. were discharged according 
to SAE 20-hr discharge test specifications. One cell 
was removed from each battery prior to its dis- 
charge, and the weight and composition of the posi- 
tive material in those cells was determined. Positive 
pastes of various densities were incorporated in the 
batteries and the batteries were developed in elec- 
trolyte of various initial specific gravities and at 
different temperatures in order to produce positive 
plate materials of different a- and 8-PbO, contents 
(8). The average per cent deviation between the 
measured SAE 20-hr capacities and those calculated 
from the weights of a-PbO. and 8-PbO. in the cells 
and their individual capacities is 2.8%. A compari- 
son of the measured and calculated capacities of ten 
of the test batteries is shown in Table 11. 

It has been shown previously that the total per 
cent PbOI in the formed positive plate decreases as 
the temperature of electroformation is decreased 
(1,2,8). The ratio of a-:a-PbO* in the formed posi- 
tive plate also decreases as the temperature is low- 
ered (8). Hatfield and Brown have reported that 
the PbO, formed at the lower temperatures exhibits 
a greater initial capacity (1). When the relative ca- 
pacities of a- and 8-PbO* are considered it is not 
surprising that positive material formed at low tem- 
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Table 11. Measured and calculated SAE 20-hr discharge capacities 

g/cell amp-hr amp-hr 

aCalculated on the basis. 50 amp-hr/453 g of a-PbOz and 78 
amp-hr/453 g of 8-PbOs in battery cell. 

peratures and having a lower total PbOI and a-PbOl 
content has a greater capacity than positive material 
formed at high temperatures and having a higher 
total PbO* and a-PbO, content. The composition of 
positive material formed from the same paste but 
at two different temperatures and the measured and 
calculated SAE 20-hr capacities of batteries con- 
taining those positive materials are shown in Table 
111. While the positive material developed at 8°C 
contains less PbOs (total) than that developed at 
45'C, its measured and calculated SAE 20-hr ca- 

and cell No. 12 immediately after a third 20-hr 
discharge. The positive plates were taken from each 
cell as it was removed from the test circuit, and 
the weight and composition of the positive material 
in the cell was determined. 

The composition of the positive plate material at 
various stages of the SAE 20-hr discharge test is 
illustrated in Fig. 1. The data indicate that 8-PbO? 
discharges at a greater rate and to a greater extent 
than does a-PbO,. The difference could be due to the 
fact that the a-PbO, is located within the positive 
material pellet and its rate of discharge is retarded 
by the lack of available acid. 

The composition of positive plate material before 
and after three successive SAE 20-hr discharge tests 
is illustrated in Fig. 2. Although the a-PbO? content 
of the positive material decreases during the first 
discharge, it remains essentially constant during the 
subsequent charges and discharges. The amount of 
8-PbO, in the positive material after the second 
charging operation is greater than that initially 
present, and the increase is comparable to the de- 
crease in the a-PbOr content during the first dis- 
charge. Since 8-PbO, is formed from PbSO, during 
charge (6,7), the a-PbOn that is converted to PbSO, 
during a given discharge should fail to reappear on 
charging and should be replaced by a comparable 
amount of 8-PbO.. 

pacity is higher. The greater capacity, in terms of 
ampere-hours per 453 g of PbO, of positive mate- jm 
rial formed at low temperatures, as noted by Hat- $ 
field and Brown, is due to the reduced a-:8-PbOa 3- 
ratio in the material. Y 

Change in positive plate composition during the 
SAE discharge test.-A series of twelve 11 plate, 60 
amp-hr capacity cells was assembled from mated 
positive and negative plates. The elements were g 
placed in their appropriate battery cases and devel- * 
oped in acid whose initial specific gravity was 1.135. 

was carried Out at an l1 amp rate Fig. 1. Composition of positive material a t  various stages 
for 18 hr at 60°C. Each cell was then made ready for of the SAE 20-hr discharge test. 
the SAE 20-hr test. Cell No. 1 was removed from 
the test circuit 5 min before the discharge was 
started and cells No. 2 through No. 7 were removed 
from the discharge circuit at various time intervals 
during the test. Cell No. 8 was removed at the end 
of the discharge. The four remaining cells were fully 
charged and cell No. 9 was removed just before and 
cell No. 10 immediately after the second 20-hr dis- 
charge test. The two remaining cells were again 
fully charged. Cell No. 11 was removed just before 

Table Ill. Positive material formed from paste of 4.03 g/cc density 
in electrolyte of 1.200 sp gr at a current density of 5.2 ma/cma 

and at 2 temperatures 

Positive Positive 
material material 

b "  
Dearniption of formed formed 

positive material at 8.C at45.C 
I" 

Wt of positive material &cell 429 443 
Wt of 8-PbOs g/cell 335 259 o I I I I I I 

0 116 C U U  m- C Y  D.N c*L mum. 
Wt of a-PbO, g/cell I.. mum. I-w MR. D - ~ U I .  

SAE 20-hr capacity measured 
amp-hr 58.1 57.6 Fig. 2 .  Composition of positive material before and after 

Calculated amp-hr 57.6 57.3 successive SAE 20-hr discharge tests. 
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Fig. 3. Composition of positive material, originally rich in 
a-PbU, before and after successive SAE 20-hr discharge tests. 

The change in the composition of positive material 
rich in a-PbO, during successive SAE 20-hr dis- 
charge tests is illustrated in Fig. 3. The positive 
plates employed in this work were formed in 1N 
NaOH, washed and dried prior to their assembly 
into 11 plate, 60 amp-hr capacity elements. The 
amount of a-PbOn that undergoes discharge de- 
creases with each successive discharge. The a-PbO, 
content of the positive material does not change ap- 
preciably during the charging operations. The 
8-PbO, content increases with each successive 
charging operation, and each increase is roughly 
comparable to the decrease exhibited by the a-PbOa 
during the previous discharge. The small amount of 
8-PbO, found in the positive material before the 
first discharge is probably the result of the charge 
given the plates in the acid electrolyte prior to the 
test. X-ray diffraction analyses of positive plate 
material developed in alkaline solutions have al- 
ways indicated that small amounts of PbO were 
present. It is reasonable to assume that during the 
charging of the plates in the acid electrolyte the PbO 
forms PbSO, and this in turn is converted to 8-PbO,. 

The data in Fig. 2 and 3 indicate that the a-PbOl 
content eventually reaches a steady level during 
successive SAE 20-hr tests and that this level is de- 
pendent on the initial amounts of a-PbO, and 
8-PbO, in the positive material. It is common lab- 
oratory practice to subject a test battery to two, and 
sometimes three, successive SAE 20-hr discharge 
tests. Very often the capacity of the second dis- 
charge is greater than that of the first. In some 
cases there is very little difference between the 
first and second discharge capacities. In a few in- 
stances the second discharge capacity is lower than 
the first. ' Batteries containing positive material in 
which the initial a-:B-PbOn ratio is similar to or 
higher than that pictured in Fig. 2 should exhibit 
an increase in capacity during the second discharge. 
When the amount of U-PbQ in the positive material 
is low, the second discharge capacity is apt to be 
the same as the first. A loss in SAE 20-hr capacity 

with successive discharges cannot be accounted for 
on the basis of the a- and 8-PbO, content of the 
positive plate material. 

High rate discharge capacity of mistures of a- and 
8-PbO=.-Mated pairs of 11 plate, 60 amp-hr ca- 
pacity, cells containing positive paste of two den- 
sities, 4.09 and 4.82 g/cc, were developed in elec- 
trolyte of three different initial specific gravities to 
produce positive material of various a- and 8-Pb02 
content (8). The specific gravity of the electrolyte 
in each cell was adjusted to 1.260, and one cell of 
each pair was dismantled and the positive plate ma- 
terial was weighed and analyzed. The other cells 
were discharged at a 300 amp rate at 27" and at 
-18°C. Oversized negatives were used in each cell 
so that the discharges were limited by the positive 
plate. 

The capacities of U-PbO, and &PbO, when dis- 
charged at a 300 amp rate (156 ma/cma, apparent 
positive plate area) are listed in Table IV. The indi- 
vidual capacities of a- and 8-PbOs were obtained by 
solving simultaneous equations containing the meas- 
ured capacity of each cell and the amounts of a- 
and 8-PbOp in each cell just prior to its discharge. 
The major portion of the total capacity of the posi- 
tive plate is contributed by the 8-PbO. during a 
high rate discharge. The discharge capacities of both 
a- and 8-PbO* are lowered when the density of the 
paste from which the positive material is formed is 
increased. This is probably the result of the decrease 
in the porosity of the positive material with increase 
in its density. The effect of paste density on the 
capacities of a- and B-PbO, is not noticeable at the 
SAE 20-hr discharge rate. The capacities listed in 
the first line of Table IV are in good agreement 
with those presented in Table I. Capacities of 17 
and 29 amp-hr for U- and 8-PbO,, respectively, 
would have been predicted by interpolating the data 
in Table I. 

Change in positive plate composition during wet 
storage.-Fifteen plate, 105 amp-hr elements were 
asembled from mated positive and negative pasted 
plates. The elements were formed in their appropri- 
ate battery cases under identical conditions, tem- 
perature, initial specific gravity of electrolyte, and 
electroformation rate. The specific gravity of the 
electrolyte in each cell was adjusted to 1.280 and 
the cells were allowed to stand at 26.7"C. The 
weight and composition of the positive plate mate- 
rial was determined after various periods of stand 
and after recharge following the various periods of 
stand, The SAE 20-hr discharge capacities after 0, 
10, 30, and 60 day stand periods and recharge were 
also measured. 

Table IV. Discharge capacities of a-PbOs and ,!I-PbOs at a 
300 amp rate 

Discharge capacity 
Density amp-hr/453 g of 

Temperature of of positive PbOz in cell 
discharge, 'C  paste, g/cc B-PbOs o-PbO* 
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Fig. 4. Composition of positive material after various periods 
of stand at 26.7'C and in electrolyte of 1.280 initial sp gr. 

The composition of positive plate material after 
various periods of stand at 26.7"C is shown in Fig. 4. 
The high a-PbOs content of the positive material 
is not surprising since the cells contained positive 
paste of high density (4.64 g/cc) and were formed 
in electrolyte of low initial specific gravity (1.050) 
(8). The measured decrease in amount of total PbOI 
in the positive material was 108 g over the 60-day 
period. If it is assumed that the PbO, was converted 
to PbSO,, the weight of the positive plate material 
should have increased by 29 g. The measured gain in 
weight of the positive material was 27 g. Of the 108 
g of PbO, that was converted to PbSO, during the 
60-day stand period, 72 g was a-PbO, and 36 g was 
8-PbO,. The rate of conversion of a-PbO, to PbSO. 
in aqueous sulfuric acid has been observed to be ap- 
proximately twice that of pure pPbOI at 26.ToC, 
and the reactions appear to be first order with re- 
spect to the concentration of the sulfate ion (11). 
Greenburg and Caldwell have shown that the rate 
of self-discharge of the positive plate, at 24°C and 
in 1.280 sp gr electrolyte, decreases with increasing 
temperature of formation (2). As the temperature 
of formation is lowered from 27' to 7OC one might 
expect an increase in the self-discharge rate because 
of the increasing amounts of PbO that appear in the 
formed positive material (2,8). However, there is a 
conflict between the earlier data (2) and that pre- 
sented here, when the formation temperature range 
of 27"-49°C is considered. The rate of sulfation 
would be expected to increase as the temperature is 
raised from 27'C to 49°F. Although the amount of 
PbO in the formed plate is small in this range of 
formation temperatures, the amount of a-PbO, that 
is formed increases steadily (8). 

Ruetschi and Angstadt have shown that a positive 
plate that has been given a single discharge and 
recharge undergoes self-discharge at a lower rate 
than one that has not been given such a cycle (3). 
As a result of the one cycle, the total per cent 
PbO, in the positive plate increased from 92% to 
94%. The difference in self-discharge rate can be 
attributed to the cycling operation which would 
reduce the n-PbOl and increase the 8-PbOl content 

of the positive plate. The reported increase in the 
total per cent PbO. after the one cycle tends to sub- 
stantiate this. Alpha-PbOl, as it is formed in the 
positive plate, is more deficient in oxygen than 
8-PbOn (11). As the a-PbOn is replaced by 8-PbO,, 
the total PbO. content rises. 

The fact that a-PbO. undergoes discharge at a 
slower rate than 6-Pb08 during the SAE 20-hr test 
(Fig. 1) and the fact that a-PbO, undergoes self- 
discharge at a faster rate than j3-Pb0, are not nec- 
essarily contradictory. Since a-PbO, is located 
within the pellet of the positive material, its rate of 
discharge will be retarded because of the limited 
amount of acid available for discharge. The self-dis- 
charge test is conducted over a long period of time, 
and the availability of the electrolyte for reaction 
is not a problem. 

The composition of the positive plate material that 
had been on stand for various periods of time at 
26.7OC then recharged is illustrated in Fig. 5. The 
total PbO, exhibits a gradual increase as the time 
of stand, prior to recharge, increases. The weight of 
,9-PbO, in the recharged positive plate also rises 
linearily with time of stand, prior to recharge. The 
weight of a-PbO* in the recharged material de- 
creases with time of stand. The amount of a-PbO, in 
the positive material after each period of stand was 
not altered appreciably by the subsequent charging 
operation. 

It is well known that wet and charged batteries 
exhibit a better SAE 20-hr discharge capacity if 
they are fully charged, allowed to stand for several 
days, then recharged, prior to the discharge test. 
The SAE 20-hr capacities of cells that had been on 
stand at 26.7'C for 0, 10, 30, and 60 day periods, 
.and recharged, steadily increased as the time of 

Fig. 5. Composition of positive material which had been 
allowed to stond for various periods of time at 26.7"C ond 
which had been fully charged following the stond periods. 
Initial specific gravity of electrolyte, 1.280. 
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stand increased. This increase appears to be the di- 
rect result of the positive plate gaining capacity by 
way of increasing its 8-PbO, content. The increase 
in capacity which occurs as a result of storage has 
been attributed previously to the decrease in den- 
sity of the positive plate material (12). 

Effect of positive plate composition on SAE over- 
charge and cycle life p e r j m n c e . - S i x  volt, 15 
plate, 105 amp-hr capacity batteries were assembled 
from mated positive plates that had been developed 
in 1N NaOH, washed and dried and mated dry 
charged negative plates. The cells were filled with 
1.265 sp gr acid and allowed to stand 1 hr. Two of 
the batteries were placed on SAE Overcharge Life 
Test and two were placed on SAE Cycle Life Test. 

The performance during SAE overcharge life of 
two batteries (No. 5 and No. 6) which contained 
positive material developed in 1N NaOH is shown in 
Fig. 6. Both batteries far exceeded the SAE over- 
charge life requirement for the particular type of 
battery as well as the average overcharge life of 
six, acid developed, production batteries (Fig. 6). 
Battery No. 5 failed earlier in the test than did No. 
6 because of a premature separator breakdown. 
During the course of their SAE overcharge life test, 
the batteries were discharged once a week for a 
period of 30 sec at a 300 amp rate. When the 30 sec 
voltage fell below the required value of 3.60 v, the 
batteries were said to have failed. Each weekly dis- 
charge removed 2.5 amp-hr capacity. During the 
first few discharges and recharges the a-PbO* con- 
tent of the positive plate should decrease and the 
8-PbO, content should increase. However, as the 
amount of 8-PbO* increases it should take on more 
of the burden of the discharge, especially when the 
discharge rate is high. It is conceivable that the 
a-:p-PbO, ratio in the positive material could be- 
come fairly constant and that the amount of a-PbO, 
could remain at a rather high level. 

It has been reported previously that positive grid 
corrosion during overcharge is greatly influenced by 
the potential of the positive plate (13). The positive 
plate potential of batteries No. 5 and No. 6 (Fig. 6) 
were measured periodically during the first five 

Fig. 6. SAE overcharge life performance of stondord pro- 
duction batteries and of batteries contoining large amounts 
of a-Pbo,. 

weeks of the overcharge test and averaged 2.42 v/ 
cell (vs. cadmium). The positive plate potential of 
the six production batteries which were on test at 
the same time averaged 2.47 v/cell (vs. cadmium). 
Lander's data show that this difference in positive 
plate potential can reduce the corrosion rate of the 
positive grid by as much as 80% during SAE over- 
charge life (13). The exceptionally long overcharge 
life of the two test batteries (No. 5 and No. 6, Fig. 
6) can be attributed, in part at least, to the lower 
rate of positive grid corrosion resulting from the 
lower positive plate potential. It has been shown 
that the oxygen overvoltage on a-PbOa is lower 
than that on &PbOs (14). During corrosion studies 
of lead and certain of its alloys the oxygen over- 
voltage has been observed to decrease as the amount 
of a-PbO, in the corrosion layer increases (15). The 
high concentration of a-PbO* in the positive plate 
material in batteries No. 5 and No. 6 could be re- 
sponsible for the lower positive plate potential. In 
actual laboratory practice a battery is subjected to 
two or more SAE 20-hr discharge tests before it is 
placed on the SAE overcharge life test. This type of 
cycle (or cycles) is deep enough to reduce the 
a-PbOa content to a level where its effect on the 
positive plate potential is difficult to measure. 

The SAE cycle life performance of batteries No. 7 
and No. 8 which contained positive material rich in 
a-PbO, is shown in Fig. 7. Since the performance of 
battery No. 7 was very similar to that of No. 8, it 
was excluded from Fig. 7. The discharge capacities 
cited in Fig. 7 are those obtained by periodically 
discharging the batteries at a 40 amp rate to an out 
voltage of 5.10 v. Each SAE life cycle includes a dis- 
charge at a 40 amp rate for 1 hr and a charge at 
a 10 amp rate for 5 hr. The rise in capacity of bat- 
tery No. 8 (and No. 7) early in the test can be at- 
tributed to the conversion of a-PbO, to &PbOl by 
the repeated discharge and charge processes. Since 
the discharges during the test are not as deep as the 
20-hr discharge and since the rate of discharge is 
considerably higher than that of the SAE 20-hr test, 
the conversion of a-PbO, to 6-PbOl is relatively slow 
and a large number of cycles is required before a 
stable a-:B-PbOP ratio is attained in the positive 
plate material. 

Fig. 7. SAE life cycle performance of standard production 
batteries and of batteries contoining large amounts of a-PbG. 
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Battery No. 4 (Fig. 7) was originally rich in REFERENCES 
a-PbOl but given two successive SAE 20-hr discharge 
tests before being placed on test. The preliminary 
treatment apparently reduced the a-PbOs content of 
the positive material to a level comparable to that 
in the acid developed production batteries. The six 
production batteries, the performances of which are 
averaged in Fig. 7, were also subjected to two SAE 
20-hr discharges before being placed on the SAE 
cycle life test. Battery No. 8 (and No. 7) exhibited a 
slightly longer life than the average We of the six 
production batteries and the life of battery No. 4. 
This could be due to a lower rate of positive grid 
corrosion during the overcharge portion of the first 
25-50 life cycles, when a-PbO, was the predominant 
species of PbO, in the positive plate material of bat- 
tery No. 8. 

Manuscript received Nov. 10, 1960; revised manu- 
script received Jan. 17, 1961. This paper was prepared 
for delivery before the Houston Meeting, Oct. 9-13, 
1960. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1961 
JOURNAL. 
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Inhibition by Ferric Sulfate of the Dissolution of 
Iron and Stainless Steel 

Metals Research Laboratories, Union Carbide Metals Company, Niagara Falls, New York 

ABSTRACT 

Potentiostatic polarization experiments with type 410 stainless steel in ferric 
sulfate solutions show that the reduction curve for inhibitor and the oxidation 
curve of the metal can be superimposed without distortion from the corrosion 
potential to the mixed potential established by the inhibitor. The inhibitor 
concentration required to produce passivity is determined by the critical cur- 
rent density of the metal; it exceeds the concentration required to maintain 
passivity by about two orders of magnitude. Ferric ion does not protect pure 
iron in acid solution because of the very large critical current density of this 
metal. However, an iron electrode first made passive with impressed anodic 
current remains passive in ferric sulfate solutions after the current is discon- 
tinued. In this sense ferric ion is an inhibitor for pure iron as well as for stain- 
less steel. 

Stern (1) discussed inhibition of metal dissolu- 
tion by oxidizing substances on the simple assump- 
tion that the (anodic) polarization curve of the 
metal and the reduction curve of the inhibitor are 
superimposed without distortion. Makrides and 
Stern (2) showed this assumption to be valid for 
inhibition by ferric sulfate of the dissolution of type 
410 stainless steel in N &SO,. In the active potential 
region, i.e., at  potentials more negative than the 
primary passive potential (E,,), ferric ion is re- 
duced at  a diffusion-limited rate. I t  increases con- 
sequently the dissolution rate of a freely corroding 
electrode by providing an additional cathodic reac- 
tion besides hydrogen evolution. The dissolution rate 

1Present address: Field Research Laboratory. Socony Mobll Oil 
Company, Dallas, Texas. 

increases with ferric ion concentration and flow 
velocity until some equivalent current is exceeded 
beyond which the electrode becomes passive. This 
current is the same as the critical current found by 
anodic polarization. The anodic polarization curve 
of the stainless steel in the active region is not af- 
fected by ferric ion. The primary passive potential is 
unaffected also (2). 

The potential assumed by the electrode in the 
passive state is a mixed potential involving the cou- 
ples Fe+++/Fe++ and M'"/M. I t  approaches the re- 
versible potential of the ferric couple when the cor- 
rosion current in the passive state is negligible in 
comparison to the FeW+/Fe++ exchange current (2). 

The potential region between the active and the 
passive states was not examined in any detail pre- 
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Fig. 1 .  Superposition of inhibitor reduction curves on the 
anodic curve of the metal. The potential corresponding to the 
current maximum of the anodic polarization curve is the pri- 
mary passive potential, E,.. The vertical lines give diffusion- 
limited reduction currents. Curves 1 and 2 are for the same 
flow velocity but for different inhibitor concentrations, 
Cz > CI. Curves 2 ond 3 are for the same concentration but 
for different flow velocities, V, > V,. The mixed potential in 
the passive region is given by the point of intersection of the 
inhibitor reduction curve and the anodic metal oxidation 
curve. It is generally more negative than the reversible poten- 
tial of the inhibitor redox couple, but may coincide with it if 
the metol oxidation current is negligible compared with the 
exchange current of the redox couple. 

viously. In constructing a diagram similar to that 
in Fig. 1, it was assumed that the reduction curve 
for ferric ion was the same down to potentials close 
to E,,. However, it was recognized that this assump- 
tion might not be rigorously correct if the nature of 
the passive film changed in a major way in this re- 
gion. The previous extrapolation to potentials close 
to En, is shown here to be justified. It also is shown 
that ferric ion has no specific effect on the anodic 
polarization curve of the metal in this potential 
range. Similar work with pure iron showed that it is 
protected also by ferric ion under certain conditions. 
This result suggests that differences in the interac- 
tion of pure iron and type 410 stainless steel with 
ferric ion are caused mainly by the widely different 
critical current densities of the two metals. 

Results and Discussion 
The experimental arrangement has been reported 

(293). 
To study the effect of ferric ion on the transition 

between the active and the passive states, condi- 
tions were chosen corresponding to curve 1 in Fig. 1. 
In this case, a potentiostatic curve traced from 
E > E,... to the corrosion potential should exhibit a 
"negative loop," i.e., the electrode should be a cath- 
ode between E,... and the potential corresponding to 
point c. 

The diffusion-limited current density for ferric 
ion reduction changes with concentration and flow 
velocity according to 

i. = nFkc 

where n is the number of equivalents per mole of 
oxidant, F is Faraday's constant, and k a rate con- 
stant which depends on flow velocity. The desired 

Fig. 2. A potentiostatic polarization curve for type 410 
stainless steel in 0.52N H83, + 0.08M Nad01 + 0.014N 
FedSO.)s at 30'C and a linear flow velocity of 5 0  cm/sec. At 
potentials indicated by open circles the electrode was on anode 
while at those shown by triangles (dashed curve) it functioned 
0s a cathode. 

conditions can be obtained therefore by adjusting 
the flow velocity and the concentration. 

The critical current density of type 410 stainless 
steel in 0.5N H,SO, without ferric ion is 18 - 20 x 
10" amp/cmp. Selecting a linear velocity of 50 cm/ 
sec (k = 2.0 X lo* cm/sec) and a ferric ion con- 
centration of 0.014 equiv/l, we find ia = 2.7 X lod 
amp/cma. These conditions are similar to those de- 
picted in curve 1 of Fig. 1. 

After a potential of +0.55 v us. S.C.E. was 
reached in the anodic potentiostatic run, ferric ion 
was added to the concentration noted above, and 
the polarization curve was traced from E = 0.55 v 
to E,.,.. In the potential region +0.260 to -0.205 v 
the electrode was a cathode as anticipated (Fig. 2). 

A cathodic polarization curve for reduction of 
ferric ion can be derived from the data in Fig. 2. At 
any potential, 

where i. is the reduction current for Fe+++, and i.. the 
(anodic) oxidation current of the alloy. The ap- 
plied current, i.,,,, is taken to be negative when the 
electrode is a cathode and positive when an anode. 
The oxidation current at any given potential is given 
from the anodic curve traced in the absence of fer- 
ric ion [see Fig. 9, ref. (2)]. Using these values, we 
find that the Tafel curve for ferric ion reduction 
(Fig. 3) is given by 

with i. in amp/cma. Here 7 = E - E"' is the over- 
potential and 2 X 10" is the exchange current (i. = 
i. = 2 X 10" at TJ = 0). We can compare this result 
with previous measurements (2) on type 410 stain- 
less steel electrodes which were passive in ferric 
solutions for about two weeks. During this period 
the oxidation current in the upper section of the 
anodic polarization curve decayed to a small value 
(-lod amp/cmg). Consequently, i, was negligible 
in the potential region 0.5 to 0.2 v and i, was equal 
to -i,,. The polarization curve obtained for sub- 
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I, mi,, -I.,pl-EQUIVALENT REDUCTION CURRENT OF F.**' 
Iarnpslcrn2 I 

Fig. 3. Polarization curve for reduction of ferric ion on 
type 410 stainless steel derived from data given in Fig. 4. 
The Tafel equation is q = -0.16 log (iJ2 x 10"). 

stantially the same Fe"' and Fe" concentrations was 

i. 
q = -0.155 log - 

3 X 10" 

in good agreement with our present result. Thus, 
the electrochemical parameters for ferric ion re- 
duction are the same down to potentials close to E,,. 
Therefore extrapolation of reduction curves to such 
potentials is justified (2). This agreement shows 
also that the anodic polarization curve of the metal 
is not changed by ferric ion in this potential region. 

Deviations from Tafel behavior occur at both ends 
of the plot in Fig. 3. At small currents and positive 
potentials these are probably due to a relatively 
rapid decay of the (anodic) oxidation current with 
time (4). Since we assumed that the anodic curve 
did not change appreciably during our measure- 
ment, the actual cathodic current is probably less 
than calculated. Positive deviations from the Tafel 
line therefore are expected as observed. 

Deviations at large current densities are caused 
by concentration polarization. When ferric ion re- 
duction approaches its diffusion-limited value (po- 
tentials close to -0.2 v) concentration overvoltage 
becomes appreciable. The diffusion-limited current 
is independent of potential. It is estimated from the 
vertical section of Fig. 5 as 3.2 x 10- amp/cma in fair 
agreement with 2.7 x loa amp/cms calculated from 
the rate constant and the ferric ion concentration 
(see above). 

These results confirm and extend our previous 
conclusion (2) that ferric ion has no specific effect 
on the anodic polarization curve. Therefore, the min- 
imum inhibitor concentration required to induce 
passivity as well as that to maintain it can be cal- 
culated from the anodic polarization curve. The first 
is the concentration at which the equivalent reduc- 
tion current exceeds the critical current (1,2), 
while the second is the minimum concentration at 
which a mixed potential in the passive region is 
stable (i.., = i.. at E > E,,). The large difference 
between these current requirements suggests that 
protection may be achieved at very small oxidant 
concentrations provided the electrode is made pas- 
sive first by anodic polarization. We found that the 
concentrations necessary to maintain and to produce 

Fig 4. Potentiostatic polarization curve for iron in stagnant 
0.1N H ~ O I  + O.3M Na2.0. at 0°C. The hysteresis loop is 
probably due to concentration and ohmic overpotentials which 
are significant on the oscending branch. The opporent critic01 
current density, here lo-' amp/cmq increases with stirring. 

a passive state with type 410 stainless steel in 0.5N 
&SO. were approximately in the ratio 1: 100.1 The 
possibility then suggested itself that, although fer- 
ric ion does not passivate pure iron, it may maintain 
an iron electrode passive if the electrode were polar- 
ized first anodically to a passive potential. This ex- 
pectation was borne out by the experiments re- 
ported below. 

Inhibition of iron dissolution.-Iron shows an ab- 
rupt transition to a passive state at a potential about 
10.2 to 10.3 v us. S.C.E. The potentiostatic polari- 
zation curve for iron in stagnant 0.1N H,SO, + 0.3M 
Na,SO, at 0°C is given in Fig. 4. The solution com- 
position and temperature were selected to reduce 
the critical current density to an experimentally 
convenient value. The critical current density for 
type 410 stainless steel under the same conditions 
is only 1.3 x 10a amp/cm: while its primary passive 
potential is -0.420 v us. S.C.E. 

The hysteresis loop is probably due to concentra- 
tion and ohmic overpotentials. These are appreciable 
at the high current densities of the ascending branch 
but negligible on the descending branch. The pri- 
mary passive potential obtained from the descend- 
ing branch, +0.22 v us. S.C.E., coincides with the 
potential arrest (Flade potential) found on open- 
circuit decay from the passive to the active state. 

Figure 4 demonstrates why it is difficult, if not 
impossible, to passivate pure iron with ferric ion. 
The rate constant for diffusion in stagnant solutions 
is k - lod cm/sec; to exceed 10' amp/cm2 we re- 
quire a ferric ion concentration of about 10' M/1. 
Even at this concentration, were it attainable, it is 
unlikely that iron would become passive. Anodic 
passivation of iron in sulfuric acid solutions of 
moderate concentration is preceded by precipitation 
of a nonconducting layer of ferrous sulfate which 
restricts the applied current to small pores in the 
layer (5). The actual current density at which the 
passive film is produced has been estimated at about 

asince the reduction current in the active region increases with 
flow velocity (diffusion-limited rate) while in the 'passive region 
it is Independent of velocity (activation controlled rate) this ratio 
changes with flow conditions. In stagnant solutions it is about 
1:1000. 
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17 amp/cmP (5). With ferric ion the maximum cur- 
rent density cannot exceed the equivalent diffusion 
current.. Thus, in reality, we require a current of 
about 2 x 10' amp/cma in the pores of a sulfate layer 
where diffusion is bound to be considerably slower 
than for a bare surface.' 

While it was unlikely that ferric ion could pas- 
sivate iron, it was thought probable that it would 
maintain it passive. The Fe+"/Fe" reversible redox 
potential is about 0.2 v more positive than the po- 
tential at which passivity of iron breaks down. All 
that is required here is that the reduction current be 
at least equal to the metal oxidation current at po- 
tentials more positive than the Flade potential. This 
current is only about lod amp/cmq (Fig. 4). 

Experiments with a pure iron electrode in 0.1N 
&SO, + 0.1M NaSO, + 0.036M FeSO, at 40°C are 
shown in Fig. 5.6 The potential was displaced in a 
positive direction on addition of ferric ion (0.36 
equiv/l) ; however, the electrode remained active 
and dissolved at a high rate. It then was passivated 
by applying an anodic current, i. = 4.10" amp/cm', 
from a constant current source. The current was re- 
duced subsequently to lod amp/cma and maintained 
at this value while the ferrous sulfate layer dis- 
solved (-5 min). The current then was discon- 
tinued. The electrode remained passive at -0.08 v 
with respect to the reversible ~ e + ' + / ~ e + +  potential 
(+0.492 v vs. S.C.E.). The potential of the iron elec- 

a Thls argument does not Imply that iron would not become pas- 
sive In other oxldlzing solutions. The difference is, of course, that 
the ferrous salt is stable in the solutions considered here whlle It 
is not in oxidilng solutlona which spontaneously passivate iron. 
e.g., concentrated nitric acid. 

The equivalent reductlon rate of ferrfc ion is incnaaed several- 
fold by stirring. The apparent crftlcal current density for passivat- 
ing iron also increases with atlrrlng because of a hlgher rate of 
removal of ferrous ion from the interface. If a t  h u h  velocitles pre- 
cipitation of ferrous ion la prevented, the apparent and actual 
critical current densities should coincide at  about 17 amp/cmn. 
This may be wlthln the range of reduction currents obtainable at  
such velocities. Far example, we estimate k - 10-1 cm/sec at  1000 
cm/sec, so that LC - 20 amp/cm' at a ferric ion concentratlon of 
about 2 M/1. However, this conclusion is uncertain because of ex- 
cessive surface roughening at these current densities [see ref. (6)  I .  
In any ease, velocities of this magnitude could not be obtained in 
our cell. 

5 The Fe+++/Fe++ exchange current increases more rapidly with 
temperature than the dissolution current for passive iron. Hlgher 
temperatures consequently favor stability of the mlxed mtential 
established by ferrlc Ion in the pasdve region. 
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Fig. 5. Potential of an iron electrode in 0.1N HSOI + 
0.1M NarS01 + 0.036M FeSO. + 0.36N Fe.(SO').. The elec- 
trode was passivated by applying on anodic current i. = 4 x 
lo-' amp/cml. The current then was reduced to 1 Od amp/cmS 
and discontinued after 3 min. The electrode remained passive 
for the next 280 hr with o dissolution rate of about 10d 
omp/cm'. It subsequently was activated by a cathodic current 
i. = 7 x 104 amp/cma. 

I(ernps/crn') 

Fig. 6. Anodic and cathodic polarization curves on passive 
iron in 0.1N H&OI + 0.1M NalS01 + 0.036M FeSO, + 
0.36N Fea(SOJs at 40'C. The anodic curve, 1, was obtained 
by increasing the current density relatively rapidly (1 min for 
each point). Curve 2 was the descending branch obtained after 
the electrode reached a steady potential at a current density of 
about lo4 amp/cma. 

trode slowly became more positive and was -0.010 
v with respect to E,.+++,,.++"' at the end of 280 hr. 
The corrosion current at this potential was about 
10.' amp/cma. The electrode then was activated by a 
cathodic current of 7 x lo4 amp/cm9. These data 
show that iron can be protected by ferric ion pro- 
vided it is made passive first with impressed current 
from an external source. Thus, differences in the in- 
teraction of ferric ion with stainless steel and with 
iron are mainly the result of different critical cur- 
rent densities for the two metals. 

Polarization measurements on passive iron are 
shown in Fig. 6. The cathodic curve follows a Tafel 
equation 

i 
7 = -0.090 log 

1.4 X lo4 

with i in amp/cma. The apparent' exchange current 
(i.' = 1.4 X lod amp/cma) is larger than that given 
above for type 410 stainless steel since the Fe- and 
Fe++ concentrations were larger. The two exchange 
currents are of the same order when allowances are 
made for the difference in concentrations and tem- 
perature. 

Two anodic curves are shown in Fig. 6. Curve 1 
is for increasing and curve 2 for decreasing current 

eUApparent" because corrections for metal oxidation have not 
been made in calculating the Tafel conatants. Theae are discugled 
below. 
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densities. The discrepancy between the two curves 
is due probably to changes of the dissolution rate of 
iron. Part of the applied current on anodic polariza- 
tion goes into oxidation of iron so that a plot of i.,,, 
vs.  E does not give directly the polarization curve 
for Fe++ oxidation.' The passive film apparently 
thickens on anodic polarization and the metal oxi- 
dation current decreases. The potential at any fixed 
current density drifts therefore to more positive 
values. If relatively rapid measurements are made, 
curve 1 in Fig. 6 is obtained. Curve 2 of Fig. 6 is ob- 
tained by letting the potential reach its steady value 
at a relatively high anodic current density (i .- lo4 
amp/cma) and then decreasing the current stepwise. 
The drift of potential almost disappears (less than 
1 mv/min) . 

Curve 2 probably refers to a thicker film than 
curve 1. The film thickness apparently does not 
change very much during run 2. Since the metal 
oxidation current decreases with film thickness, 
curve 2 should come closer to the oxidation curve 
for ferrous ion (shift to the left in Fig. 6). This argu- 
ment is supported by the displacement of the resting 
potential, E,..., to more positive values. The differ- 
ence Ere'- E,... is a measure of the metal oxidation 
current and its decrease reflects the decrease in 
metal oxidation.' Fairly accurate polarization curves 
for both Fe+++ reduction and Fe" oxidation can be 
derived from these data if corrections are made for 
metal oxidation along the lines suggested above. 
This analysis is, however, outside the scope of this 
paper and will not be pursued further here. 

General Discussion 
The results above demonstrate that if the inhib- 

itor reduction current is less than the critical cur- 
rent, mixed potentials are stable in both the active 
and the passive region. The electrode assumes one 
or the other depending on circumstances. For ex- 
ample, if the metal is initially active, addition of 
inhibitor to a concentration C, (Fig. 1) gives a 
stable potential in the active region and an in- 
creased corrosion rate [point (a)]. If an anodic cur- 
rent is impressed through an auxiliary electrode so 
that the sum of the inhibitor reduction current and 
the applied current exceeds the critical current, 
the metal becomes passive and remains passive at 
point (b) when the current is discontinued. 

There is a third point of intersection of anodic 
and cathodic curves under these circumstances 
[point (c) of curve 1 in Fig. 11 at which the anodic 
and cathodic partial currents are equal. However, 
the corresponding potential is unstable relative to 
small displacements in either direction. For ex- 
ample, if there is small positive fluctuation to c + SC, 
the anodic rate decreases while the cathodic rate 
remains about the same? The resulting inequality 
in rates makes the potential even more positive 
since it produces a net deficiency of electrons in the 

lThe metal oxidation current (corrosion current) at the resting 
potential h approximately equal to the (anodic) applled current 
necessary to dlsplace the mixed potential to 7 = 0. It is estlmated 
to be 10 to 20 pa/cm9. 

8The resting potentlal reverts eventually to its orlginal value as 
the film returns to its steady-state thickness. 

oIt actually decreases somewhat which contributes further to 
electron defictency in the electrode. 

electrode. The potential becomes increasingly posi- 
tive until a stable mixed potential at (a) is reached. 
Similar remarks apply to a fluctuation of potential 
in the negative direction. If the cathodic reaction is 
under activation rather than diffusion control, the 
mixed potential at (c) is again unstable if the (ab- 
solute) slope, SE/Si, of the cathodic reaction ex- 
ceeds that of the anodic reaction. If the reverse is 
true, the first intersection of the two partial curves 
falls on the section of the anodic curve which has a 
negative slope. The resulting mixed potential is 
probably stable, but protection is marginal since the 
dissolution rate in this region is still considerable. 

Diagrams like Fig. 1 are useful in determining (a) 
the minimum inhibitor concentration required for 
protection at some specified acid concentration, tem- 
perature, and flow velocity; (b) the minimum in- 
hibitor concentration required for maintaining pro- 
tection once passivity is achieved; and (c) the re- 
sponse of the passive system to changes in inhibitor 
concentration or to an impressed transient cathodic 
current. A complete diagram for a real system can 
be obtained from the relevant electrochemical pa- 
rameters determined in the presence of inhibitor 
(2). For practical purposes, it is sufficient to meas- 
ure the potentiostatic polarization curve of the metal 
in the solution-of interest (without inhibitor) and 
the Tafel constants for inhibitor reduction in the 
passive region. We then .may give a reasonable ac- 
curate description of the system by extrapolating 
the reduction curve to the diffusion-limited current 
density which may be determined independently 
from the flow conditions and the inhibitor concen- 
tration. 

Conclusions 
1. The Tafel constants for reduction of ferric ion 

on type 410 stainless steel are the same from the 
mixed potential in the passive region to potentials 
close to the primary passive potential of the steel. 

2. The ferric ion concentration required to induce 
passivity of type 410 stainless steel in 0.5N H,SO, 
is at least two orders of magnitude greater than the 
concentration required to maintain it. 
3. Although ferric ion does not passivate pure 

iron, it will maintain an iron electrode passive if 
the electrode is first anodically polarized to a pas- 
sive potential. In this sense ferric ion is an inhibitor 
for pure iron as well as for stainless steel. 
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The Isolation of Surface Films from Copper 
A. F. Beck and M. J. Pryor 

Metallurgical Laboratories, Olin Mathieson Chemical Cwporation, New Haven, Connecticut 

ABSTRACT 

A method for the isolation of oxide and sulfide films from copper has been 
developed. This depends on selective attack at the film-metal interface by a 
solution containing 3% ammonium acetate and 0.25% bromine in dried meth- 
anol. When stripping was performed in contact with dry air, no film dissolution 
or contamination was detected. 

The isolation of surface films from metals fre- transmission electron diffraction examinations were 
quently has permitted their detailed study by a performed as part of this investigation to insure the 
variety of techniques such as transmission electron absence of contamination and of any structural 
diffraction. In these cases the additional studies have changes during stripping. 
assisted in clarifying the mechanism of surface re- 
actions of metals. 

Satisfactory methods for isolating surface films 
currently are confined to relatively few metals (1). 
The iodine-anhydrous methanol method (2) has 
been used extensively for the isolation of oxide films 
from iron. This solution selectively attacks the film- 
metal interface, thereby rapidly detaching the film. 
This technique has contributed materially to the un- 
derstanding of the structure of passive films on iron 
(3-5). Similarly, the anhydrous brohine-methanol 
method is effective for stripping surface oxides from 
stainless steel (6). Both the bromine-methanol and 
iodine-methanol techniques have been used for the 
successful isolation of uncontaminated surface films 
from aluminum and some of its alloys (7,8). How- 
ever, these solutions do not preferentially attack the 
film-aluminum interface and so, unlike film stripping 
from ferrous materials, the whole of the metal must 
be dissolved. 

It has so far proved difficult to develop satisfactory 
film stripping techniques for copper and its alloys. 
Although thick surface films can be removed by 
amalgamation, invariably these are contaminated 
badly. Aqueous potassium cyanide solution also will 
isolate films from copper, but the films so removed 
undergo structural modification during stripping 
(13). The anodic film stripping method originally 
developed by Evans and Stockdale (9) has been used 
for the isolation of oxides from copper (10) and has 
been modified recently by Harris, et al. (11). Their 
method consisted of anodic treatment (5-10 v) in 
deaerated aqueous saturated potassium chloride so- 
lution. Contamination generally can be avoided by 
careful pH control, but on occasion residual particles 
of copper will remain attached to thin oxide Alms 
(12). This is a consequence of the need for complete 
retention of metallic contact during anodic stripping 
so that the last traces of metal can be removed. Ac- 
cordingly, there is a definite need for an alternate 
simple film stripping method whereby surface films 
may be detached from copper by selective interfacial 
corrosion in the absence of applied current. 

This paper describes the development of a suitable 
alternative film stripping method. Reflection and 

Experimental and Results 
Materials and specimen preparation.-All chemi- 

cals used in the investigation were of C. P. grade. 
The 5 x 1 cm copper specimens were cut from an- 
nealed 0.025 cm thick sheet having a purity greater 
than 99.95%. 

The specimens were degreased in benzene, washed 
in absolute methanol, and dried in air. They then 
were etched in 1.ON HC1 for 2 min, followed by 
washing in methanol. 

Oxide films were formed on these specimens by 
heating in dry air for the times and temperatures 
subsequently specified. Sulfide films were formed by 
exposing the specimens above a 1: 1 solution of am- 
monium sulfide for 30 sec. All specimens were scored 
on one side into squares so that any film detached by 
the stripping solution was of suitable size for mount- 
ing on nickel grids for transmission electron diffrac- 
tion examination. 

The films were examined before stripping by re- 
flection electron diffraction in order to determine 
their outer layer structure and by transmission elec- 
tron diffraction after stripping to determine whether 
contamination or phase changes had occurred. These 
investigations were carried out with a Metropolitan- 
Vickers electron diffraction camera modified by the 
addition of a reducing lens ahead of the focusing 
lens. This gave a source reduction factor of 10 at 50 
kv and 20 at 100 kv. Electron diffraction was carried 
out at 100 kv where the instrument exhibits an in- 
herent resolving power of 1 in 3000, together with 
maximum resolution and contrast. 

Preliminary procedures and results.-Films for the 
initial investigation were formed by heating copper 
in dry air for 10 min at 290°C and consisted mainly 
of CuzO with minor amounts of CuO concentrated at 
the film-air interface. 

It became apparent that the range of solutions 
available for stripping films from copper was quite 
limited. Even mildly acidic and alkaline aqueous 
solutions rapidly dissolved the oxide films as did 
efficient complexing agents such as diacetyl and 
aqueous solutions of aa' dipyridyl and sulfosalicylic 
acid. 
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Since nonaqueous film stripping solutions such as 
bromine-methanol also dissolved the oxide films 
rapidly, it was decided to investigate aqueous solu- 
tions of some of the less powerful complexing agents 
for copper. Of the several possibilities investigated 
it was found that aqueous solutions both of ammo- 
nium acetate and of ammonium citrate would detach 
grossly contaminated film fragments by selective at- 
tack at the film-metal interface. Further investiga- 
tion was concentrated on the more effective ammo- 
nium acetate solutions. 

In order to minimize gross contamination, the 
stripping action of various concentrations of ammo- 
nium acetate dissolved in absolute methanol was 
checked. These solutions stripped films by inter- 
facial attack, the time required for stripping in- 
creasing with decreasing solute concentration. Times 
of the order of 12-24 hr were required for stripping 
under the better conditions (3% ammonium ace- 
tate). Although the solutions became colored blue- 
violet, at no time in these and in subsequent ex- 
periments was the coloration so intense as to prevent 
visual observation of stripping. 

The screening experiments described above were 
carried out in solutions initially containing dissolved 
air (and traces of water) and which remained in 
contact with the atmosphere. A separate experiment 
was carried out in a closed oxygen-free system in 
which the solution was deaerated by purging with 
argon. In the absence of dissolved oxygen a solution 
containing 3 g ammonium acetate per 100 ml of ab- 
solute methanol did not attack copper in one day. 
This experiment implies that dissolution of copper 
in ammonium acetate-absolute methanol solutions 
containing dissolved air is oxygen depolarized. 
Therefore, inclusion of other oxidizing agents in the 
solution should accelerate stripping. Addition of 
0.25% by weight of bromine materially hastened film 
stripping which occurred by selective attack at the 
film-metal interface in periods as short as 3 hr. 

Transmission electron diffraction examination of 
films so stripped indicated partial dissolution of 
Cu20 together with some contamination during the 
stripping. Contamination appeared as two phases, a 
light blue-gray precipitate mainly attached to the 
specimen and blue crystals forming both on the 
specimen and throughout the solution. The blue 
crystals were analyzed chemically and by x-ray dif- 
fraction. They appeared to consist of a cuprammo- 
nium(I1) acetate coprecipitated with ammonium 
acetate. Chemical analysis suggested that each mole- 
cule of the complex contained only 2 molecules of 
ammonia. The light blue-gray precipitate was pri- 
marily Cu(OH)=. No trace of methoxides or bro- 
mides was found. Transmission electron diffraction 
analysis of the film showed additional contamination 
which could not be identified accurately. 

The presence of Cu(OH), as a contaminant sug- 
gests that water, always present initially in absolute 
methanol and also absorbed rapidly from the atmos- 
phere, was contributing to the formation of the blue- 
gray precipitate. Accordingly, an apparatus (Fig. 1) 
was constructed for performing film stripping under 
initially anhydrous conditions. The design of the ap- 

Fig. 1. Film stripping apparatus 

paratus was sufficiently flexible that film stripping 
also could be attempted in an inert, oxygen free at- 
mosphere. 

The entire system first was alternately evacuated 
and flushed eight times with either air or argon dried 
by passing through anhydrous calcium sulfate. Ab- 
solute methanpl was dried by refluxing with mag- 
nesium turnings and a trace of iodine after which it 
was distilled into the reservoir (R). Stock ammo- 
nium acetate-methanol and bromine-methanol solu- 
tions next were prepared by running the appropriate 
volumes of dried methanol from (R) into the storage 
flasks (A) and (B) which contained fixed weights of 
vacuum dried ammonium acetate and bromine re- 
spectively. The stock solutions were stirred mag- 
netically to facilitate dissolution and could be used 
for periods up to two weeks after which their effec- 
tiveness decreased due to loss of ammonia from (A) 
and due to interaction of bromine with the methanol 
in (B). Ammonium acetate-bromine-methanol mix- 
tures of various concentration were prepared by 
mixing the stock solutions in the graduated cylinder 
(C) after which they were transferred to reaction 
flask (D). 

The reaction flask (D) was constructed so that 
copper specimens could be lowered into or raised 
from the stripping solution by means of a glass 
windlass. All stripping experiments described sub- 
sequently were carried out at room temperature. 
After stripping was complete the reaction flask was 
drained and the specimen washed with dried meth- 
anol from (R). The film could be left loosely at- 
tached to the specimen or shaken free for mounting 
for electron diffraction examination. Several strip- 
pings could be performed with the relatively large 
volumes of stock solution since the reaction flask 
could be isolated from the apparatus for the insertion 
of new specimens and flushed out with dried air 
prior to each new stripping. 

Development of stripping method.-The apparatus 
(Fig. 1) enabled investigation of the stripping action 
of ammonium acetate-bromine-methanol solutions 
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under a wide variety of conditions. The remaining 
part of the investigation was concerned with defining 
the stripping conditions which resulted in best ad- 
herence to the ideal requirements summarized later. 
Detailed investigation was concentrated largely on 
Cu*O films. 
Stl-ipping of oxide films f m e d  by heating for 1 5  
min at 20O0C.4xide films formed under the fore- 
going conditions are reported to consist almost en- 
tirely of C&O (14,15). Using 120 ml of a solution 
containing 3.0% ammonium acetate and 0.25% bro- 
mine in dehydrated methanol, containing and in 
equilibrium with dried air at atmospheric pressure, 
the films were largely separated and remained only 
loosely attached to the specimen after 3 hr. When the 
bromine concentration was halved, the stripping time 
was approximately doubled. The oxide films were 
stripped intact with little or no tendency to curl and 
did not require supporting for mounting on 100 mesh 
grids for electron diffraction analysis. No precipitate 
was observed either on the specimen or in the bulk 
of the solution for as long as three days. 

A transmission electron diffraction pattern of the 
stripped film is shown in Fig. 2. The pattern meas- 
urements from Fig. 2 are shown in Table I and cor- 

Fig. 2. Transmission electron diffraction pattern of stripped 
film formed by heating copper a t  2 0 0 ° C  for 15 min. Only 
Cu.0 reflections are found. 

respond extremely well with cubic CupO. No addi- 
tional lines which might indicate the presence of 
contamination can be found. 

Additional experiments were carried out to check 
film stability and contamination by leaving speci- 
mens with loosely attached film in the solution for 
two weeks. With the longer times of immersion, blue 
crystals were precipitated. On diluting the solution 
with dehydrated methanol not only did the crystals 

Table I. Electron diffraction results obtained by reflection and transmission techniques from oxide films on copper 

Oxide Alms formed at 

20O'C 290'C 290.C 
Transmission Transmission Reflection 

d ilia i/io */b 

hkl 

CulO Cuo 
cubic monoclinic 
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dissolve but also the oxide film was still found 
loosely attached to the specimen with no indications 
of thinning or contamination as judged by electron 
shadow microscopy and diffraction. 

The relatively rapid stripping of Cu20 is attribut- 
able to the addition of bromine which is believed to 
act as a cathodic depolarizer. However, previous ex- 
periments indicate that dissolved oxygen can serve 
the same purpose but permits film stripping at a 
slower rate. It became pertinent to determine 
whether oxygen was being reduced simultaneously 
with bromine in the previous successful film strip- 
ping since this reduction would produce traces of 
water. Accordingly, the previous experiment was 
repeated using identical experimental conditions ex- 
cept that the solution was deaerated with dried ar- 
gon and stripping was performed in an argon at- 
mosphere. Under deaerated conditions, cuprous oxide 
films rapidly dissolved. The rate of appearance of the 
cuprammonium complex in solution was decreased 
even though attack' occurred on the specimen. 

This result prompted investigation of the action 
of a wide variety of ammonium acetate bromine- 
methanol solutions under dehydrated and deaerated 
conditions. In all cases the cuprous oxide film dis- 
solved quite readily even when bromine was ex- 
cluded from the system. However, in the absence of 
bromine the copper itself was not attacked. 

The foregoing results led to a more intensive study 
of the stability of CunO films in ammonium acetate- 
bromine-methanol solutions. This study was per- 
formed by stripping films in an initially dried solu- 
tion containing 3% ammonium acetate and 0.25% 
by weight of bromine in the presence of dry air. 
When the film was only loosely adherent to the 
specimen, it was washed carefully in dry methanol. 
The specimen then was transferred to a side arm in 
the reaction flask. Solutions of various compositions 
then were run into the flask after which the speci- 
men was replaced. Gentle agitation was used to de- 
tach only a few squares of film. The specimen was 
naised again into the side arm for subsequent ex- 
periments. The rate of film dissolution, if any, was 
judged by the times required for complete dissolu- 
tion of the film. 

The results of this investigatjon are contained in 
Table I1 and demonstrate that CusO is inert in dry 
methanol and methanol containing a minimum of 
0.1% water, but is attacked to different degrees 
when detached from the metal by the other solutions 
used in this investigation. Dissolved oxygen does 
not affect the dissolution rate in ammonium acetate- 
methanol solutions. Accumulation of the cuprammo- 
nium complex reduces but does not stop dissolution 
of the film. 

In comparing the results in Table I1 with the sta- 
bility results described earlier in which the CupO 
film remained loosely attached to the copper sub- 
strate, it is evident that protection against dissolu- 
tion occurs only when the solutions contain dissolved 
air and when electrical contact between the film and 
the metal substrate is maintained. 

Since C&0 films dissolve in 1 hr in a "spent" 
stripping solution when detached from the copper, 

Table II. Stability of isolated CuZO films, detached from copper, 
in different nonaqueous solutions 

Solution 

Average time required 
for complete dissolution 

of the film 

Dry methanol saturated with dry 
dissolved air 

Absolute methanol in contact 
with moist air 

3% ammonium acetate in dry 
methanol saturated with dry 
dissolved air 

3% ammonium acetate in dry 
deaerated methanol 

3% ammonium acetate, 0.25% 
bromine in dry methanol sat- 
urated with dry dissolved air 

3% ammonium acetate, 0.25% 
bromine in dry deaerated 
methanol 

3% ammonium acetate, 0.25% 
bromine dissolved in d ~ y  
methanol containing dry dls- 
solved air and Cu(NIL), 
(CH.CO0) resulting from 
immersion of a Cu specimen 
for 3 hr 

No detectable disso- 
lution in 2 weeks 

No detectable disso- 
lution in 2 weeks 

15 min 

15 min 

15 min 

30 min 

60 min 

and since the stripping itself takes 3 hr, it becomes 
important to determine whether limited film dissolu- 
tion occurs early in the stripping process when the 
film is in electrical contact with the copper. Accord- 
ingly, a cuprous oxide film was well loosened but not 
detached from copper and repeatedly immersed into 
fresh stripping solution for 3-hr periods. The cycle 
was repeated six times with film fragments being 
detached after each cycle for electron diffraction 
and electron shadow microscope examination. No 
change of film structure or thickness was detected. 

These experiments indicated that dissolution of 
C&O during stripping can be prevented if the speci- 
men is removed from solution when the film adheres 
loosely but still maintains electrical contact with the 
copper. Final detachment of the film for subsequent 
examination is best achieved by gentle agitation in 
methanol in which detached C h 0  films are com- 
pletely inert. 

The procedure described above finally was 
checked to determine its suitability for stripping 
mixed cuprous-cupric oxide films and sulfide films. 
Less problem was anticipated with these films since 
both CuO and sulfide films are more inert to the film 
stripping solution than CupO. 
Stripping of odde films formed by heating for 10 
min at 290°C.-It has been reported that oxide films 
formed under these conditions consist mainly of 
CusO with some CuO at the film-air interface 
(15,16). Figure 3a shows a reflection diffraction 
pattern from the film before stripping. The lines are 
characteristic of CuO only (Table I) since the limited 
depth of penetration of the electron beam in re- 
flection is not sufficient to obtain reflections from the 
underlying Cu.0. The films formed at 290°C were 
stripped successfully in 5.5 hr without dissolution or 
contamination. Figure 3b is a transmission electron 
diffraction pattern of the stripped film. Relative in- 
tensity measurements indicate that it contains 
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Fig. 30. Reflection electron diffraction pattern of fi lm 
formed by heating copper for 10 min at 290°C. Only CuO 
reflections are found. 

Fig. 3b. Transmission electron diffraction pattern of fi lm 
shown in Fig. 30 stripped from the metol. The fi lm contains 
approximately 95% C u d  and 5% CuO. 

around 95% CurO and 5% CuO. This composition 
was confirmed by chemical analysis and by x-ray 
analysis of portions of the stripped film too thick for 
transmission electron diffraction. 
Stripping of sulfide films formed at 25°C.-Sulfide 
films, formed by the method described earlier, were 
stripped in 6 hr by the technique described above. 
The films were much more stable than oxide films in 
that they were not dissolved in 24 hr when detached 
from the copper and exposed either to fresh or 
"spent"'stripping solution. Figure 4 shows a trans- 
mission electron diffraction pattern of a typical sul- 
fide film. This appears to be duplex, consisting pri- 
marily of cubic Cuss with a smaller proportion of 
hexagonal CuS. Reflection diffraction gives primarily 
the hexagonal structure. The lines agree well with 

Fig. 4. Transmission electron diffraction pattern of stripped 
fi lm formed by exposure of copper to the fumes of diluted 
ammonium sulfide. The fi lm is composed primarily of cubic 
CulS with a smaller amount of hexagonal CuS. 

those in the transmission pattern except for several 
intensity misfits due to preferred orientation. 

Discussion 
Mechanism of film stripping.-The foregoing in- 

vestigation indicates that a solution containing 3% 
ammonium acetate and 0.25% bromine dissolved in 
dried methanol will effectively isolate CurO films, 
mixed CunO-CuO films, and mixed Cuss-CuS films 
from copper without detectable contamination and 
film thinning provided that the stripping is per- 
formed in contact with dry air. In all cases stripping 
occurs by selective attack at the film-metal inter- 
face. However, if oxygen is excluded, Cu,O films 
dissolve irrespective of the presence or absence of 
bromine. In deaerated ammonium acetate solutions 
containing bromine, the copper is attacked, whereas 
in deaerated solutions free from bromine no attack 
on the copper other than film dissolution can be de- 
tected. These experiments are pertinent to film strip- 
ping only and are not such as to permit detailed 
clarification of the chemistry of this system. Accord- 
ingly, the subsequent discussion is intended only to 
clarify the rather specific conditions required for 
successful film stripping. 

The experimental observations argue that the 
stripping reaction is similar, in many respects, to an 
aqueous electrochemical reaction. The primary an- 
odic reaction is believed to be the anodic dissolution 
of copper in the divalent' state at the film-metal 
interface 

Cu = Cu++ + 2e [I] 

During slow stripping in bromine free ammonium 
acetate-methanol solutions containing dissolved air 
the local cell cathodic reaction is likely to be 

If this reaction is suppressed by deaeration, attack 
on the copper is prevented since oxygen reduction 
is the only possible cathodic reaction. Similar be- 
havior has been observed previously during the dis- 
solution of copper in aqueous ammoniacal solutions 
(16). 

When bromine is added to solutions containing 
dissolved oxygen, the stripping rate is increased sub- 
stantially probably because of the additional ca- 
thodic reaction 

Br, + 2e = 2Br' [31 

It is believed that reactions [2] and [3] occur on the 
surface of the film since Cur0 and sulfides of copper 
possess relatively good electronic conductivity. Ac- 
cordingly, the longer time required to strip the 
thicker duplex oxide films formed at 290°C is con- 
sidered to be due to the higher electronic resistance 
of the film. 

The interaction between the product of the anodic 
and cathodic reactions has not been defmed com- 
pletely in this study. However, a cuprammonium(11) 
acetate, containing two molecules of ammonia, was 

lThe present work does not distinguish anodic dissolution of 
copper in the divalent state from dissolution in a monovalent con- 
dition followed by oxidation in solution to the divalent state. This 
distinction is unimportant from the standpoint of a mechaniam of 
fllm stripping. consequently reactions are presented on the basts of 
dissolution as'cupric ions for greatest simplicity. 
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precipitated after prolonged reaction of copper with 
the film stripping solution. It will be assumed that 
this compound also is formed prior to precipitation.' 
Accordingly, anodically formed cupric ions should 
interact with ammonium acetate according to the 
equation 

An over-all equation may be written for the cor- 
rosion of copper in bromine-free alcoholic ammo- 
nium acetate containing dissolved air by combina- 
tion of reactions [I], [2], and [4] and follows 

A similar equation may be written, as follows, for 
the corrosion of copper in a dry alcoholic ammonium 
acetate-bromine solution freed from dissolved air 

Cu + Br, + 2C&COONHI 
= Cu(NI&),(CHsCOO), + 2HBr [6] 

Table I1 shows that detached cuprous oxide films 
are dissolved by ammonium acetate. Equation [6] 
shows that hydrobromic acid is a reaction product 
during film stripping. Although the buffering action 
of the ammonium acetate could well offset the acid- 
ity produced in Eq. [6], the experimental results 
indicate that other factors are the simultaneous 
presence of dissolved oxygen in the solution and 
electrical contact of the film with the copper. 

It is considered likely at this time that these two 
factors give rise to the formation of traces of water 
(Eq. 121) together with a locally higher pH at the 
cathode surface, i.e., the film-solution interface. It 
is believed that this local rise in pH adjacent to the 
oxide effectively protects it against detectable dis- 
solution for periods as long as two weeks. 

These considerations do much to clarify the rather 
special experimental conditions required for success- 
ful film stripping. Furthermore, it is evident that the 
traces of water generated by reduction of dissolved 
oxygen are insufficient to cause film contamination. 
This appears to arise primarily when the methanol 
is undried originally and when it can absorb further 
moisture from the atmosphere. 

Present method as related to ideal film stripping 
requirements.-An ideal film stripping method 
should satisfy the following requirements: 

1. The surface film should be inert to the film 
stripping solution, to the subsequent reaction prod- 
ucts, and to the solutions used to wash the film 
after the reaction is complete. Secondary or spurious 
film formation in the stripping solution also must be 
avoided. 

2. The stripping action should not lead to practical 
contamination of the film, such as by inclusion or 
absorption of reaction products or residual parent 
metal. This usually requires that products of reaction 
be completely soluble in the stripping solution. 
Neither should the stripping action result in any 
phase or orientation changes in the film. 

*The number of ammonia molecules in the complex h of minor 
importance only from the Rlm Stripping standpoint. 

3. The stripping action should occur rapidly. The 
stripping time is usually short if the film is detached 
by preferential attack at the film-metal interface. 

4. The method should preferably allow visual ob- 
servation of the stripping process so that the reaction 
may be terminated once the film adheres only loosely 
to the metal. 

Accordingly, the results obtained with the new 
method should be compared finally with the ideal 
requirements in order to determine the over-all 
success. 

1. Cuprous oxide films are not chemically inert to 
ammonium acetate-bromine-methanol solutions since 
they will dissolve when detached from the metal 
(Table 11). However, dissolution of cuprous oxide 

'films cannot be detected in periods up to two weeks 
when they maintain electrical contact with the cop- 
per substrate and when the stripping is carried out 
in the presence of dry air. A stripping solution that 
has partly reacted has even less tendency to dissolve 
cuprous oxide than the original solution (Table 11). 
Cuprous oxide is chemically inert to dry or "wet" 
methanol. Cupric oxide and the sulfides of copper 
exhibit much more inert behavior than cuprous 
oxide. Therefore, under the specific experimental 
conditions outlined in this paper, it must be con- 
cluded that the oxide and sulfide films are inert to 
the stripping solution, reaction products, and wash- 
ing solutions and satisfy this stringent requirement. 
No secondary film formation was ever detected even 
in periods as long as two weeks. 

2. Table I shows that detectable contamination of 
the stripped films does not occur. Using 120 ml of 
solution per 10 cma of specimen, the reaction prod- 
ucts in the initially dried system are soluble for a 
minimum of three days, which is 12-24 times as long 
as the average stripping time. Any precipitate form- 
ing after three days can be redissolved by methanol 
without contaminating the films. Since no trace of 
residual copper ever was found by electron diffrac- 
tion, it is concluded that the practical requirement of 
freedom from contamination is amply satisfied. The 
additional requirement of freedom from phase and 
orientation changes is more difficult to answer since 
the reflection diffraction examination gave structural 
information only on the outer portion of the film. 
However, Fig. 2 shows that cuprous oxide films 
formed by heating for 15 min at 200°C are not oxi- 
dized to the cupric condition in the stripping solu- 
tion (Fig. 2, Table I). Line breadth measurements 
from Fig. 2 and from the cuprous oxide lines in 
Fig. 3b show that the cuprous oxide consists mainly 
of small crystallites about 100-150A in diameter us- 
ing the Sherrer approximation. In both cases the 
cuprous oxide is oriented partially with its (111) 
planes lying parallel to the copper surface. Such an 
orientation has been previously reported (17) from 
reflection electron diffraction studies of very thin 
unstripped cuprous oxide films. Transmission pat- 
terns of the mixed oxide film formed in 10 min at 
290°C indicate the presence of approximately 95% 
cuprous oxide and 5% cupric oxide (Fig. 3b, Table 
I). This result also was confirmed by x-ray and 
chemical analysis of the stripped film. The reflection 
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pattern only reveals the presence of the outermost 
cupric oxide layer (Fig. 3a, Table I). Dighton and 
Miley (14), using the cathodic reduction technique 
(18,19), reported that the composition of oxide films 
formed at  277°C was 93% cuprous oxide and 7% 
cupric oxide. This compares well with the 95% 
cuprous oxide formed a t  290°C in the present work. 
These facts imply that films stripped by the method 
described in this paper are also free from phase and 
orientation changes. 

3. Film stripping was achieved in this work by 
preferential attack at  the film-copper interface in 
periods from 3-6 hr with the longer times being re- 
quired for the thicker films. This is somewhat longer 
than the 20-30 min required to detach thin oxide 
films from iron by the iodine-methanol technique 
(2 ) .  However, it is much quicker than the action 
of the widely accepted iodine-methanol (8) and 
bromine-methanol (7) techniques on aluminum. 

4. Although the stripping solution assumes a more 
intense blue-violet color with increasing dissolution 
of copper, this never obscures clear observation of 
the specimen. 

Therefore, it may be concluded that the new 
method meets ideal requirements more closely than 
many other techniques successfully and widely used 
on other metals. 
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The Relative Stabilities of Oxidation States of Transitional Metals 
George W. Watt 

Department of Chemistry, The University of Texas, Austin, Texas 

ABSTRACT 

Conditions favorable to the formation of metals of the 3, 4, and 5d transi- 
tional series in all of their possible oxidation states are summarized. Certain 
broad generalizations are made with respect to factors possibly responsible for 
the relative stabilities of the various states; particular emphasis is placed on 
the character of the metal-ligand bond. 

Of the many situations in which the relative sta- 
bility of oxidation states of transitional metals is 
of importance, two familiar and closely interrelated 
practical processes may be represented by 

Ma = IVP+ + ne- 

where the forward reaction represents the corro- 
sion of a base metal M and the reverse reaction 
represents the cathodic reduction of the corre- 
sponding ion, IT". More realistically, Eq [l] should 
be written in the form, 

M" + xL = [ML.]"" + ne- 

where L represents ligands associated with the 
central metal ion in a number, x,  that (for mono- 
functional ligands) is the so-called coordination 
number of the metal atom or ion. These ligands 

may be monodentate ions or neutral molecules such 
as F-, Cl-, H20, NHI, or polydentate species such as 
COk, C9O?, NH.CH,CmHn (en), etc. Regardless 
of whether we are interested in the forward or 
reverse process, establishment of the chemical iden- 
tity of the initial and final states is usually a rela- 
tively simple problem. 

The much more difficult problem is that of deter- 
mining the identity and relative stability of the 
intermediate oxidation state species and their mode 
of involvement in the rate-determining process. 
We may at  once inyoke a purely thermodynamic 
approach (1, 2), but thereby succeed in doing little 
more than proving that which is already obvious. 
If, for example, we are concerned with the relative 
stabilities of two oxidation states of a particular 
metal ion, n+ and n'+ (where n > n') in an en- 
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vironment that provides potentially stabilizing 
ligands, it is at once apparent from the Nernst 
equation 

that changes in, the electrode potential reflect the 
relative stabilities of the ions M"' and Mu'+ in com- 
bination with the available ligands. Thus, if [ML.]"" 
is more stable than [ML.]"' the value of E increases 
and M"' is more readily reduced to Ma". Consider, 
f i r  example, the relative stabilities of the ions Coat 
and Co* in the presence of the ligands H*O and NH. 

In the presence of H,O only, the high negative E" 
implies that [Co (H,O) .Ia+ is unstable with respect 
to reduction to Co2+. In the presence of NH., how- 
ever, the more stable [Co(NHa).lS+ predominates 
and is much more stable with respect to reduction 
to CoP'. It is well known that, in the presence of 
ammonia, the oxidation of Coa+ to Coat in aqueous 
solution may be accomplished simply by bubbling 
air through the solution. 

Although thermodynamic considerations are im- 
portant and certainly cannot be ignored, this ap- 
proach to the over-all problem of oxidation state 
stability has some rather severe limitations. In most 
practical situations, conditions of a fixed tempera- 
ture with all species in their standard states psu- 
ally do not obtain. Data for many of the couples of 
interest are commonly unavailable. The conclusion 
that a process is thermodynamically feasible does 
not preclude the possibility that it may proceed at 
near zero rate. Most importantly, this approach 
provides no information whatever as to why and 
how one ligand forms a preferentially stronger 
bond with a metal atom or ion. 

Before we proceed with additional discussion of 
ligand properties in relation to oxidation state 
stabilization, certain items of terminology require 
clarification. The term "stability" is used in the 
sense of resistance to chemical change, irrespective 
of the nature thereof. The adoption of this usage 
carries with it the recognition that a given complex 
may be quite resistant to oxidation yet readily sus- 
ceptible to hydrolysis. Thus, apparent contradic- 
tions may arise, but these are inescapable in the 
absence of a more absolute and universally applic- 
able interpretation of the term in question. Also 
with respect to classes of oxidation states one must 
be equally arbitrary; terms such as abnormal, un- 
usual, and unfamiliar (3) are useful but not very 
definitive. Here we will adopt the view f4)  that 
the normal oxidation state of a transitional metal 
is that which is stable at room temperature in .  
acidic aqueous solutions and that all others fall into 
the categories of lower and higher oxidation states. 
Examples of L'normal" states therefore would be 
Ag', Few, and Pd". 

Next it is worthwhile to review briefly the condi- 
tions under which both very low and very high oxi- 
dation states may be produced. Although many of 
these species may not be of importance in connec- 

tion with phenomena such as corrosion, they pro- 
vide extremely important information bearing on 
the question of specific ligand properties in relation 
to oxidation state stabilization. 

Methods for the Formation of Species 
Representative of Lower Oxidation States 

Among the transitional elements, there are only 
a few examples of oxidation states < 0 ana some of 
these are still subject to question. Hurd and co- 
workers (5) have produced Mnb in HsMn(C0). by 
reducing manganese (11) iodide with Grignard re- 
agent under pressure of carbon monoxide, while 
Hieber, et al. (6) have reported the apparent M2- 
state in anions corresponding to the carbonyl hy- 
drides of the type H,M(CO), where M = Fe, Ru, 
0s. A few examples of the 1- oxidation state are 
also found among the carbonyl hydrides such as 
HCO(CO)~ (6) ; similar related compounds of Mn, 
Fe, Ni, Rh, Ir, and Re have also been reported, but 
are less well characterized. A hydrated Re- ion has 
been reported to result from the reduction of po- 
tassium perrhenate with potassium in wet ethyl- 
enediammine (7) and the corresponding and re- 
portedly pure Li'Re' is believed to result from the 
analogous reaction in aqueous solution (8). More 
recent work (9) however has questioned the char- 
acter of this ion. Furthermore, efforts to produce 
K'Re- by the reduction of KzReBr, and other rhe- 
nium salts with solutions of potassium in liquid 
ammonia have been unsuccessful (10). 

The classical example of a compound of a transi- 
tional element in the zero oxidation state is that of 
nickel carbonyl which is formed by direct union 
(11) 

Ni + 4C0 -* Ni (CO), 

and hence without change in oxidation state of the 
metal; iron carbonyl, Fe(CO)a, is formed similarly. 
The status of CO as a ligand that operates to stabil- 
ize metals in lower oxidation states is of particular 
interest. Owing to its strong reducing properties, 
this ligand is commonly employed as the primary 
reductant that produces the lower oxidation states, 
thus at 200' and 200 atm (6), 

Other ligands that similarly serve to reduce and to 
stabilize the reduction product in lower oxidation 
states include C.H,NC and (CsH.)S. Somewhat 
stronger reducing conditions are necessary in some 
instances to produce species corresponding to the 
zero oxidation state; that most commonly employed 
consists of solutions of alkali metals in liquid am- 
monia at or below -33.5'. Typical examples in- 
volving ligands that might reasonably be expected 
to stabilize the zero state include, 

K,Ni(C = CR), + 2K' + 2e- -* KSJi(C = CR), 
C141 
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Somewhat less stable species result when the ligands 
are NH, and NH,CHICHINH, ("en"), thus 

[Pt (NH.),]Br, + 2K' + 2e- -, [Pt(NH,),] + 2KBr 
1151 

[Ir (NHs)J3r]Br, + 3K' + 3e- -, [Ir (N&)J + 3KBr 
[la1 

[Os (NHI).]Br. + 3K+ + 3e- + [Os (NK) ,I + 3KBr 
~ 1 7 1  

and 
[Pt(en).]12 + 2K' + 2e- -, [Pt(en),] + 2KI 

C181 

The other procedure most commonly employed is 
that of using a reducing agent (other than the li- 
gand) in the presence of the ligand that stabilizes 
the zero state. These reactions can be carried out 
in a variety of media; they are perhaps best illus- 
trated by the extensive work of Malatesta and his 
associates (19) on the synthesis and characterization 
of isonitrile complexes of transitional metals in the 
zero oxidation state, thus 

2Ni(CJ-IIOD), + 8CHCN + NnH, + 4KOH -, 

2Ni(CNCH,), + 4KCIHs0. + N* + 4EI.0 

2MoCb + 12CJLNC + 3Mg -B 2Mo(CNC&). + 
3MgCL 

where the latter reaction is carried out in aqueous 
acetic acid. There are numerous variations on this 
approach that provide a wide variety of zero oxi- 
dation state complexes in which numerous types of 
ligands are incorporated (4). 

The 1 + oxidation state is of course characteristic 
of Cu, Ag, and Au and is otherwise rather common 
also. There are numerous species in which this oxi- 
dation state appears to be reasonably well estab- 
lished for cobalt (20-24), e.g., (25,26), 

KCo(CN), + 2K' + 2e-+ K.Co(CN), + 2KCN 

rhodium (23,27,28), ruthenium and osmium (29), 
and manganese and rhenium (30). Somewhat less 
stable species have also been detected (18), 

[Pt(en),]I, + K' + e--, [Pt(en).]I + KI 

The 1+ oxidation state of mercury is of course well 
known and there is recent evidence that is com- 
patible with the view that Zn+ and Cd' may be 
formed by the anodic oxidation of the corresponding 
metals (31). Since this approach to the formation 
of lower oxidation states is considered elsewhere 
(32), it is not discussed further here. 

Methods for the Formation of Species 
Representative of Higher Oxidation States 

The 2+ and 3+ oxidation states are for the most 
part to be considered as "normal" in the sense 
stated above. Accordingly, there remains to be 
considered the oxidation states > 3+; these may 
for present purposes be disposed of more simply 
and for two reasons. First, these are the oxidation 
states that, in processes such as corrosion, are more 
likely to represent the final states and are thus of 

Table 1. Fluoro- and 0x0-complexes of transitional metals 

Ma* MU Mm M* 

less interest as intermediate species. Second, they 
have the common property of stabilization via com- 
bination with the two highly electronegative ligands, 
fluorine and oxygen. 

The conditions under which stabilization of 
higher oxidation states may be realized has recently 
been reviewed by Klemm (33); this is largely a re- 
view of the work of Klemm, Scholder, and their 
students. It is sufficient here to list typical exam- 
ples of fluoro and oxocomplexes of transitional 
metals in the 4+, 5+, and 6+ oxidation states, as 
well as the 3+ state for cases in which this is not 
to be considered as the "normal" oxidation state 
(Table I). 

In addition to fluorine and oxygen, only a rela- 
tively few other ligands appear to be particularly 
effective in the stabilization of higher oxidation 
states. The paraperiodate, (IO.)&, and orthotellu- 
rate, (TeOJe, anions have long been known to sta- 
bilize Aga+ (34) and Cus' (34,35). The 3+ oxida- 
tion state of nickel is stabilized in combination with 
triethylphosphine (36) and the 4+ with o-amino- 
thiophenol (37). Both the 3+ and 4+ oxidation 
states of nickel are stabilized by the bidentate 
ligand (38,39), 

The foregoing all too brief account of the condi- 
tions under .which both low and high oxidation 
states may be produced and stabilized should at 
least be sufficient to emphasize that recent years 
have witnessed a vast accumulation of information 
concerning some rather unusual chemical species. 
It is not much of an exaggeration to suggest that 
future work will provide examples of transitional 
metals stabilized in every reasonably conceivable 
oxidation state. This more extensive experimental 
background together with a more complete under- 
standing of the nature of metal-ligand bonds should 
lead to that which is not now possible, i.e., reliable 
predictions as to the conditions under which unu- 
sual oxidation states should be anticipated and 
their relative stabilities. Despite inadequate infor- 
mation, the paragraphs that follow represent efforts 
in the direction of generalization together with 
recognition of the inevitable exceptions. 
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Generalizations 
Most of the complexes with which we are con- 

cerned involve bonds (interactions) between a 
metal atom or ion and a highly electronegative 
atom in the ligand molecule or ion; usually nitro- 
gen or oxygen, less commonly sulfur, halide ions, 
phosphorus, or arsenic. In general, the early mem- 
bers of each transition series form somewhat more 
stable complexes with oxygen-containing ligands; 
in the 3d series this tendency is also exhibited by 
Mn2' and Fe"'. With increase in atomic number in 
each series, there is an increasing tendency toward 
preferential bonding to nitrogen; this tendency per- 
sists to and is indeed pronounced in the last two 
members of each series. Deductions of this kind 
arise from experimental observations commonly 
made during the course of synthesis under condi- 
tions that are competitive with respect to available 
ligands. While a beginning has been made toward 
a rationalization of such trends in terms of modern 
theory (40,41), we are still far from achieving a 
complete understanding. 

It is possible to generalize, also in a qualitative 
manner, with respect to the functionality of ligands. 
Thus, it is usually true that (for the same ligand 
atoms), complexes with bidentate ligands are more 
stable than those with monodentate ligands. This 
is the so-called "chelate effect" (42-45) which of 
course extends to tri and other polydentate ligands. 
Although there is an abundance of examples to 
support this generalization, there are also cases 
that emphasize that the increment of difference in 
stability may be quite small (15,18). Such general- 
izations per se, however, are not very diagnostic 
with respect to the stabilization of high us. low 
oxidation states. 

A possibly more useful criterion, but one that 
involves important contradictions, is that of stabil- 
ity as a function of the electronegativity of ligand 
atoms. The most electronegative ligand atoms, 
fluorine and oxygen, are those most effective in 
stabilizing higher oxidation states. Furthermore, 
electronegativity increases among the halogens 
from iodine to fluorine and this parallels their ef- 
fectiveness in the stabilization of higher oxidation 
states. On the other hand, carbon monoxide is also 
a highly electronegative ligand but it is essentially 
ineffectual in the stabilization of high oxidation 
states. Rather to the contrary, carbon monoxide is 
most effective in stabilizing lower oxidation states, 
notably the zero state in the metal carbonyls and 
their simple substitution products. Arguments may 
be advanced to show that the more highly electro- 
negative ligands should be more effective in sta- 
bilizing lower oxidation states, and there is a con- 
siderable body of experimental evidence in support 
of this view (46). One inescapably reaches the con- 
clusion, however, that the electronegativity of 
ligands is an important but by no means definitive 
factor. 

Another type of correlation, algo of limited util- 
ity, can be made on the basis of the old effective 
atomic number (E.A.N.) rule of Sidgwick. For 
spin-paired complexes, we consider that an atom 

or ion combines with ligands in a number such as 
to achieve the electronic configuration of the next 
inert gas. Thus, the nickel atom (Z = 28) should 
and does combine with four ca~bon monoxide 
ligands to achieve the krypton configuration (Z = 
36). Similarly the stability of [Pt(N&),] can be 
attributed to its correspondence to the radon con- 
figuration [i.e., Z,, = 78 + (4 x 2e-) = Z.. = 861. 
For most cases involving odd numbers of electrons, 
stability is achieved through dimerization. The 
deficiencies of this approach, however, are that (a) 
the E.A.N. rule generally does not apply to the 
early members of each transitional series, and (b)  
complexes are known that involve electrons in ex- 
cess of the number corresponding to the anticipated 
inert gas configuration, and (c) the E.A.N. rules 
do not take into account the spatial requirements 
of specific ligands. 

Finally, we come to the only basis that leads to 
any reasonable understanding of the reasons for 
stabilization of different oxidation states, i.e., the 
detailed character of the metal-ligand bonds. Since 
these ideas have recently been elaborated by Chatt 
(4), they are presented in less detail here. The 
tentative conclusions that one reaches can be sum- 
marized as follows. 

The availability of r-bonding orbitals on the 
ligand atom usually results in enhanced stability 
as compared with the case in which only u bonds 
can be formed. Thus, complexes of the type 
M(NR,), are much less stable than M(PRa), and 
this is attributed to the available r-orbitals on the 
ligand phosphorus atom. If these r-type orbitals 
are vacant, electrons from the central metal atom 
or ion can occupy these relatively low energy or- 
bitals. Thus addition of electrons to the d-orbitals 
of the metal ion is facilitated and the lower oxida- 
tion states are accordingly stabilized. If, on the 
other hand, the r-bonding ligand orbitals are filled, 
electrons from the central metal ion must occupy 
the higher energy antibonding r-orbitals. Conse- 
quently, the energy requirement for oxidation is 
less and the achievement of higher oxidation states 
is favored. This state of affairs is favorable to en- 
hanced stability of higher oxidation states. In either 
of these situations the greater the electronegativity 
of the ligand atom the greater the stabilization 
should be. The ligand atoms of the elements of the 
first period in the periodic table, and more .particu- 
larly the most electronegative ones, i.e., N in NH,, 
the primary amines, etc.; 0 in H,O and OH-, and F- 
should thus be the most effective in stabilizing higher 
oxidation states. Ligands with vacant r-orbitals, 
e.g., CO, NO, RaP, %As, etc., should accordingly 
tend to stabilize lower oxidation states. 

None of these generalizations however should be 
taken too literally in view of the exceptions that re- 
main to be understood. It has recently been demon- 
strated, (47) for example, that the r-bonding 
ligand, (CaHs)nAs-CH,-CH.-As(CJIs)I is readily 
replaced by iodide ion which would be either U- 

bonding or less strongly r-bonding. Similarly, the 
exclusively U-bonding NH, ligand should not be ex- 
pected to stabilize lower oxidation states and yet, 
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as shown above, ammines of Os, Ir, and P t  exhibit 
stabilities greater than would be predicted. 

There is much more that  could be included here 
with reference to more specific details of particular 
types of ligands and more especially those having 
intermediate properties ( 4 ) .  However, it seems suf- 
ficient for present purposes to emphasize that, un- 
der  any practical circumstances, the metal oxida- 
tion state that  achieves stability is very much a 
function of its environment in the sense of availa- 
bility of specific types of ligands. Much remains to  
be learned before predictions can be made on other 
than a very qualitative basis. 
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ABSTRACT 

The reflectivity of anodized electropolished tantalum was measured as a 
function of angle of incidence for 4358A light polarized in the plane of inci- 
dence. The principal aim of these measurements was to obtain the refractive 
index of the oxide. This is needed to determine absolute thicknesses of oxide 
by the spectrophotometric method in which the wavelengths of minimum re- 
flectivity due to interference at near normal incidence are determined. The 
measurements also provided a method of determining the optical constants of 
the metal, without assuming that the surface is perfectly flat or that an un- 
anodized surface is free from oxide. It was found that fllms formed on tanta- 
lum in 0.2N &SO, have a thin outer layer of light-absorbing oxide. The bulk 
of the film is, however, nonabsorbing and homogeneous. A large part of the 
thickness of films formed in concentrated sulfuric acid absorbs light. The re- 
fractive index at 4358.4 wavelength of films formed in dilute solution increases 
by about 0.3% per tenfold decrease in the current density at which they are 
made and by about 0.06% per 10°C rise in the temperature at which they are 
made. The refractive indices of films formed on niobium, on 25 a/o Ta + 75 
a/o Nb, and on 25 a/o Nb + 75 a/o Ta were estimated and a preliminary study 
was made of films on zirconium. 

In the comparative study of the growth of anodic 
oxide films on metals such as tantalum, niobium, 
tungsten, zirconium, etc., it is desirable to be able to 
determine the absolute thickness of the film with an 
accuracy of better than 1%. The spectrophotometric 
location of the wavelengths of the minima due to 
interference in the specular reflectivity at near 
normal incidence (1) enables this to be done if the 
refractive index of the oxide is known at one wave- 
length and if the oxide is essentially homogeneous. 
The present type of measurement, that is, the mea- 
surement of the intensity reflectivity as a function 
of angle of incidence for increasing thicknesses of 
oxide with monochromatic light polarized in the 
plane of incidence, gives the refractive index in cer- 
tain cases, in particular when the oxide is homo- 
geneous. The measurements themselves give infor- 
mation on whether the oxide is in fact homogeneous. 

The present type of measurement therefore pro- 
vides a second optical method for the investigation 
of these films which is complementary to the spectro- 
photometric method of determining the thickness. 
As a method of obtaining the refractive index, the 
present measurements have the advantage over 
"immersion" methods of not requiring the removal 
of the film from the surface of the metal, a process 
which is easy with films formed on tantalum surfaces 

is well established.' Reference is made to the re- 
views by Winterbottom (4) and by Heavens (5, 6). 
The present method of obtaining the refractive index 
is a development of a method due to Abe1L.s (7). The 
first measurements on tantalum oxide films using 
light polarized in the plane of incidence were re- 
ported by Heavens and Kelly (8) and by Kelly (9). 
Their results are discussed in a later section. The 
method of obtaining the optical constants of the 
metal appears to be new. 

Basic Theory of the Method 

The amplitude reflectivity of the oxide coated 
metal is assumed to be given by 

where n and 7, are the Fresnel coefficients for light 
incident from the air side on the oxide/air and 
metal/oxide interfaces, respectively, and 6 = [(2 r n, 
D cos $,)/A], where n, and D are the refractive index 
and thickness of the oxide, respectively, $, is the 
angle of refraction in the oxide, and A is the wave- 
length. The intensity of reflection is IRIS. For light 
polarized in the plane of incidence, that is for p-light, 
and for examination in air: 

prepared in ways but not in others* and ,This 111 despi& the remarks by MacSwan (2) repeated by 
which is never easy with f i h s  on many of the other Mfller (3). The use of Smlth's charts, proposed by MacSwan. is 

a mmputatlonal device and the theory h otherwlse the same as 
metals concerned. previously developed. MacSwan is correct in that. as Heavens (61 

The theory of the reflectivity of metals coated :fish:: ~ , " d T , " ~ f ; ~ h ~ a ' ~ ~ ~ ~ ~ ~ t " h ' ~  ~ ~ ~ o E t a , 8 1 E T r i E ~ , " c , " P , " ~ ~ ~ ~ i  
with homogeneous oxide films is relatively old and " , ~ ~ v ~ p $ ' ~ " . ~ $ ~ ~ b ~ ~ r ~ ~  produced when the 'Ims 
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cos $1 - G cos $0 

r, = 
cos $1 + Izl cos $0 

- 
Th cos +* -n. cos +i 

r 2 =  - 
Thcosrbh +Xcos+, 

where $. = angle of incidence, = n, - ik, where n, 
and k, are the indices of refraction and absorption of 
the oxide, and = n, - ik,, where n, and k, are 
the corresponding quantities for the metal and i = 

gq. +, and the angle of refraction in the metal $2 

are given by Snell's law, i.e., sin h/sin $, =x; and 
sin +,/sin +* = The modulus of the Fresnel 
coefficient gives the relative amplitude of the re- 
flected ray; the argument of the Fresnel coefficient 
gives the phase change on reflection. 

It will be seen that, particularly when the oxide 
absorbs (k, + 0) , the calculations, although elemen- 
tary, become very long since nearly all the quanti- 
ties involved are complex (i.e., of the form x + iy, 
where i = gq). In the present work, numerical 
calculations were normally made using the ALWAC 
I11 E electronic digital computer of the University 
of British Columbia computing center. Two programs 
were written, one for absorbing oxide and one for 
nonabsorbing oxide. Both programs utilized an 
"algebraic compiler" program due to G. A. Bachelor 
and J. R. H. Dempster. "Floating point" arithmetic 
is used by'this program. The outputs included r,, r,, 
and R for successive thicknesses of oxide and angles 
of incidence as controlled by the input. 

There are two simple cases. These are (i) a homo- 
geneous oxide which does not absorb light, and (ii) 
a homogeneous absorbing oxide. The behavior may 
be understood qualitativelyD by noting that in Eq. 
[I] the denominator is relatively close to unity. 
Thus, the behavior of R is dominated by the num- 
erator. The numerator is the vector sum of T, and 
~ ~ e - ' ' ~ .  With a nonabsorbing oxide, r, is real and 
negative for angles of incidence from zero (normal 
incidence) to the Brewster angle 8, defined by tan 
8 = n,. It decreases in modulus as increases and 
becomes precisely zero at $o = 8. Beyond the Brew- 
ster angle, r, is real and positive and increases 
rapidly with increasing $o. The term e"" represents 
the effect of the phase difference due to the path 
length of the oxide and this causes the vector r9e-'" 
to rotate clockwise about the end of r,. The vector 
sum R is a maximum when the two vectors are in 
line and a minimum when r,eJ" doubles back on r,. 
The vector diagrams of Fig. 3 will be found useful 
in understanding these arguments. At near normal 
incidence with tantalum )T,I = Ir.1, so that the ratio 
of maximum to minimum reflectivity is very large: 
hence the brightness of the interference colors and 
the accuracy of the spectrophotometric method for 
thickness. The reflectance of nonabsorbing oxide as 
a function of thicknes for angles of incidence equal 
to the Brewster angle and just above and below the 
Brewster angle is shown in Fig. 1. At the Brewster 
angle the reflectivity (in p-light) is independent of 
the thickness of oxide and would be equal to that of 

Fig. 1. Calculated plots of reflectivity vs, thickness of oxide 
near the Brewster angle for nonabsorbing oxide. This and later 
graphs all refer to p-light. 

the bare substrate. In principle, in order to determine 
the refractive index one need only determine the 
angle of incidence at which the reflectivity is in- 
dependent of thickness. 

With an absorbing oxide, Irll goes through a mini- 
mum at the Brewster angle, but does not become 
zero. Also, arg r,, instead of changing discontinuously 
from r to 0 at $o = B, changes gradually from r to 0 
over a range of angles near 8. Furthermore, S is now 
complex so that 1r2eaLdl decreases with increasing D. 
The reflectivity at angles of incidence near the 
Brewster angle changes with thickness as shown in 
Fig. 2. It will be seen that the "phase" of the cyclical 
fluctuation of the reflectivity with thickness at the 
Brewster angle is a little less than r/2 ahead of the 
phase at angles a few degrees less than the Brewster 
angle and a little less than r / 2  behind that at angles 
a few degrees greater than the Brewster angle. The 
reflectivity decreases with increasing D till even- 
tually IRIS = Isr 

Experimental Procedure 
The tantalum specimens were cut from Fansteel 

Metallurgical Corporation "Capacitor Grade" sheet 
0.05 in. thick. The prepared surface was s/r x 1 in. 
in the earlier experiments and ?4 x s/r in. in the later 
experiments. The light beam (2.4 mm diameter) in- 

Fig. 2. As Fig. 1 except that for a homogeneous absorbing 
oxide. *The full expressions were, of course, usrd in the calculations. 
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Fig. 3. r, + ra-"! (see text). Left column: nonabsorbing 
oxide; right column; thin outer layer of absorbing oxide. Top 
row: h<e; middle row $0 = 8; bottom row e > B .  

tersected only a very small fraction of this area, but 
it is easier to prepare a small flat area if this forms 
part of a larger area. The whole specimen was first 
chemically polished. The working surface was then 
taken through metallurgical papers in the usual way. 
In the earlier work, the surface was given a pre- 
liminary metallographic polish, but this step was 
omitted in later work. Finally, the surface was 
electropolished in a bath containing 1:9 by volume 
of 49% HF and 96% -0. at an initial temperature 
of about 35°C. The surface was accepted if it had a 
sufficiently high reflectivity at a given angle of in- 
cidence (in the later work: 15.8% at 66'). The pol- 
ishing electrolyte was contained in a cell machined 
from a block of Teflon in which a Teflon propeller 
impelled the solution round a rectangular circuit. 
The block also contained a circuit for thermostatted 
water. The optimum conditions depend on the shape 
of the specimen and its preparation. In our experi- 
ments the applied current was normally about 100 ma 
em-'. The quality of the surface obtained is illus- 
trated by Fig. 4. The tab was insulated by a thick 
layer of anodic oxide. This layer was laid down 
after stopping-off with picien, since without a stop- 
ping-off compound the oxide "sparks" at the menis- 
cus during formation. The picien was then removed 
by vapor degreasing with trichloroethylene. Nor- 
mally, before the first fqrmation, the specimen was 
also cleaned in E(;Cr*O, + HSO. mixture, washed, 
immersed in 49% HF for a few seconds, washed, im- 
mersed again in the chromic mixture, and washed. 
The surface was usually immersed in chromic mix- 
ture before each set of measurements. 

Fig. 4. Photograph of specimen reflecting squored poper. 

n 

Fig. 5. Diagram of cell: A, thermometer; 6, saturated 
calomel electrode well; C, Luggin-Haber capillary; D, speci- 
men; E, platinum cathode plate (one only of two shown); F, 
cathode terminal; G, prism table and specimen mount; H, shaft 
of propeller. 

The niobium was also Fansteel material. The al- 
loys were melted and rolled by the staff of the 
Bureau of Mines, Ottawa. 

The films were formed in the cell shown in Fig. 5. 
The electrolyte was circulated in order to avoid a 
local temperature rise in the oxide during polariza- 
tion at the higher current densities. Formation was 
at constant current and was controlled using the 
automatic electronic equipment described previ- 
ously (1). 

The reflectivity in polarized light was measured as 
a function of angle of incidence using the equipment 
illustrated in Fig. 6. The 4358A line from a 100-w 
mercury lamp (normally, G.E. type H4AB) was se- 
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Fig. 6. Diagram of reflectometer: A, mercury lamp source 
and blower; B, monochromator (constant deviation prism); C, 
chopper (synchronous driving motor not shown); D, spec- 
trometer; E, nicol polarizer circle and aperture plate; F, 
framework supporting cloth light shield; G, specimen; H, 
photomultiplier enclosure; I, removable eyepiece ond cross- 
hair tube; J, photomultiplier tube; K, power and signal leads 
for photomultiplier. 

lected using a monochromator and chopped at 1470 
cps to produce an a-c signal. This is easier to amplify 
than a d-c signal and is less affected by stray light 
and by changes in the dark current through the 
photocell. The specimen was mounted rigidly on a 
bracket bolted to the prism table of a standard spec- 
trometer. The specimen was not demounted from the 
prism table until the end of the experiment. The 
specimen and prism table were removed as one unit 
when it was required to form the films. This pro- 
cedure was adopted in order to ensure that the same 
area was examined throughout. The width of the 
area examined depends of course on the angle of in- 
cidence. The specimen was carefully aligned so that 
the center of the illuminated area was at the same 
point on the surface independent of the angle of 
incidence. The collimated light was polarized with a 
nicol prism and reflected from the specimen. The 
telescope was aligned using an eyepiece with cross- 
hairs. The eyepiece could be removed to allow the 
light to strike a ground-glass plate in front of an 
RCA 1P21 photomultiplier. The cross-hairs were ad- 
justed to give coincidence with the position of maxi- 
mum response of the photocathode. The whole op- 
tical apparatus was mounted on a 3 ft 6 in. length of 
18 in. wide channel iron. The signal from the photo- 
multiplier was amplified by a tuned negative feed- 
back amplifier and was measured using a null sys- 
tem with a potential divider and standard reference 
voltage. The ratio of the gain settings for direct 
and reflected beams gave the percentage reflectivity. 
The undeflected beam was measured after each 
measurement of the reflected beam and was plotted as 
a function of time. The times were recorded at 
which readings of the reflected beam were made, 

Fig. 7. Experimental reflectivity vs. thickness plot for films 
formed on tantalum in dilute solution at 10 ma cm" and 25°C. 
Two specimens 0 and with vertical shift (as shown by 
scales) to superimpose. Different specimens from those of 
Fig. 13. The curves are not calculated. 

and the corresponding values for the undeflected 
beam were read from the plot. The scatter in the 
percentage reflectivity readings may be judged from 
the experimental results given here. The accuracy 
of the percentage reflectivity (as obtained by as- 
suming linearity of the response curve of the photo- 
multiplier + amplifier) was checked by using 
standardized photographic and grid filters. It was 
believed to be better than 0.5%. 

Results 
Properties of Films Fonned on Tantalum in 

Dilute Solution (0.2N H,SO,) 

Presence of thin outer layer of absorbing oxide.- 
Typical experimental plots of reflectivity vs. thick- 
ness at angles of incidence near the Brewster angle 
of the oxide and at about 2" on either side of this 
angle are given in Fig. 7. The thicknesses were ob- 
tained by determining the final thickness using the 
chart of thickness vs wavelengths of minimum re- 
flectivity at 11' incidence given previously (1) and 
by then assuming that the thicknesses of intermediate 
films were proportional to the oxide overpotential. 
Where, in this paper, the experimental curves are 
compared with theoretical curves calculated on a 
particular value of the index of the oxide the appro- 
priate small correction has been made to the esti- 
mates of thickness. The same behavior (Fig. 7) was 
obtained with electropolished surfaces with and 
without a preliminary etch in HF to remove the in- 
visible film left by electropolishing and also with 
and without an immersion in K*Cr,O, + HpSOI after 
each formation. Less complete data were obtained 
with surfaces vapor degreased in trichloroethylene, 
but these were consistent with the other results. 

The essential points are as follows. First, the re- 
flectivity returns to the same value after each cycle. 
There is no continued decrease of the kind illus- 
trated in Fig. 2. This point is also illustrated in Fig. 
13. This shows that the bulk of the oxide does not 
absorb light at this wavelength. More precisely, 
comparison with calculated curves shows that kl for 
the bulk of the oxide is less than about 0.0004. Sec- 
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ond, at no angle is the reflectivity independent of the 
thickness. The plots of reflectivity us. thickness are 
distorted sinusoidal waves. The amplitude of the 
oscillation goes through a minimum, but this is not 
zero as it would be if the oxide did not absorb. Third, 
the "phase" changes gradually through nearly a as a 
range of angles of incidence near the Brewster angle 
is traversed, instead of changing discontinuously by 
a at the Brewster angle. 

There seems to be only one explanation of these 
results. This is that there is a thin outer layer of 
oxide which absorbs light. This layer need be only 
a few angstroms in thickness. This two-layer model 
may be treated in a good approximation by taking 
the absorbing layer to cause r, in Eq. [I] to behave 
like the Fresnel coefficient of an absorbing oxide, 
whilst S (the path length) remains real (rather than 
becoming complex as it would if the whole thickness 
absorbed light). Furthermore, we neglect any slight 
reflection at the junction between the absorbing 
layer and the rest of the film. This model is easily 
seen (by considering the vector diagrams for r, + 
r2e-"' on the right hand side of Fig. 3) to account 
qualitatively for the observations and it will be 
shown in a later section to account quantitatively 
for the results. 

The thin outer layer cannot be identified with the 
film present before anodization since the effect of the 
nature of the pre-existing film on the adhesion of 
the anodic oxide to its substrate seems to prove that 
the pre-existing film must remain between the metal 
and the anodic oxide (10). The absorbing layer must 
be on the outside rather than the inside, since, if the 
outer layer did not absorb, 1r.l would be zero at the 
Brewster angle, and the reflectivity at this angle 
would be independent of thickness. 

Determination of the refractive index of the oxide. 
-To obtain the refractive index of a homogeneous 
nonabsorbing oxide, the reflectivity would be plotted 
against the angle of incidence for a succession of 
thicknesses of oxide. These plots would intersect at 
the Brewster angle B = tan4%. In the present case, 
the plots must be taken at selected critical thick- 
nesses, that is at thicknesses giving maxima or 
minima in the plots of reflectivity vs. thickness. 
Actually, as will be discussed later, the thicknesses 
giving extreme values at +" = 64" are not quite the 
same as those giving extreme values at +,, = 68", but 
this difference is not important in the .present ap- 
plication. Typical experimental data are given in 
Fig. 8. The plots in Fig. 8a and 8b are for films on 
two specimens, which were treated identically ex- 
cept that one specimen was prepared with the nor- 
mal good finish, and the other deliberately prepared 
with a rough surface. The aim of this experiment 
was to find if the results could be in error due to the 
fact that even the best surfaces were, of course, not 
perfectly flat. Since the surfaces normally used were 
the best we could make, this point was tested by ex- 
amining less flat surfaces. It was found that the angle 
of intersection was the same within experimental 
error, and, in fact, the two plots could be superim- 
posed by a vertical shift, when plotted as the loga- 
rithm of the reflectivity. Evidently the effect of sur- 

Fig. 8. Experimental plots of reflectivity vs. angle of inci- 
dence for successive film thicknesses: (a) normal surface; (b) 
rough surface; (c) successive pairs of films formed at O D  and 
94.5"C both at 25 ma cma. 

Fig. 8b 

Fig. 8c 

face imperfections was to reduce the reflectivity by 
a factor which was constant over the limited range 
of angles concerned and was independent of the 
thickness of oxide." By within experimental error 
we mean that the t-test applied to the data from 
these identical experiments with two specimens, one 
rough and one smooth, gave no statistically signifi- 
cant difference (see, however, footnote on page 433). 

*The reflectivities obaerved were sllghtly higher than those re- 
ported by Heavens and Kelly ( 8 ) .  
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The angle of intersection was always independent 
within experimental error of the thicknesses of the 
pair of films giving the intersection. (This was for 
"critical" thicknesses; if arbitrary thicknesses were 
used the intercept would fluctuate with increasing 
thickness.) 

Strictly, the refractive index determined in this 
way is that of the outer layers of the oxide. How- 
ever, as will be shown, a good fit is obtained with 
IRIS vs. D plots calculated with this index. Further- 
more, the index obtained in this way is in good 
agreement with the value n, = 2.26 (3) at 4358A cal- 
culated from th'e expression n, (A) = 2.14 + 0.292/ 
(A/lOaA-2.305)',' previously reported by Young 
(1) (see this reference for other values previously 
reported). This expression for %(A) was for films 
formed at 25°C and 10 ma cm-' and was based on 
(i) a value of the index of stripped films obtained in 
sodium light by the Becke immersion method using 
the standard S + Se melts of Merwyn and Larsen 
( l l ) ,  and (ii) on information on the dispersion ob- 
tained from spectrophotometric data. The immersion 
method depends on the critical angle of reflection of 
the broken edge of the stripped oxide. The spectro- 
photometric data measure the average index as in- 
dicated by the path length 8. The value of %(A) was 
claimed to be reliable within about &I%. Thus the 
agreement of this and the present values within the 
experimental errors confirms the previous result that 
the index is constant through the thickness of the 
film and is independent of the total thickness. 

Variation of the refractive index with the cunent 
density and the temperatuTe at which the film is 
made (dilute solution).-Since one of the princi- 
pal reasons for determining the index is to allow ac- 
curate thickness determinations in the study of the 
kinetics of growth, it is important to know how the 
index depends on the current density and tempera- 
ture at which the film is made. We consider first 
steady-state conditions, that is, the conditions exist- 
ing when a constant current density has been applied 
for a sufficiently long time. 

To establish the dependence on current density 
two specimens were formed to the first two critical 
thicknesses at 25 ma mn4 and 25"C, and then to the 
second two critical thicknesses at 0.025 ma cm-'. Two 
further specimens were formed first at 0.025 ma cmd 
and then at 25 ma cm-'. The reflectivity at each criti- 
cal thickness was measured at 0.5' intervals near 
the Brewster angle. The voltages required to give 
the critical thicknesses were calculated from the 
steady-state data reported by Young (12). The Anal 
thicknesses were checked by the spectrophotometric 
method using the chart in reference (1). The pro- 
cedure was designed to eliminate the errors that 
could be involved in using only one current density 
with one specimen, and also to eliminate any vari- 
ation with thickness. Results are given in Table I. 
The dependence on current density is very definitely 
statistically significant (t-test). A similar pro- 
cedure was adopted to establish the dependence on 
temperature (Table 11). A typical reflectivity plot is 
shown in Fig. 8c.L Finally, intermediate current den- 

4The accuracy was hlgher in the later work such as Fig. 8c 
than in earlier work such as Fig. 8a and 8b. 

Table I. Effect of current density on refractive index 

Formation at 2S'C. Target thicknesses ST5 900 1425, and 19SOA. 
Observed final thickness is indicated to show degree of control ob- 
tained. Specimens each formed at two current densities. Specimen 
numbers refer to metal substrates not to sequence of 5lms. 

Final 
Spec. No. 25 ma ern-3 0.025 ma cma thickness, A 

Mean 2.269 2.286 
Error of mean 0.001 0.003 

Table II. Effect of temperature on refractive index of films 
formed at 25 ma cm-' 

Specimens formed each at two temperatures. 

Spec. No. 
Final 

O'C 94.5.C thickness, A 

4 2.266 2.275 1952 
5 2.265 2.275 1946 
6 2.264 2.279 1946 
7 2.260 2.273 1948 

Mean 2.264 2.276 
Error of mean 0.001 0.001 

sities and temperatures were studied. The assembled 
results, including the estimated standard errors of 
the means are shown in Fig. 9. The size of the effect 
in relation to the accuracy does not permit any non- 
linearity of the dependence on log i or on T to be 
established. A nonlinear effect would be required to 
cancel the nonlinear Tafel slope reported elsewhere 
(12). We conclude that the index increases by about 
0.06% per 10°C rise in the temperature of formation 
and decreases by about 0.3% for a tenfold increase 
in current density. 

Fig. 9. Top: refractive index of oxide vs. current density of 
formation at 25'C (log scale); bottom: refractive index of 
oxide vs. temperature of formation (current density 25 
ma cm-3. 



434 JOURNAL OF THE ELECTROCHEMICAL SOCIETY May 1961 

The field strength in the oxide that is required to 
give a particular ionic current depends on the history 
of the film. Most of this effect is believed to be due to 
a variation of the concentration of the mobile ions, 
although Vermilyea (13) has suggested that there is 
also some other change involving what one might 
call the degree of amorphousness of the oxide. 
Recent work shows that the oxide is brought 
into a state indistinguishable by kinetic measure- 
ments from the steady state by formation through 
only about a volt. To test whether the refractive 
index behaves similarly two specimens were formed 
to the successive critical thicknesses at 25 ma em-'. 
The reflectivities were measured at each critical 
thickness and then again after about 1.4 x lod cou- 
lomb cm9 had been passed at 0.025 ma cm". This 
amount of charge corresponds to about 10A of thick- 
ness or about 0.5 v at the lower current density. This 
thickness change is probably negligible. The indices 
obtained from the intersections of the reflectivity us. 
angle of incidence plots are given in Table 111. The 
results show that the index increased in statistically 
significant fashion during the passage of the above 
small amount of charge. The amount of the increase 
was only about % of that found in the steady-state 
conditions, but the errors must be taken into ac- 
count in assessing the difference. It is concluded 
that a large amount of the change in index is pro- 
duced by a small amount of charge passed. This 
result is consistent with the theory that a change in 
concentration of mobile ions is responsible for the 
change in index as well as for the change in kinetic 
behavoir. 

Optical Constants of the Metal 

The spectrophotometric method for the thickness 
relies on the fact that successive minima in reflec- 
tivity at a given angle of incidence and wavelength 
occur at thicknesses such that (D + X) = (2r - 1)A/ 
4% cos +, where X is a constant at a given A and +@ 

which takes account of the phase changes on reflec- 
tion at the air/oxide and oxide/metal interfaces, and 
r = 1,2,3. . . The increments of thickness between 
successive minima are (V2% cos &). The method 
allows the identification of a film as being of a stand- 
ard but not necessarily known thickness, and it also 
gives absolute increments of thickness. It does not 
give the absolute thickness unless the optical con- 
stants of the metal are known. They are not inde- 
pendently known for tantalum with any useful 
degree of accuracy. However, a nonoptical method 
may be used to obtain the zero point of thickness 
[e.g. (I)], and the procedure may then be reversed 

Table Ill. Change in refractive index on passing small amount 
of charge at different current density at 25°C 

After 1.4 x lo* 
25ma cm-2 to coulomb cm-2 

Spec. No. crltical thicknesses at 0.025 ma cm4 

Mean 2.213 2.279 
Error of mean 0.001 0.002 

in order to determine the optical constants of the 
metal. The method adopted was to determine ex- 
perimentally two quantities, which are independent 
of the degree of perfection of the surface finish, and 
which define values of rr and k, (knowing w), given 
appropriate calculated charts. The first quantity se- 
lected was the ratio of the maximum to the mini- 
mum reflectivity in plots of reflectivity us. thickness 
(this will be called the "intensity ratio"). The sec- 
ond quantity selected was the "phase" of such plots 
as measured by the thickness to the first minimum 
for +o less than the Brewster anglf?, or to the first 
maximum for q0 greater than the Brewster angle, 
divided by the thickness increment between suc- 
cessive minima or maxima and mutliplied by 2n. 
The "phase," defined in this way, is equal to arg 
r, + (n - arg r,) for $o < 0 and to arg rr - arg 71 be- 
yond the Brewster angle. Thus, if the oxide absorbs, 
the phase is slightly greater than arg 7% at +o = 64", 
and slightly less than arg r, for +o = 68", but unless 
the oxide absorbs very strongly it is almost equal to 
arg r, at +o = 11'. For the moment we neglect the 
outer absorbing layer and take the phase as giving 
arg r,. Using a calculated graph, e.g., Fig. 10 for 
+,, = 64', the "intensity ratio" defines a value of 1r21. 
The effect of the absorbing layer on the estimate of 
Ir,l is less important and will be neglected. Finally, 
with a chart such as Fig. 11, calculated for a given 
value of n,, the values of n, and k, required to give 
the observed values of arg m and 1r.l may be read off. 
The result is shown in Fig. 12. From Fig. 12 and from 
experience in fitting calculated to experimental 
curves, it was concluded that rh = 3.50 and k, = 2.44 
with a reliability of k0.1 for both rr and b P  Experi- 

sIf the oxide nearest the metal-the pre-existing fllm-has very 
different <I from the bulk of the oxide fllm, thin wfll introduce an 
error in the estimate of z. However the result did not dewnd 
detectably on whlch of the pretreatme;lts listed was used. The cal- 
culations were made at an early stage in the research udng nt = 
2.272. This i aufllclentb close to the Anal values obtained (Fig. 9 
and Tables I and 11) to obviate any need to recalculate the charts. 

.;:! I u I... ,..* 

. I... 
4.m. 

0.m. 

,.. 11 ' ' ' ' ' I '  " I., I.. 1. .9 .., 4.. ,I ... ., 
1r.l 

Fig. 10. Calculated "intensity ratio" (see text) vs. lrzl given 
n, = 2.272, and $O -- 64".  

=* z* I. .. I.. ..m .I .. ,.I ,., 

Fig. 1 1 .  Calculated chart of arg re and mod r2 as func- 
tions of nr and kr for n, = 2.272 and h = 64'. 
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mental reflectivity data for two specimens are com- 
pared with curves calculated using these values of 
n, and k, in Fig. 13. The experimental data for each 
specimen have been shifted upward on the logarith- 
mic reflectivity scale to allow for the imperfection 
of the surface. It can be seen that the fit is excellent 
except that, as expected, the phases of the experi- 
mental curves at 64" and 68" are slightly greater 
and smaller, respectively, than those of the cal- 
culated curves. Arg T. changes very little from = 

64" to $o = 68", so that for a nonabsorbing oxide 
the phases of the 64' and 68" curves are very 
close, maxima in one curve corresponding to minima 
in the other. With n, and le, thus determined, the 
"intensity ratio" at the Brewster angle determined 
k, for the thin absorbing layer, using a calculated 
graph of the intensity ratio at the Brewster angle 
us. k,. The value found was kl = 0.024 & 10%. The 
derived value of kl in turn gave arg r,  at $I@ = 64' and 
68" (from Fig. 14), and the values found were in 
good agreement with the values required to explain 
the deviations in Fig. 12 and 13. 

The values of the phase and hence of arg r, and 
of n, are most accurately determined at +o = 11°, 
since the minima in reflectivity are sharpest at this 
angle, and since the nonzero k, has least effect at 

Fig. 12. Experimental data on n, and kn: E.P. = electro- 
polished; HF = E. P. followed by dip in HF; C.P. = chem- 
ically polished. 

Fig. 14. Calculated (r - arg r,) for $0 < 0 and arg r~ for 
$O > 0 as function of kl for n, = 2.272 and $O = 64' and 
68". 

this angle. The values used above are derived from 
the values of X given previously (I), and these 
were confirmed by further experiments. This gave 
arg r, = 138 * lo (at this wavelength and &). 

The above values of n, and k, may be compared 
with the previous values of Wartenberg (14) pub- 
lished in 1910 of n, = 2.05 and k, = 1.12 x 2.05, ob- 
tained by the classical methods and with those of 
Heavens and Kelly (8) % = 2.04 and k. = 2.09 
(claimed to be reliable to f 14%) obtained by 
matching plots of intensity reflectivity us. angle of 
incidence assuming that their thin evaporated layers 
of tantalum had the full theoretical reflectivity of 
a flat surface and were free of oxide. 

Measurements on Unanodized Metal 

The top part of Fig. 15 shows calculated reflec- 
tivity us. angle of incidence plots for bare metal and 

O / l o l l  

Fig. 15. Top: calculated reflectivity for bare metal and for 
Fig. 13. Calculated reflectivity vs, thickness curves and ex- very thin films; bottom: experimental data for unanodized 

perimeiltal data (two specimens) with vertical shift to allow electrolytically polished tantalum before and after immer- 
for surface imperfection 10 ma cm-a and 25°C. sion in HF. 
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for metal with a few tens of angstroms of oxide. The 
bottom part shows observed curves for electropol- 
ished metal with and without treatment in HF. This 
treatment will presumably remove the pre-existing 
film, but a film will again grow on removal from the 
HF and drying. The results appear to indicate 30A 
or more of oxide to be present. Since the refractive 
and absorption indices of this pre-existing film may 
differ from those found for the anodic film and used 
in the calculation of the curves in the upper part 
of Fig. 15, the fit would not be expected to be exact. 
Furthermore the ratio in which the reflectivity is 
reduced by surface imperfections may not be inde- 
pendent of angle of incidence over this wider range 
of angle. 

Contpal-ism with Previous Work 
Several previous researches have also indicated 

(with varying precision) that apart from narrow in- 
terfacial regions the films formed on tantalum in 
dilute aqueous solutions at a given current density 
and temperature are both homogeneous and invari- 
ant with total thickness. In the most recent of these 
(1,12) (consult for references to the earlier work) 
in which the spectrophotometric method was used to 
determine the thickness, it was shown that this was 
so with high accuracy (< l%)  at least with films 
over 200A in thickness unless remarkably compli- 
cated and nicely balanced compensations occurred 
involving the capacity, the charge to form the films, 
the refractive index, and the field strength.' How- 
ever, Heavens and Kelly (8) in their work using 
light polarized in the plane of incidence obtained re- 
sults which indicated that the index varied through 
the thickness of the oxide by about 10%. The mean 
index reported was some 10% less than the value 
reported by Young (1) at the same wavelength 
5461A although higher values were reported in the 
fuller account by Kelly (9). Other results in contra- 
diction with previous work, in particular a 2% 
difference between films formed on two specimens 
with only a 1:2 ratio of current density, and a 10% 
increase with increasing thickness to a few lOOA 
were reported by Kelly. The non-uniformity was 
deduced from a rather slight misfit between experi- 
mental and calculated curves of reflectivity us. angle 
of incidence. The range of angle was small, only four 
experimental points were compared with theory, and 
only one experiment was quoted. Plots of reflec- 
tivity us. thickness were not obtained. The sig- 
nificance of the misfit depends on the accuracy 
of the method (described above) which was 
used to obtain the optical constants of the metal. 
Evaporated tantalum substrates were used for most 
of the experiments. These were in f a d  extremely 
thin, so that only very thin oxide films could be ex- 
amined before the substrate became transparent. No 
evidence was given that these films were not granu- 
lar or otherwise different from the massive metal. It 
is evident from the fuller account given by Kelly 
that a large scatter was observed in the values of 
n, obtained by the determination of $o at which IRIS 

Fig. 16. Reflectivity vs. thickness. Top: calculated for 
homogeneous oxide; bottom: observed for films formed in 70 
wt % H&OI at 100°C and 10 ma cm4. 

was the same for anodized and unanodized area. In 
view of these points, we conclude that the results 
obtained by Heavens and Kelly are not typical for 
films formed on massive tantalum. Probably, the 
most important source .of contradiction with other 
work (including the present work) was the use of 
very thin evaporated layers of tantalum. It has often 
been found that thin evaporated films have prop- 
erties different from those of the massive material. 

Anodic Oxide Films Formed on Tantalum in 
Concentrated Sulfuric Acid 

Typical experimental curves of reflectivity us. 
thickness at several angles of incidence are shown 
in the lower part of Fig. 16. The shape of the curves 
between crossover points allows a good estimate to 
be made of the refractive index, and k, may also be 
estimated. Calculated curves for a homogeneous film 
with n, = 2.16 and k, = 0.024 are shown in the top 
part of the figure. The fit (on a logarithmic intensity 
scale) is good up to a certain thickness but not be- 
yond. Evidently, a large fraction of the film absorbs 
light, but after a certain thickness is reached the 
films are not homogeneous. The refractive index is 
slightly less than that of films formed in dilute sul- 
furic acid, and the absorption index is about equal to 
that of the thin outer absorbing layer of the films 
formed in dilute solution. Other information on the 
properties of films formed in concentrated sulfuric 
acid has been given by Vermilyea (15) and by 
Young (12) 

Niobium and Niobium + Tantalum Alloys 

OHeavens' statement (6) that the index was assumed to be uni- 
form is only correct in that such compensations are only excluded 
on the g~ounds of probablltty. 

Plots of reflectivity us. angle of incidence'for a 
series of "critical" thicknesses of films formed in di- 
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Fig. 17. Reflectivity vs. angle of incidence at "critical" 
thicknesses of oxide for niobium and tantalum + niobium 
olloys. 

Fig. 18. Refractive index vs. composition in o/o of tan- 
talum + niobium alloys. 

Fig. 19. Reflectivity vs. thickness of oxide for alloys. 

Fig. 17b 

0 ,  lo'i 

Fig. 19b 

lute sulfuric acid at 10 ma cm* and 25°C on niobium, 
and on the two 25 a/o alloys with tantalum are given 
in Fig. 17. These indicate refractive indices as fol- 
lows: Nb, 2.46 2 1%; 75 a/o Nb + 25 a/o Ta, 2.41 
* 1% ; 25 a/o Nb + 75 a/o Ta, 2.30 2 1%. As shown 
in Fig. 18 the index of the mixed oxide is, therefore, 
approximately a linear function of the composition 
in atomic per cent, assuming that the Alms have the 
composition of the alloy. Reflectivity us. thickness 
plots are given in Fig. 19. There would again appear 

to be an outer absorbing layer. With the 25 a/o nio- 
bium alloy, IRIS increased with D. Possibly this could 
be due to segregation within the oxide or metal. 
X-ray fluorescence analysis of films dissolved in 
layers was used to test this possibility, but the result 
was inconclusive. 

Zirconium 
Reflectivity us. thickness plots for films formed at 

10 ma cm" and 25°C in 0.2N &SO, are given in 
Fig. 28. Clearly a large part of the films absorbed 
light at this wavelength: a surprising result. Be- 
cause of this absorption, it has not been possible as 
yet to fit calculated curves and to determine whether 
the films are homogeneous. 
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0 so 100 

VOLTS 

Fig. 20. Reflectivity vr. voltage of formation at 10 ma cm-' 
and 25'C for zirconium. 

Discussion 
The direction of the dependence of the refrac- 

tive index on the conditions of formation is some- 
what surprising, since, according to present theories, 
it means that the index is higher the lower the con- 
centration of mobile ions, i.e., of Frenkel defects. 

The explanation of the thin outer layer of absorb- 
ing oxide is at  present uncertain. It certainly seems 
to be significant that the thin absorbing layer pres- 
ent in films formed in dilute solution becomes a 
thick layer in films formed in concentrated solution. 
It is tempting to assume that this layer represents 
a transitional layer in which the adjustment is made 
between the kinetics of the oxide/solution interface 
and those of the electrically neutral oxide in the in- 

terior of the film. However, the effect could be due 
to some more trivial cause, such as the adsorption of 
SO;%y the outer layers of oxide. I t  is worth noting 
that to account for accurate reflectivity measure- 
ments it has usually been required to introduce the 
idea of transitional layers in which, for example, the 
refractive index varies through the outer few ang- 
stroms of the reflecting material. 
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The Volatilization of Chromium Oxide 
D. Caplan and M. Cohen 

Division of Applied Chemistry, National Research Council, Ottawa, Canada 

ABSTRACT 

The phenomenon of evaporation of chromium oxide from chromium alloys 
oxidized at high temperatures was investigated by observing the loss in weight 
when Cr,Os pellets were heated at 1000"-1200°C in various atmospheres. Ap- 
preciable volatilization occurred in oxygen, more in wet oxygen, but none in 
argon or wet argon. FenO. specimens showed volatilization in none of these 
atmospheres. The results indicate that evaporation occurs by oxidation of CrO. 
to gaseous CrO. which dissociates to CmO, on redeposition. The mechanism by 
which moisture promotes volatilization was not established. 

When Cr alloys are oxidized a t  high temperatures, phase. This is surprising in that the barrier film of 
it has sometimes been observed that CrrO, ~ : ~ s t a l s  refractory oxide covering the specimen would be 
deposit at  cooler parts of the apparatus (1-4), indi- efrpected to prevent such an effect. Interpretation 
cating that Cr or its oxide somehow evolves from of the kinetics of oxide film thickening from weight 
the specimen and is transported through the gas gainhime measurements is thus complicated since 
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a weight loss is superimposed on the weight gain of 
oxygen which supposedly is being measured. In 
addition, it is likely that the characteristics of the 
film as a diffusion barrier are affected. 

Neither the vapor pressure of Cr,Oa nor its dis- 
sociation pressure is high enough to account for 
the quantities of deposit observed. Because of the 
known high vapor pressure of Cr it was at  first con- 
sidered that the metal itself escaped in some man- 
ner. The authors proposed (1) that Cr,Os was re- 
duced to Cr at  the outer surface by the carbon of 
the alloy. When volatilization was observed with 
essentially carbon-free alloys it seemed necessary 
to invoke a mechanism whereby Cr evaporation 
takes place because the oxide film fails to act as a 
proper barrier layer, perhaps by rapid diffusion of 
Cr along oxide grain boundaries or escape at  real 
discontinuities in the film' (5). But when it was 
learned that Cr,Oa, in the absence of metal, lost 
weight when heated in oxygen (6) it became evi- 
dent that a volatile oxide was being formed. 

To investigate the effect, CrsOl was heated in 
flowing oxygen and argon and the weight loss 
measured. Parallel experiments were performed 
with Fe,Oa. The loss in weight was determined also 
in moist oxygen and argon since moisture had pre- 
viously been shown to affect the oxidation rate of 
Cr alloys (1, I ) .  In addition, CrrOa was formed from 
metal in the same atmospheres and examined by 
x-ray diffraction and infrared absorption spec- 
troscopy to see if moisture modified the oxide 
structure. 

Experimental 
Pellets 1.2 cm in diameter and 1.2 cm high 

were pressed from reagent grade Cr,Os and Fe,Oa 
and sintered at  1400' in air or oxygen to about 98% 
of theoretical density. Chromium metal was U.S. 
Bureau of Mines 0.015-in. sheet. 

The specimens were suspended in a vertical tube 
furnace, 2.9 cm ID, up through which purified oxy- 

gen or argon at  1 atm flowed at  rates regulated 
between 10 and 200 ml/min. The gases were used 
dry or saturated with water a t  25" at  which tem- 
perature the vapor pressure of water is 24 mm. 
Runs were a t  1100' and 1200" except for one a t  
1000' in still air. Table I summarizes most of the 
runs carried out. The oxide pellets were held in a 
high-purity alumina crucible cut in an  openwork 
pattern to expose them to the flowing gas. Runs 
were started by lowering the specimen into the hot 
zone slowly to avoid loss of weight by spalling. Al- 
though weight loss us. time curves were obtained 
with a recording automatic balance only the final, 
total weight changes are reported since up to 40% 
of the evolved product condensed back on to the 
suspension system. 

The Cr sheet samples were oxidized in similar 
fashion for such times, 5-100 hr, as to give oxide 
films 1-lop thick. (The weight gainhime curves 
recorded by the automatic balance will be reported 
subsequently in connection with the scaling of Cr 
alloys.) In this range of thickness the Cr,Or ab- 
sorbed infrared radiation in the proper amount to 
yield an absorption spectrum when a method of 
reflection at 90' incidence was used. Spectra were 
also obtained by transmission through mull samples 
prepared from finely ground separated oxide. 

In an additional experiment1 an oxy-gas torch 
was directed at  the surface of sintered Cr,Oa and 
the small amount of smoke evolved caught on a 
cold support. The surface temperature of the CrsOa 
was approximately 2000°C. The product was ex- 
amined by reflection electron diffraction. 

Results 

Figure 1 shows the effect of atmosphere on the 
volatilization of Cr,Ol a t  1100° and 1200" and a gas 
flow rate of 200 ml/min. At this flow rate moisture 

lsuggested by dlscusdon with R. M. Fowler of Union Carblde 
Metala Corp. when this work was presented at the ECS Houston 
meeting, October 1860. 

Table I. Weight loss on heating Cr& and FenOs in various atmospheres 

Gas flow Weight loss 

Run Speclmen Temp. 'C Gas Time. hr ml/mln 1 mg mdd 

still air 
oxygen, dry 
oxygen, dry 
oxygen, dry 
oxygen, wet 
argon, dry 
argon, dry 
argon, wet 
oxygen, dry 
oxygen, dry 
oxygen, dry 
oxygen, dry 
oxygen, dry 
oxygen, dry 
oxygen, wet 
oxygen, wet 
oxygen, wet 
oxygen, wet 
oxygen, dry 
oxygen, wet 
oxygen, wet 

Plotted In Fig. 1. 
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Fig. 1. Weight loss of Cr& in wet and dry oxygen and 
argon at 1100' and 1200'C; Flow rate 200 ml/min. 

approximately doubles the rate of weight loss in 
oxygen. No loss occurs in argon, either wet or dry. 
With Fe,O, (Table I)  no loss occurs in wet or dry 
oxygen. 

The variation in evaporation rate with oxygen 
flow rate is shown by the results in Table I, which 
includes the data of Fig. 1. Expressing the weight 
loss in micrograms per liter of gas flowed (last 
column), it is seen that as the flow rate is decreased 
the numbers increase as they should (e.g., runs 9- 
14, 15-18, or 2-4) but that a constant value is not 
obtained, as should be the case if the saturation 
pressure of the volatile species were to be deter- 
mined (8, 9). Furthermore, nonsystematic varia- 
tions appear e.g., the loss in run 9 is greater than 
in run 10. This occurred because run 9 immediately 
followed four 1200" runs with Fe,O, in oxygen dur- 
ing which the CrrOa which had been condensed in 
the apparatus from previous runs was evaporated 
away. In run 9, therefore, only the specimen itself 
was contributing the volatile material to the flow- 
ing gas and a higher (and more nearly correct) 
weight change was observed. This applies also to 
runs 14, 15, and 18. Otherwise some evaporation 
occurs from Cr,Os deposits as well as from the pel- 
let, but is not recorded as part of the weight loss. 
It follows that the experimental design is not satis- 
factory for the accurate determination of vapor 
pressure or that the transportation method , is  not 
applicable to the CrsOs-0?-H,O system. 

Infrared absorption spectra of adequate quality 
were obtained from the thin oxide films on Cr sheet 
by .the normal incidence, single reflection method, 
as well as with the more conventional mull sam- 
ples. Absorption maxima were observed at  680, 850, 
930, 980, 1100, and 1160 cm". No differences in the 
spectra could be detected between Cr,O, formed in 
dry oxygen, wet oxygen, or argon containing 20 
ppm oxygen. 

X-ray diffraction of these same three Cr,Ol sam- 
ples and also of Cr20s condensed on the suspension 
system from CrrO, heated at  1200° in wet oxygen 
(run 17) disclosed no significant difference in the 
interplanar spacings; the variation was no more 
than 1 part in 10,000. 

Electron diffraction of the smoke developed by 
directing an oxy-gas torch onto Cr,O, showed this 

condensate to be CrO.. Sufficient material could not 
be produced to confirm this by x-ray diffraction. 

Discussion 
The observation that no loss of Cr,O. occurs in 

argon confirms the fact that volatilization is not by 
dissociation of the oxide nor as CrrOI vapor. Since 
weight loss does occur in oxygen, the volatile spe- 
cies must be a higher oxide of chromium. Fe,O, 
shows no volatilization, presumably because no 
oxide of appreciable vapor pressure forms, and 
none is known. CrO. is a known volatile oxide of 
Cr, but it exists normally only at  lower tempera- 
tures so that, at  the temperatures and oxygen pres- 
sures of the present work, oxidation of Cr20, to 
CrOs is thermodynamically unfavorable. However, 
the reaction to form gaseous CrOs 

would have in its favor the increase in entropy as- 
sociated with the extra half mole of gaseous prod- 
uct, and therefore a less unfavorable free energy 
change. Furthermore, in a dynamic system with a 
considerable flow of gas, appreciable material 
transport can occur even from a rather small equi- 
librium partial pressure. 

Taking the largest experimental value of weight 
loss per liter of gas flowed, which is to say the most 
nearly correct value, run 9, a Cr,03 loss of 173 pg/l 
corresponds to a CrOs partial pressure of 5.1 x 10.' 
atm. If this represented saturation, the equilibrium 
constant 

becomes 2.6 x lo-', equivalent to AF",,, = + 29 kcal. 
In fact, saturation has not been demonstrated so that 
K, is too small and A F O  too large by an unknown 
amount, although the error may not be very large. 
But the main point of the foregoing is that CrO, 
may be reasonably considered as the volatile species 
despite its instability. This observation of hexa- 
valent Cr oxide is consistent with an explanation 
offered in a previous publication (10) to account for 
an anomalous sharp minimum in the cathodic re- 
duction curves of oxide films on Cr alloys. The pro- 
posal was made that Cr,O, films formed under 
strongly oxidizing conditions were defect oxides con- 
taining appreciable Cre+ ion and would be properly 
described as Cr,-," Cr." 0. 0, where Ox represents 
the concentration of cation vacancies. The latter 
would be larger the higher the oxygen pressure and 
the lower the temperature. 

The Cr smoke experiment lends strong support to 
the CrOa hypothesis. That CrO, actually was con- 
densed must be ascribed to the gas quenching that 
the volatilized Cr oxide receives as it is swept out 
of the oxy-gas flame. In all other cases the CrO, 
vapor decomposes to CrsO, and oxygen by the re- 
verse of equation [I]. Hence, in the flow experiments 
only Cr,O, is detected by x-ray diffraction in the 
sublimate on the furnace tube and suspension sys- 
tem. [In some work which had not appeared in print 
at  the time that this paper received its final revision, 
CrOs had been detected mass spectrometrically as a 
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gaseous species when Cr,O. 3 a s  heated under oxi- 
dizing conditions (26) .] 

The accelerating effect of moisture cannot be 
elucidated from these experiments. The attempts 
by x-ray diffraction and infrared spectroscopy to 
demonstrate the presence of hydrogen ,in Cr,03 
heated or formed in moist gas were not successful; 
one can say that large quantities do not incorporate 
themselves in the solid oxide lattice. The vaporiza- 
tion of some nonvolatile oxides in the presence of 
moisture has been shown to be due to the formation 
of gaseous hydrates. This is so with Li90 (11, 12), 
B20, (13), Be0 (14-17), and perhaps A1,0, (17), 
WO,, W,O,,, WOs, MOO. (18) and some others (19). 
But the CrpO, case is different in that the wet argon 
experiment in which no volatilization occurred 
showed that a hydrate of Cr,O, does not form. I t  
may be that volatilization is enhanced by formation 
of a gaseous CrO, hydrate, but there is as yet no 
evidence in support of this. Where a volatile hydrate 
forms and no volatile oxide exists the situation ap- 
pears quite straightforward. But where volatile 
oxides are present, U, Mo, Cr, Si, Pt, the function of 
water has not been demonstrated unequivocally. 

Alternatively, moisture may increase volatility by 
stabilizing gaseous polymers. Mass spectrometric ob- 
servations have shown rather surprisingly that the 
high-temperature volatile species over such oxides 
as WO,, Moos, BeO, and GeO are polymers as high 
as pentamers (20, 21). 

Third, moisture may, by changing the activation 
energy, act as a promoter for the surface oxidation 
reaction, perhaps facilitating removal of the oxi- 
dized product from the surface. The results at  the 
slowest flow rate suggest such a catalytic effect: the 
weight loss in wet oxygen was not greater than in 
dry oxygen (run 15 us. run 9). If the gaseous hy- 
drate or polymer idea were valid, the weight loss 
should be greater with moisture at the slow flow 
rate also. But because of the aforementioned inade- 
quacies of the transportation method for the Cr?O,- 
01-H,O system, the data at  low flow rates are vari- 
able and a definite conclusion cannot be drawn. 

Having established the conditions under which 
Cr,O, evaporates one can recognize instances where 
the effect of such evaporation should be considered. 
The spurious kinetic results that can arise in studies 
of oxide film growth on Cr alloys at  high tempera- 
tures were mentioned at  the beginning. A corollary 
is that moisture might appear to inhibit or promote 
high-temperature oxidation depending on whether 
the measurements were of gain in weight of oxygen 
or loss in weight after removal of oxide. For ex- 
ample, the weight gain/time curves of the Cr panels 
used to form Cr,O, films show smaller parabolic rate 
constants in moist oxygen than in dry oxygen, in 
an amount that could be accounted for by the more 
rapid volatilization in wet oxygen rather than by 
a change in film growth kinetics. In alloys, where 
oxides of more than one metal occur, the composi- 
tion of the outermost layer especially would be de- 
pleted in Cr oxide by the evaporation. 

Spurious results can occur also in chemical an- 
alysis where materials containing Cr are ignited in 
air. In the chemical analysis of passive films separ- 

ated from stainless steel, moisture contents up to 
30% were deduced (22) on the basis of the decrease 
in weight that occurred when 100 pg or smaller 
samples were ignited at  1000". A possible alternative 
explanation is that Cr,O,, not HnO, was driven off in 
the ignition. If so, the suggestion that passive films 
have gel-like characteristics loses support. Attempts 
in this laboratory to confirm the presence of water 
in passive films prepared similarly have not suc- 
ceeded. The reported permeability of Cr,Os films for 
Cr (5) might also be explained as oxide volatiliza- 
tion. 

In the mixed oxides that form protectively on heat 
resistant alloys containing Cr, the volatility of Cr 
oxide may be less than from Cr,Os, either because of 
a crystallographic difference (spinel instead of 
rhombohedral), dilution, or the valence compensa- 
tion effect (23) by which, for example, the evapora- 
tion of uranium oxide is depressed by inhibiting the 
oxidation of UOp to UOs. If this is so, a mixed oxide 
in some atmospheres and temperatures could be 
preferable to pure CrpOs in spite of a less ideal defect 
structure which may permit more rapid diffusion. 
There is some literature evidence in this direction 
(24), but the situation is not yet clear. 

To summarize, Cr,O, is shown to volatilize but only 
in an oxidizing atmosphere. Moisture increases the 
rate of evaporation in some way not yet understood. 
FezO, does not volatilize. CrOa is thermodynamically 
reasonable as the gaseous species, can be gas- 
quenched out of hot Cr oxide smoke, and is believed 
to account satisfactorily for the evaporation of Cr 
oxide. Normally it dissociates to Cr,O, on redeposi- 
tion. Identification of CrOs in the vapor phase and 
an explanation of the moisture# effect requires addi- 
tional information: application of the Knudsen 
effusion method in which the high-temperature 
gaseous product is viewed with a mass spectrometer 
(13, 23) seems ideally suited to this purpose. In- 
correct interpretation may be attached to high-tem- 
perature processes involving Cr oxide if its volatility 
is not recognized. 

Manuscript received Nov. 14, 1960; revised manu- 
script received Jan. 13, 1961. This paper was prepared 
for delivery before the Houston Meeting, Oct. 9-13, 
1960. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1961 
JOURNAL. 
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Electrolytic Etching of Dense Tantalum 

A. L. Jenny and R. k Ruscetta 

Capacitor Department, General Electric 'Company, Irmo, South Carolina 

ABSTRACT 

A practical method of etching dense tantalum for the purpose of mag- 
nifying its effective surface area is described. The degree of surface area mag- 
nification is related to such parameters as electrolyte composition, anodic cur- 
rent density, temperature, and characteristics of metal specimens to be treated. 
The decrease in surface area magnification as a function of postetch anodizing 
voltage apparently signifies the filling in of certain etch pits with tantalum 
oxide and gives a clue to the size of these pits. 

Tantalum metal of capacitor quality is a powder 
metallurgy product of relatively high purity. The 
metal in a variety of forms such as porous sintered 
compacts, wire, sheet, and foil is being used in sub- 
stantial quantities in the manufacture of high-qual- 
ity tantalum electrolytic capacitors. 

The present investigation is concerned with the 
magnification of the capacitance value of plain tan- 
talum foil to the greatest extent possible by a prac- 
tical and economical etching treatment. 

Magnification of capacitance.-The equation which 
characterizes the electrical capacitance of a parallel 
plate capacitor is equally valid for an electrolytic 
capacitor. 

C =  (KA) /T  111 

wherein C is capacity; K a dimensional constant 
which includes E, the specific inductive capacitance; 
A area of electrodes; T distance between plates. 

In an  electrolytic capacitor, T is the thickness of 
the anodic oxide film which is directly proportional 
to the formation voltage and to the absolute tem- 
perature. Hence, we may now write 

In Eq. [2] K' is a temperature-dependent func- 
tion having the units of volt microfarads per cubic 
centimeter when C is expressed in microfarads. and 
the cgs system is used dimensionally. The experi- 
mental values of K' for unetched tantalum foil are 
approximately 25 and 21, respectively, for forma- 
tion temperatures of 25' and 95°C. 

As predicted by Eq. [2] when plain and etched 
specimens of foil are anodized (formed) to the same 
voltage and at the same temperature, the increase 
in surface area achieved by etching will be mani- 

fested by a proportional increase in the measured 
capacitance. 

The ratio of the capacitance per unit of projected 
area of an etched specimen to that of a plain speci- 
men is termed the capacitance ratio or etch ratio. To 
define the etch ratio completely, both the anodizing 
voltage and temperature must be specified. In this 
paper the voltage is 75 2 1 v d.c. and the temper- 
ature is 25' * 2°C unless otherwise specified. 

Etching process-general.-Several U. S. patents 
have been issued relating to etching processes to 
increase the effective area (and therefore the capac- 
itance) of tantalum specifically for electrolytic ca- 
pacitor purposes. Kahan (1) uses aqueous solutions 
of concentrated HF and HC1 in an electrolytic sys- 
tem, Houtz (2)  reacts tantalum with chlorine at 
350"-40O0C, Jenny (3 )  etches electrolytically in a 
substantially nonaqueous system containing fluoride 
salts, and Ruscetta and Jenny ( 4 )  use an essentially 
nonaqueous electrolyte containing a variety of salts. 

The inherent properties of tantalum render it 
generally unresponsive to the usual chemical and 
electrochemical etching techniques. For example, 
the rapid embrittlement of tantalum by hydrogen 
even at  room temperature precludes the use of 
chemical etchants which liberate hydrogen such as 
hydrofluoric acid alone or mixed with other acids 
or solutions of ammonium bifluoride. This is par- 
ticularly true when treating thin gauge foils which 
must be wound subsequently on small diameter ar- 
bors, the so-called winding process in the manufac- 
ture of electrolytic capacitors. Furthermore, the ease 
with which tantalum acquires an insulating film 
when polarized anodically in most aqueous solutions 
represents a distinct departure from normal electro- 
lytic etching procedures. 
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The electrolyte must have adequate conductivity 
and be such as to promote a pit-type of corrosion to 
produce a significant increase in the effective sur- 
face area, while inhibiting oxide formation. To be 
practical, these characteristics must prevail over a 
reasonable range of current density, temperature, 
composition, and time. 

Specimen Preparation and Treatment 

Tantalum foil specimens 12 x 1 x 0.00127 cm were 
prepared by first spot welding a flattened tantalum 
wire, 0.05 cm in diameter and about 5 cm long, to 
one end of the foil. This provided a convenient 
handle and terminal for subsequent mechanical and 
electrical processing. The welded area was not im- 
mersed in the electrolyte during the etching cycle. 
Both foil and wire were purchased to the following 
purity specification: Ta 99.90 min; Fe 0.03 max; 
C 0.03 max; all others 0.04 max. 

The foil/wire assemblies were cleaned first in 
C.P. acetone, then boiled gently for 15 min in a 
mild detergent solution to remove rolling lubricant. 
Specimens then were rinsed thoroughly in boiling 
distilled water and air-dried after a final rinse in 
C.P. acetone. 

The power source for etching was a rectifier with 
a variable current limiting resistor to control cur- 
rent density. A regulated voltage power supply was 
used for forming etched specimens and unetched 
controls to 75 v d.c. The forming solution comprised 
aqueous ammonium pentaborate having a resistivity 
of 300 2 15 ohm cm at 25°C. Capacity measurements 
were made at 120 cps on a standard capacitance 
bridge. 

Electrolyte Composition 
A great many solutions were found ultimately 

which satisfied the technical requirements and also 
met a criterion of adequate etching action. That is, 
to be successful, an electrolyte must produce an etch 
ratio of at least 1.5/1 after 10 min of etching. Al- 
though the primary solvent in most solutions con- 
sisted entirely of methanol, other organic liquids 
miscible with methanol also were used with it, pro- 
vided the combination contained at least 6.5% meth- 
anol by weight. 

Examples of such liquids used with methanol are 
higher molecular weight primary alcohols, polyhy- 
dric alcohols, simple and substituted ethers, amines, 
amides, and many aromatic compounds. 

The solute comprised halides, thiocyanates, ni- 
trates, chlorates, and many other miscellaneous com- 
pounds such as trichloroacetic acid, for example. The 
solvents and solutes were used individually or in 
combination, and all combinations exhibited to a 
greater or lesser degree the same general behavior. 
For purposes of simplicity, the following descriptions 
will be limited to the system methanol. ammonium 
bromide/water. 

Egect of Water 

The profound influence of the water content on 
etch ratio and the type of corrosion obtained was 
not predicted. A study was made of its effect only 
after the erratic behavior of solutions as a function 
of age was noted. The basic solution comprised 1 1 

Toble I. Effect of water content of methyl alcoholic NHIB~ 
on etch ratio 

Wt. % Ekh ratio 
added water Capacity, Icf at 75 v d.c. 

Ekhing cycle. 10 mln @ 1.0b ASD. 
Capacity unetched control 3.95 @ at 75 v 

absolute refined methanol in which was dissolved 
30 g N.F. granular ammonium bromide. The water 
content as made was determined by a modified Karl 
Fischer method and ranged from 1000 to 3500 ppm. 
After etching two specimens at 1.08 amp/dc? in 
the electrolyte as made, small amounts of distilled 
water were added, thoroughly stirred in and two 
more specimens etched, etc. The effect of the water 
content on the etch ratio is shown in Table I and 
plotted in Fig. 1. 

For comparison purposes the etch ratio us. water 
content curve for methyl alcoholic fluoride solutions 
is plotted in Fig. 1 as curve 2. The sharp peak of 
this curve made it difficult, if not impossible, to 
maintain optimum etching conditions. Methyl alco- 
holic solutions of bromides followed curve 1 and 
the halogen appeared to be liberated briefly at a 
water content indicated by point A. The liberation 
of halogen was substantially continuous throughout 
the etching cycle at point B. At the same time, spe- 
cimens etched at water contents in the range A to B 
began to show evidence of anodic polarization by 
acquiring the well-known interference colors of 
tantalum oxide. 

Apparently the liberation of halogen and the in- 
cipient oxidation at high water contents decreased 
the coulombic efficiency of etching. This is shown 
in Fig. 2 wherein the milligram weight loss of speci- 
mens etched for 10 min at 0.86 ASD is plotted 
against the water content of the etching electrolyte. 
Figures 1 and 2 indicate that, at low water content, 
under about lo/,, tantalum metal is being efficiently 
but uniformly removed from the surface of the 

Fig. 1. Effect of composition and water content on etch 
ratio. 

w \ 
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Fig. 2. Effect of water content on weight lost during etching 

anode. At this point there is apparently very little 
pit-type corrosion so necessary to obtain a substan- 
tial increase in effective surface area. The exact 
mechanism involved and the role of water in this 
mechanism is not understood. 

Anodic Current Density 

A series of tantalum foil specimens was prepared 
and etched at anodic current densities from 0.86 
to 17.2 amp/dmZ. The etching time was reduced as 
the current density increased, but not necessarily 
in such proportion as to maintain constant coulombic 
input. Several specimens were treated at each cur- 
rent density, and periodic checks of water content 
were made to assure adherence to near optimum 
water concentration. The loss in weight of each 
sample and the capacitance at a formation voltage 
of 75 v d.c., together with the etch ratio were de- 
termined. These data are summarized in Table I1 
and plotted in Fig. 3 and 4. 

The effect of increasing apparent current density 
on the etch ratio is seen to be analogous to the effect 

Table 11. Effect of apparent current density on etch mtio 
and weight loss of tantalum foil 

Current 
density. Etch Weight loss, Etched Etch 

ASD time, min Mg/coul capacity, erf ratio 

Fig. 3. Effect of anodic current density on capacitance in- 
crease per coulomb. 

Fig. 4. Effect of onodic density on loss in weight per coulomb 

of increasing water content. Both result in a reduc- 
tion in etch ratio due primarily to the manner in 
which metal is removed rather than the absolute 
amount removed. In the electrolytes tested, both 
high water content and high apparent current den- 
sity tend toward an electropolishing rather than 
an electroetching mechanism. Two additional points 
are worthy of note at this time. First, Fig. 3 indicates 
that in a chemical sense, that is, at zero current 
density, there is no observable etching action on the 
specimen in terms of measurable increase in capaci- 
tance. Also, because of variable coulombic input, 
Fig. 3 is plotted as capacity increase per coulomb vs. 
apparent current density. Second, since the current 
was held constant during the etching cycle, it is 
misleading to speak of any but a starting current 
density. The specimen area obviously increases with 
time so the current density must decrease. 

Elect~olyte Concentration 
Foil specimens were etched in methanol contain- 

ing various concentrations of N.F. granular ammo- 
nium bromide, and the etch ratio was determined 
as a function of the approximate water content of 
each solution. The variation in etch ratio over the 
entire range of concentrations was approximately 
*5%, so apparently the salt concentration and, 
therefore, the resistivity are not critical, nor do they 
affect the optimum water content. The data are 
summarized in Table 111. 
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Table Ill. Effect of NH,Br concentration on etch ratio 

Approx. 
water 

content. Etch ratio at 75 v d.e. for indicated g/l NIiJ3r 
wt % 15 20 60 

Forming Voltage 

The thickness of the anodic film is directly pro- 
portional to the formation voltage, and tantalum 
metal is consumed in building the oxide film. Con- 
sequently, as formation progresses and the voltage 
increases, peaks of metal are cut down and etch pits 
are filled in with oxide in a manner to reduce the 
effective area. For these reasons it is to be expected 
that the etch ratio decreases with forming voltage and 
this is shown in Fig. 5. The rate at which the etch 
ratio falls off is related to the nature of the etch 
structure. If the etch is fine, the curve drops rapidly, 
but if the etch is coarse the curve drops more gradu- 
ally. For analytical purposes the etch structure has 
been idealized in the form of inverted right cones 
having a circular base located in the plane of the 
foil at the surface. 

In Fig. 6 the capacity per unit area of plain and 
etched foil and the etch ratio are plotted on log-log 
scale against the formation voltage at 95OC. When 
the curves are extrapolated, the plain and etched 
lines converge at about. 1000 v. This point is con- 
strued as that oxide thickness which presents an 
effective area to the test electrolyte comparable to 
plain foil. Using a growth rate for oxide of 20A/v at 
95OC and the fact that the oxide/metal volume ratio 
is 2.4/1, the maximum etch pit diameter according 
to the idealized model was calculated to be approxi- 
mately 2.5 x lo-' cm in diameter. 

Tantalum Hardness 

Annealed and unannealed tantalum sheet was 
etched under near optimum conditions of water 
content and current density to determine the effect 
of hardness on the etchability. The unannealed spec- 
imens showed a 70% greater surface area increase 

O1 50 100 I50 200 250 
DC FORMATION MLTAOE AT 95-C 

Fig. 5. Effect of d-c forming voltage on etch ratio 

Fig. 6. Effect of d-c formation at 95'C on capacitance per 
unit area of plain and etched foil. 

than the annealed. This was attributed to the pres- 
ence of regions of high residual stress and energy 
and to a greater,grain boundary path in the unan- 
nealed state. There was no evidence in the unetched 
specimens of increased surface area due to thermal 
etching. 

Summary 

Substantially nonaqueous solutions comprising 
basically a methanol solvent for halides, thiocya- 
nates, nitrates, chlorates, and certain other inorganic 
and organic compounds may be used to etch tanta- 
lum foil electrolytically. The term etch as used here 
refers to an increase in effective surface area and is 
not to be confused with metallographic etching. The 
water content of the etching electrolyte is critical 
and must be controlled for reproducible results. The 
anodic current density has been shown to be im- 
portant, the optimum value being in the range 0.86- 
2.15 ASD. 

The concentration of solute has relatively little 
effect on etch ratio, but the condition of the metal 
being etched is of considerable importance. The de- 
crease in etch ratio with forming voltage signifies 
the filling in of etch pits with tantalum oxide and 
gives a clue as to the size of these pits. 
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The Equivalent Series Resistance of Anodically 
Formed Oxide Films on Aluminum 

Walter J. Bernard 

Sprague Electric Company, North Adam, Massachusetts 

ABSTRACT 

The equivalent series resistance of an electrolytic capacitor is the sum of 
several resistive.elements, the major contributors being the electrolyte and the 
dielectric film on the anode. The frequency-independent contribution of the 
electrolyte, RB, is determined by the resistivity of the solution and the geom- 
etry of the capacitor. The contribution of the dielectric film, RA, is the sum of 
the series resistance of the film itself and the resistance of the double layer, 
both of which are frequency-dependent. 

RB may be determined by measuring the series resistance at frequencies 
sufficiently high so as to make negligible the contribution from other sources, or 
by extrapolating to l / f  = 0.  The resistance of anodic oxide films on aluminum 
is influenced by many factors and poses difficulties in measurement; a cell has 
been constructed which obviates some of these problems. A plot of RA vs. re- 
ciprocal frequency i$ nearly a straight line, the greatest deviation being shown 
at the higher voltages. In addition, Rn (for a fixed frequency) is directly pro- 
portional to film thickness over the range studied. The intercept at zero forma- 
tion voltage has been attributed to the double layer resistance. The linearity of 
the plot shows that the dissipation factor of the dielectric film is independent 
of film thickness, since capacitance is inversely proportional to film thickness, 
and amounts to about 0.6% at 100 cps. 

The dissipation factor, tan 8, of an electrolytic 
capacitor is expressed by oRC, where R represents 
the equivalent series resistance and C the equivalent 
capacitance. However, the dependence of tan8 on 
frequency, temperature, and capacitor design can be 
attributed largely to the changes which occur in 
series resistance and only to a slight degree to 
capacitance. Under most conditions the capacitance 
demonstrates reasonably simple behavior and can 
be calculated easily. The net capacitance of an elec- 
trolytic capacitor ordinarily is due entirely to the 
anode since the counter-electrode is constructed 
commonly of material of large capacitance. This 
anode capacitance is inversely proportional to the 
thickness of the oxide film and demonstrates a fre- 
quency dependence which has only a slight effect on 
the change of dissipation fador with frequency up 
to about 10 kc. Compared to the gross effects of the 
change in series resistance with frequency, this 
dependence of C on OJ may be neglected safely. For 
example, the average change in C for the specimens 
shown in Fig. 1 is less than 3% from 100 cps to 6 kc. 

The series resistance, on the other hand, is not a 
simple function of the oxide thickness and is strongly 
frequency-dependent. It may be considered to be 
due to the sum of contributions from the electrolyte, 
Re, and the resistance at  the anode, RA, due to oxide. 
Under many circumstances the electrolyte may be 
the dominant factor which controls the total resis- 
tance, but at  ordinary temperatures and low fre- 
quencies the other resistive elements may be im- 
portant also. 

The oxide layer does not act as a simple parallel 
resistance. It has been observed in the case of nio- 

bium by Young ( 1 )  and for tantalum and aluminum 
by Winkel and de Groot (2)  that the equivalent series 
resistance of anodic oxide is proportional to l/o and 
not to 1/wa. Young has explained his observations on 
the basis of a theory which assumes that a resistivity 
gradient exists in the oxide layer, while Winkel and 
de Groot arrive at the same results by means of a 
theory of amorphous dielectrics. 

Experimental 
Measurements of the anodic impedance of alumi- 

num were made in solutions of ammonium penta- 
borate in ethylene glycol, similar to the commonly 
used electrolytes of the aluminum electrolytic ca- 
pacitor industry. This is advantageous since it 
avoids the use of aqueous solutions in which electri- 
cal measurements of anodic aluminum oxide are dif- 
ficult, particularly in solutions of high conductance. 
Electrical characteristics of aluminum oxide films in 
such solutions are frequently unstable, unlike the 

Fig. 1. Reciprocal capacity vs. frequency for anodic alumi- 
num oxide films. 
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behavior of films of tantalum oxide and niobium ox- 
ide. 

Solutions in ethylene glycol introduce a difficulty 
in measurement because of their relatively low con- 
ductance. In conventional laboratory equipment the 
electrolyte resistance (which is in series with the 
anodic resistance) may be very large and thus makes 
it difficult to distinguish with precision the effects of 
the smaller anodic resistance. A useful instrument to 
nullify the effects of high electrolyte resistance was 
constructed, similar to the design of that described 
by Jones and Christian (3). In our equipment a 
microscope stand was used, connected to a heavy 
base. The rack and pinion assembly, along with their 
controls, permitted the vertical variation of the elec- 
trodes and the accurate measurement of spacing. The 
bottom electrode consisted of a platinized platinum 
sheet sealed to a brass disk and securely encased in 
an epoxy resin, leaving only the platinum face ex- 
posed. The brass disk made electrical connection to 
the measuring equipment through an insulated 
sleeve in the base. An epoxy resin cup was used to 
contain the electrolyte. The upper electrode (remov- 
able) was the aluminum anode and consisted of a 
disk of high purity aluminum1 1 in. in diameter. It 
was machined flat, and one face was drilled and 
tapped to accommodate a threaded brass rod for 
making subsequent electrical contact. It then was 
polished mechanically and anodized to a relatively 
high voltage, usually in excess of 400 v, over all but 
the top face. The oxide on the bottbm face then was 
removed by a mechanical polish carried out to a 
mirror finish, followed by a chemical polish. The 
disk with the connecting brass rod in place was en- 
cased then in epoxy resin, the polished face being 
protected during this operation by use of grease. A 
thorough cleaning operation followed the setting of 
the resin. The exposed face of aluminum then was 
oxidized in a conventional boric acid solution at 25OC 
to the desired voltage, transferred to the measuring 
electrolyte, and maintained at constant voltage until 
the current had fallen to 2.0 ra/cm'. This ensured a 
uniform electric field for all samples and also helped 
eliminate some of the poorer specimens. Good results 
were obtained in this way for experiments up to 200 
v. Beyond that voltage the insulating properties of 
the plastic were not satisfactory and erratic results 
were obtained. The construction of the cell was 
such as to keep the faces of the electrodes parallel to 
within a few tenths of a millimeter across the sur- 
face. The vertical separation of the electrodes was 
measured by means of a micrometer scale attached 
to the top of the cell. 

The mechanical operation of the instrument was 
satisfactory. Figure 2 shows the values obtained with 
only the electrolyte and two inert electrodes. The 
origin is the measured contact position of the elec- 
trodes, that is, zero separation, and the plot shows 
that the extrapolated short-circuit position is very 
close to the measured contact position. In addition 
to this, the resistivity of the electrolyte may be cal- 
culated from the slope of the line and the measured 

Fig. 2. Cell resistance as a function of electrode separation 
at 25°C and 10 kc. 

cell geometry; it was found to compare with the 
true value to within a few per cent. 

For all the results given here, the electrolyte used 
was a solution of 30% ammonium pentaborate in 
ethylene glycol. This solution corresponds to a 
typical capacitor electrolyte and has a resistivity of 
about 1000 ohm-cm. 

A bridge of the series resistance-capacitance type 
was used for the measurements reported here.' The 
frequency range available was from 40 cps to 400 kc 
and the a-c signal strength was 0.2. to 0.3 v. All 
measurements were made without applied d-c bias. 

Results and Discussion 

For a given electrode the cell resistance was meas- 
ured as a function of electrode spacing at several 
frequencies. The value extrapolated to zero in each 
case gives the anodic resistance, since it is that part 
of the total R which is not due to the electrolyte. 
Typical curves are shown in Fig. 3; each of the in- 
tercepts on the vertical axis represents the anodic 
resistance at that frequency. For most measurements 
it was found that the value of R for a given elec- 
trode spacing at infinite frequency when subtracted 
from the total resistance for any other frequency 
at that spacing gave a figure in agreement with the 
R obtained by extrapolation to zero spacing. This 
was true when the electrode spacing was small, i.e., 
less than 1 mm. Data obtained in this way were used 
extensively. In Fig. 4 the results of formations be- 
tween 50 and 200 v are given; these curves are plots 

 constructed by Dr. Robert P. Auty of the Sprague Electric 
Company. 

ELECTRODE SEPAnATm ICY X lo-') 

Fig. 3. Cell resistance, with farmed aluminum anode, vs. 
electrode separation. 1 Alcoa aluminum plate. 00.986% A1 (minimum). 
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RECIPROCAL FREOWNCI X 10' 

Fig. 4. Anodic resistance vs. reciprocal frequency for several 
formation voltages. 

of the anodic resistance vs. the reciprocal frequency. 
For lower voltages quite good straight line plots 
are obtained but there is a pronounced deviation 
from a linear relationship at higher voltages. This 
may possibly be due to the problems in obtaining 
good specimens using the technique employed here, 
since the higher the voltage the more difficult it 
became to obtain reproducible results. Data above 
200 v were completely unreliable. Curves of this sort 
have been reported also by Winkel (2), but the 
types of film which gave rise to his results were quite 
different from those described here. The films which 
he found gave this effect contained a large fraction 
of hydrated alumina and were high-resistance films. 
There is no reason to believe that the films studied 
here contained any appreciable amount of hydrated 
oxide. Smith (5) also has observed a pronounced 
curvature in plots of this type which he ascribes 
to geometrical effects of the measuring cell, en- 
hanced by the relatively high resistance of the elec- 
trolyte. It is unlikely that his treatment can explain 
the observations reported here since the cell de- 
scribed in this paper obviates these conditions. 

Figure 5 shows the result of a plot of anodic re- 
sistance at 100 cps vs. formation voltage. The resist- 
ance shows a linear dependence on oxide thickness. 
Capacity is, of course, inversely proportional to the 
oxide thickness, and the conventional 1/C plot is 
also included here. Since the resistance plot does not 
go through the origin it has been concluded that, if 
the extrapolation is valid, some part of the anodic 
resistance exists at zero formation voltage and is 

Fig. 5. Reciprocal capacitance and anodic resistance at 100 
cps as a function of formation voltage. 

constant over the voltage range. This conclusion is 
compatible with the idea that an appreciable con- 
tribution to the total resistance is given by the 
double layer and that this layer at the oxide-elec- 
trolyte interface has an equivalent series resistance 
shown by the intercept on the vertical axis. This re- 
sistance would be expected to be temperature-de- 
pendent and to differ at least in magnitude with the 
oxide temperature dependence, but reliable data for 
this effect have not been obtained yet. 

The actual values of RA are lower than has been 
reported previously. This may be due to the better 
quality of the film or the manner in which it was 
measured. R, is influenced by the conditions of oxi- 
dation and depends on the current density, tempera- 
ture, and electrolyte composition used. 

If the increments in the RA plot are assumed to be 
due to the oxide, it is seen that tan S of the oxide is 
independent of formation voltage, and for the con- 
ditions described here the value is about 0.6% at 
100 cps. We also note that since RA is inversely pro- 
portional to the frequency and the capacity is es- 
sentially frequency-independent, then the dissipation 
factor, aRC, of the film is also frequency-independent. 
Electrolytic capacitors in practice do not show a dis- 
sipation factor which is independent of frequency 
or formation voltage; tan 8 generally is increased 
by increasing frequency and decreasing formation 
voltage. This is due principally to the electrolyte 
resistance and the resistance which has been ascribed 
to the double lay&. At high frequencies the entire 
anodic resistance is negligible and because of the 
constant resistance of the electrolyte the dissipation 
factor is proportional to the frequency at suitably 
high frequencies. 

Figure 6, adapted from data of Robinson and 
Burnham (4), illustrates the effect of increased sur- 
face area of the capacitor, brought about by etching 
the foil. It is observed commonly that capacitors con- 
taining etched foil have higher dissipation factors 
than those with plain foil, but this cannot be at- 
tributed to the oxide film since the RC product of 
the film is independent of surface area. However, if 
the circuit of an electrolytic capacitor, at a fixed 
frequency, is considered to be a capacity in series 
with an anodic resistance and an electrolyte resist- 
ance, then the effect may be explained. RA decreases 

Fig. 6. Effect of surface roughness on the dissipation factor 
of aluminum electrolytic capacitors. 
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with increasing area, with a proportional increase 
in capacity. TKe other major resistive element, RE, is 
unchanged, however, because the geometry of the 
electrolyte is unaffected by the etched foil. Since a 
proportional decrease in the total resistance does not* 
occur, an increase in tan S is observed. The effect is 
more pronounced at low formation voltages because 
the electrolyte has a correspondingly larger contri- 
bution in the presence of thinner oxide films. 

Manuscript received Nov. 15, 1960. This paper was 
prepared for delivery before the Chicago Meeting, May 
1-5, 1960. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1961 
JOURNAL. 
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On the Mechanism of Cathodic Crystal Growth Processes 

B. C. Banerjee and P. L. Walker, Jr. 

Mineral Technology Division, The Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

An electron diffraction and electron microscopic study on thin films of 
copper electrodeposited on clean 1 mil foils of copper and platinum from acid- 
copper and complex copper-glycine baths maintained at 25°C has been con- 
ducted. The foils of copper and platinum consist of small grained structure. Re- 
sults show that for a current density of 10 ma/cmP and high acidic conditions 
(pH 0.3 or 0.9), large crystal grains of copper (10-40p) are developed, even 
when the deposit thickness is very small. A limited study on the effect of cur- 
rent density on the orientation of nickel, electrodeposited mainly on brass 
disks from some common plating solutions maintained at 25"C, has also been 
carried out. Results are discussed in light of existing mechanisms for the ca- 
thodic crystal growth process. 

Studies on the mechanism of cathodic crystal 
growth processes have received considerable atten- 
tion in recent years as a result of successful applica- 
tion of electron waves in determining the structure, 
orientation, and, hence, the mode of growth of 
cathodic deposits. Electron diffraction studies on the 
structure of electrodeposited metals of widely vary- 
ing thickness on polycrystalline substrates suggest 
that these deposits are initially random and poly- 
crystalline. They possess a fine grain structure which 
develops preferred orientations as the film grows 
thicker. These orientations which determine the 
mode of growth of electrodeposits were found to 
be profoundly influenced by bath conditions such as 
current density, temperature, pH, concentrations of 
anions and cations, presence of trace impurities and 
addition agents, and mechanical agitation of plating 
solutions (1-6). A systematic investigation of the 
structure of electrodeposited metals by electron 
diffraction and elucidation of a tentative mechanism 
of their growth process was first accomplished by 
Finch, Wilman, and Yang (1). According to their 
classical mechanism (1, Z), deposition conditions 
which favor either the plentiful supply or impov- 
erishment of metal ions at  the immediate vicinity 
of the cathode are the controlling factors in deter- 
mining the preferred orientations developed by the 
deposits and hence their mode of growth. In a f.c.c. 
metal, the (110) orientation was supposed to be of 
outgrowth type whereas the (100) or (111) orienta- 

tion, lateral type. Electrodeposits, however, often 
develop abnormal values of internal stresses (7, 8) 
which cannot be understood by the above mech- 
anism. In working with nickel electrodeposited from 
solutions maintained at room temperature, one of the 
authors found recently that the outgrowth type of 
deposit, as characterized by the (110) orientation of 
nickel, is always favored at  very low (0.5-1 ma/cm2) 
and very high (above 100 ma/cmD depending on the 
pH or bath temperature) current densities, whereas 
the lateral or transitional type of growth [i.e., (100) 
or (210) orientations, respectively] are favored at 
intermediate current densities. These results cannot 
be explained satisfactorily on the basis of the class- 
ical mechanism (1, 2). 

These results on nickel prompted the study of the 
electrodeposition of copper which forms the main 
subject of the paper. In the present investigation, 
surface structure and morphology of copper, elec- 
trodeposited on thin foils of copper and platinum 
from three different baths were studied by electron 
diffraction and electron microscopy. 

Experimental 

The main experiments may be divided into three 
parts: ( a )  electrodeposition of copper at  a current 
density of 10 ma/cm2 from plating solutions main- 
tained at room temperature on clean 1 mil foils of 
copper and platinum, (b)  electron diffraction studies 
of these surfaces, and (c) electron microscopic 
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studies of the replicas of the surfaces of these elec- 
trodeposit?. 

Electrodeposition of copper on thin foils cleansed 
in suitable etching solutions was carried out from 
the following solutions: 

[2] CuSOI.5XO, 120 g/l + glycine, 25 g/l + 
&SO, added to give a pH of 0.9 

[3] CuS0,.5Hz0, 120 g/l + glycine, 25 g/l, pH = 

2.5 

Bath [I] will be called an acid-copper bath and 
baths [2] and 131 will be called complex copper 
baths in the following discussions. All the chemicals 
used in the preparation of the solutions were of A. R. 
grade and the solutions were further purified by Fig. 2. Electron micrograph of the initial copper cathode, as 

electrolyzing them at a low current density as de- obtained by platinum preshadowed carbon replica technique 

scribed elsewhere (3). A foil area of ca. 4 cma for at a magnification Of 1300X. 

deposition was available. 
The copper and platinum foils, of high-purity 

reagent grade, were obtained from Fisher Scientific 
Co. (Cat. No. C-428). Before electrodeposition, the 
copper foils were etched for a few seconds in mod- 
erately dilute HNO. followed by a dip in concen- 
trated HC1 and a rinse in distilled water. An electron 
diffraction study of the copper and platinum foil 
surfaces reveal ring patterns, characteristic of poly- 
crystalline small grained structure. The pattern for 
the copper foil is shown in Fig. 1. The polycrystalline 
structure of the copper foil can also be seen from the 
platinum preshadowed carbon replica of the foil 
surface at a magnification of 1300X (before reduc- 
tion for publication) in Fig. 2. 

Following electrodeposition, the deposits of copper 
were washed with a jet of distilled water, dried with 
filter paper, and immediately removed for electron 

replica thus formed was removed from the metal 
surface (by attaching the collodion replica on to 
scotch tape), shadowed with platinum at angles 
varying from 15' to 35", followed by deposition of a 
thin film of carbon in a vacuum evaporator. The 
collodion was then dissolved in amyl acetate and the 
carbon replica was collected on fine copper grids for 
an electron microscopic investigation. 

In some limited preliminary studies, nickel was 
electrodeposited on mechanically polished thick 
brass disks and 1 mil thick foils of copper and 
platinum from sulfate-boric acid, chloride-boric 
acid, and sulfate-chloride-boric acid baths main- 
tained at room temperature (25'C). The time of 
deposition was adjusted so as to have a thickness of 
about 3-5p of electrodeposited nickel. Bath composi- 
tions are listed in Table 11. 

diffraction studies. They were examined with a 50 kv Results and Discussion 
electron beam of 25p width at grazing incidence by Results of electron diffraction studies of electro- 
the reflection technique. deposited copper and nickel are presented in Tables 

For replica studies, the freshly prepared surface I and 11, respectively; and electron microscopic 
was covered with a few drops of a dilute collodion 

After evaporation of the a Table I. Electron diffraction studies on copper, electrodeposited at 
of the metal surface was obtained. The collodion 10 ma/crna and 25'C on 1 mil thick copper and platinum cathodes 

Time 
of depo- Cathode Remarks on electron 

m t h  sition. min substrate diffraction patterns Figure 
p~ 

1 5-10 Cu Spot pattern showing 3 
reflection, probably 
from (200) face of 
copper 

1 5  Pt Nearly spot pattern 4 
showing (110). pre- 
ferred orientation 

2 8-12 Cu Spot pattern showing 5 
reflection from (111) 
face 

3 10 Cu Ring pattern showing. 6 
(1010) + (211) pre- 
ferred orientation 

3 25 Cu Dotted arc pattern 7 
Fig. 1 .  Electron diffraction pattern for clean copper sub- 

strate, revealing polycrystalline and small grained structure of 
initial cathode surface. 

showing (1070) + 
(211) preferred ori- 
entation 
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Fig. 3. Electron diffraction potterns of electrodeposited Fig. 6. Electron diffraction patterns of electrodeposited 
capper. See Table I for experimental details. capper. See Table I for experimental details. 

F ~ ~ .  4. Electron diffraction of electrodeposited Fig. 7. Electron diffraction patterns of electrodeposited 

copper. See Table I for experimental details. copper. See Table I for experimental details. 

Fig. 5. Electron diffraction patterns of electrodepasited 
copper. See Table I for experimental details. 

studies of surfaces of electrodeposited copper are 
presented in Table 111. Table I shows that under 
high acidic conditions, i.e., baths [I] and [2], copper 
electrodeposited on 1 mil thick foils of copper and 
platinum (as cathodes) yields spot electron diffrac- 
tion patterns, indicating a larger grain size. These 
results can be seen by studying the appropriate 

figures listed in Table I. Bath [3] favors the develop- 
ment of a (10i0) + (211) preferred orientation of 
electrodeposited copper on 1 mil copper foils for 
short deposition times. Longer deposition times gen- 
erally result in dotted arc patterns having larger 
grain sizes, as can be seen from Fig. 6 and 7. . 
Toble II. Effect of current density on orientations of electrodeposited 

nickel a t  25.C 

Current 
density 

Bath pH in m a / c m P r i e n t a t l o n s  
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Table Ill. Electron microscopic studies on copper surfaces, 
electrodeposited from different baths at 10 ma/cma and 25'C 

(Magnification, 13WX before reduction for publication) 

Time 
Dewsition of depo- Average grain Fig- 
conditions dtion, min size, p ure 

Bath [I], on 1 5 
mil Cu foil 10 

Bath [I], on 1 5 
mil Pt foil 

Bath [21, on 1 5 
mil Cu foil 10 

Bath 131, on 1 5 
mil Cu foil 15 

Elongated grains more 8c 
than 35p in length and 
lop  in breadth 

Fig. 8b. Electron rnicrogrophs of electrodeposited copper 

~t is seen from ~ ~ b l ~  11 that verv low and high surfaces. See Toble I l l  for experimentol detoils. - 
current densities always favor the development of 
(110) preferred orientations of nickel, electrode- 
posited on mechanically polished brass disks as well 
as on thin foils of copper and platinum a t  25OC from 
three commonly used nickel plating solutions. The 
trend of the results shown in Table I1 is maintained 
for all possible pH conditions for any of the baths 
used (9). 

An estimate of the grain size of electrodeposited 
copper, as obtained under various conditions of dep- 
osition, was made possible by an electron micro- 
scopic study of the replicas of the surface.' The re- 
sults are presented in Table 111. It is noted that 
deposits with grains larger than 35p separated by 
well-defined grain boundaries are obtained, even in 
very thin deposits, from bath [I] as compared with 
much smaller grains, even in comparatively thicker 
deposits, from bath [3] under otherwise identical 
conditions of deposition. This may be seen by com- 
paring electron micrographs, Fig. 8a, 8b, and 8c with 
Fig. 10a and lob. Relatively large grain deposits are 
also evident from bath [Z], as seen in micrographs, 
Fig. 9a and 9b. 

Results on the formation of unusually large grains 

2 A longer time of deposition generally gives rise to larger grain 
slze of deposits for identical conditions of deposition. The thickness 
of.the deposits was found to depend mostly on the time of deposi- 
tion for all three baths used for copper platlng. 

Fig. 80. Electron rnicrogrophs of electrodeposited copper 
surfoces. See Toble I l l  for experimental detoils. 

Fig. 8c. Electron microgrophs of electrodeposited copper 
surfoces. See Toble I l l  for experiment01 detoils. 

Fig. 90. Electron microgrophs of electrodeposited copper 
surfoces. See Toble I l l  for experimentol detoils. 

of electrodeposited copper, resulting in spot electron 
diffraction patterns, or the development of much 
smaller grains, depending on the bath conditions 
used, cannot be understood fully on the basis of the 
classical mechanism for cathodic crystal growth 
processes proposed by Finch, Wilman, and Yang (1). 
Other possible explanations can be considered 
briefly. 
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Fig. 9b. Electron micrographs of electrodeposited copper 
surfaces. See Toble I l l  for experiment01 detoils. 

Fig. 100. Electron micrographs of electrodeposited copper 
surfaces. See Toble I l l  for experimental detoils. 

Fig. lob. Electron micrographs of electrodeposited copper 
surfaces. See Table I l l  for ex~erimentol detoils. 

According to the dislocation theory of crystal 
growth, which was first proposed by Frank and his 
co-workers (10) and applied by Vermilyea ( l l ) ,  
Cabrera and Vermilyea (12), and others (13) to ex- 
plain varibus aspects of cathodic growth, a crystal 
can grow at a fast rate if there are present on the 
growing surface numerous imperfections in the form 

of kinks in steps of screw dislocations emerging at 
the surface. If atoms are deposited at kink sites or 
migrate there at a fast rate by a process of diffusion, 
a crystal grain may grow at a rapid rate resulting 
in large grained deposits. It is believed (12, 13) on 
the basis of dislocation theory that crystal growth 
occurs by movement of steps over close packed sur- 
faces. When a crystal is exposed to a supersaturated 
medium, only those steps can advance which have a 
radius of curvature greater than a critical value, 
depending on the edge energy of a step per unit area 
and free energy decrease per unit.volume accom- 
panying deposition (the latter being proportional to 
supersaturation or overvoltage). Strongly adsorbed 
impurity particles such as atoms, ions, or molecules 
can prevent the movement of steps with which they 
are in contact. The larger particles by virtue of hav- 
ing smaller vibrational frequencies than metal atoms 
are likely to be embedded into the growing crystals. 
Dissolved oxygen from an acid-copper bath or 
glycine and codeposited hydrogen from a complex 
copper-glycine bath may thus radically alter the 
growth velocity at a given supersaturation of the 
species in the catholyte layer.' Since immobile, 
adsorbed impurities are more effective than mobile 
impurities in retarding and ultimately stopping the 
flow of growth steps and consequently growth of 
large crystals, we have reason to believe that dis- 
solved oxygen is much more mobile than glycine or 
codeposited hydrogen so far as the advance of steps 
on growing cathode surfaces are concerned. The 
fact that abnormally large crystals showing spot 
electron diffraction patterns result during electro- 
deposition from an acid-copper bath which contains 
no impurity other than dissolved oxygen strongly 
suggests the above contention. This point has re- 
cently been thoroughly discussed by van der Meulen 
and Lindstrom (14). However, such impurities as H+, 
OH-, H,O, or Cu' which are inherent with the bath 
may also be effective in producing dislocations and 
maintaining them on the growing surface. 

Development of large grains may also take place 
as a result of coalescence of existing smaller grains 
if the temperature of the growing surface is sufficient 
to promote such a process. According to Wilman (7, 
8) heat evolved as a result of neutralization of ions 
into atoms as well as metallic bond formation during 
electrodeposition may raise the temperature of a 
growing cathode surface well above its recrystalliza- 
tion temperature. Wilman suggests that such a tem- 
perature rise can, in part, be caused by the highly 
porous nature of some cathode deposits. This high 
porositya results in a low thermal conductivity for 
the growing cathode and makes incorrect an esti- 
mate of rise in surface temperature if the growing 
cathode is assumed to have thermal conductivity 
values usually assigned to solid metals. Large 

*The interference in crystal growth by colloidal copper hydrox- 
ide (or basic sulfate) present In the cathode Rlm region, rendered 
more alkaline as a reault of hvdrozen discharne as commared with 
the bulk pH of the complex fopper-glyclne 6ath, is a60 a possl- 
blllty. 

1 The porosity of electrodeposited metal generally decreases with 
Increasing thickness (1'7). In fact, under certain conditions of de- 
posit, as was observed by Ogburn and Benderly (18) in the case 
of nickel, an electrodeposited metal film as thin as 5p can be 
formed essentially pore free. Our deposits however were much 
thinner than 5p and may have contained cbnsiderabl; porosity. 
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amounts of internal stresses, which' are developed 
in electrodeposits during the plating process (15), 
may deform surface layers of the original cathode 
to a considerable extent.' This deformation may in- 
troduce lattice defects such as vacancies, interstitials, 
dislocations, and stacking faults on the cathode sur- 
face contributing to a lattice disturbance, which ac- 
cording to Broom and Barrett (16) is responsible 
for a large scattering of conduction electrons result- 
ing in lower electrical conductivities for cathode- 
deposit interfacial layers. Development of large 
grains during electrodeposition can then possibly 
be explained by the combination of a rapid growth 
rate due to the presence of imperfections on the 
cathode surface and a predominantly stress-activated 
coalescence mechanism, where the recrystallization 
temperature will be appreciably lowered by de- 
formation of the electrodeposited metal (19, 20). In 
this connection, Boudart (21) has shown by calcula- 
tions that the heat evolved as a result of metallic 
bond formation is considerably lowered if the work 
function of the metal surface is raised due to chem- 
isorption of hydrogen. The efficiency of the complex 
copper-glycine bath is reduced due to evolution of 
hydrogen at  the cathode during electrodeposition. 
Whatever be the temperature of the growing cath- 
ode, it is possible that this evolved hydrogen may 
partly be chemisorbed on the growing surface and 
result in inhibition of grain growth by decreasing 
this temperature. 

The transmission of heat through a porous mate- 
rial containing numerous defects is a complex 
phenomena, and little information is available on 
interaction of these defects not only with phonons 
but also with other adsorbed species from the cath- 
olyte layer. This we feel is partly responsible for 
the lack of a quantitative understanding of the crys- 
tal growth process a t  the present time. Hoffman and 
co-workers (22) calculated a temperature rise of 
about 700°C during the evaporation of nickel on 
mica under high vacuum at the instant at  which the 
energy is shared by the first and second neighbors 
of a site. This temperature rise can be much larger 
in the case of electrodeposition of nickel or copper 
since the energy of neutralization is six times larger 
(7) than the energy required to incorporate neutral 
metal atoms into a crystal. The important question 
arises whether this idealized high-temperature pulse 
for a particular layer of deposited atoms would dis- 
appear by thermal conductivity with a relaxation 

4 We have recently observed with electron micrwcopy, using a 
platinum preahadowed carbon replica technique, the development 
of subgrain structure and facets on copper or aluminum cathode 
surfaces when a very thin fllm of nickel is electrodeposited at 
room temperature (25.C) from a Watts' type of bath of pH 3.2 
and at a current dendty of 10 ma/cm'. Since deformation of sur- 
face layers plays an important role in subgrain formation (IS), 
although it is in general a thermally activated process (IS), we 
believe that the cathode surface undergoes rearrangements during 
electrodepositlan. This will be dbcussed in a later Paper. 

time of the order of lo-" sec before the second layer 
of freshly deposited atoms appear on the surface. 
Also a full understanding of the properties of im- 
perfections based on complete information on a 
variety of metal is necessary before one can arrive 
at  a final conclusion as to the exact mechanism of the 
cathodic crystal growth process. 
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Transparent L u m i n ~ e n t  Films by Solution Spraying 
Russell D. Kirk and James H. Schulman 

U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Spraying solutions of zinc chloride or cadmium iodide with activator onto 
preheated Pyrex or silica glass yields cathodoluminescent films by direct re- 
action with the glass. The activated silicate films have excellent adherence, 
good transparency, and, on silica, a brightness comparable to that of evaporated 
films on Vycor. Films on silica require refiring in air. 

In recent years transparent phosphor films have 
been produced by various methods. Film formation 
by vapor phase reaction of zinc metal plus a vola- 
tile compound of the desired activator with HS at 
heated glass surface is exemplified by the work of 
Studer and Cusano (1). Vacuum evaporation of pre- 
viously prepared phosphor powders followed by 
refiring has recently been used successfully by 
Feldman and O'Hara (2) for sulfide, fluoride, and 
several oxygen-containing phosphors. It is the pur- 
pose of this paper to describe yet another method 
of preparing phosphor films. 

Transparent, electrically-conducting films of tin 
oxide prepared by spraying alcoholic or aqueous 
solutions of tin chlorides onto preheated glass have 
been known and used for about ten or fifteen years 
(3). Modification of film properties can be achieved 
by addition of other metal halides, and similar films 
can be obtained from solutions of indium (4), cad- 
mium (5), and from TiCl. (6). Recent work at this 
laboratory has produced transparent luminescent 
films of zinc and cadmium silicate phosphors by 
spraying suitable zinc and cadmium halide solu- 
tions plus activator onto hot Pyrex or fused silica 
with an atomizer. Films on Pyrex were produced 
by a one-step spraying process, while those on 
fused silica required refiring in air at a temperature 
higher than that used during the atomizing process. 

Transparent, cathodoluminescent films of green- 
emitting Zn,SiO,:Mn have been prepared on Pyrex 
and on fused silica, yellow-emitting Zn,SiO,:Mn on 
Pyrex, CdSi08:Mn on fused silica, and Zn,SiO,:Ti 
on Pyrex and on fused silica by this technique. 

Experimental 
Methanolic solutions of reagent grade ZnC1, 

(50% by weight) containing MnCl, or TiCl, were 
used for the Zn,SiO. phosphors, CdIp solutions (be- 
cause of the greater solubility of CdI, in methanol) 
with MnCl, for CdSiO.:Mn. Although 2-5 ml of 
solution was the usual amount for each test run, 
neither the concentration nor the volume appeared 
to be critical. 

In early trials a glass and plastic hand atomizer 
was used for s~raving. Later. the solutions were 

CAP1 
TUB 

AIR INTAKE 

Fig. 1. Schematic view of spraying apparatus. 

millimeters are as follows: liquid, 1.52 ID, 2.36 OD; 
air, 2.80 ID. A line air pressure of 16 psi was used 
which gave a liquid flow rate of approximately 0.33 
ml/sec for the solutions used. Total spray discharge 
times were thus 6-15 sec. 

High-purity graphite and acid extracted porous 
alumina supports were used for Pyrex, since some 
spraying of this glass was done above its softening 
point. Temperatures of the glasses during explora- 
tory test runs were varied from 500" to 100O0C. 
The glasses used were No. 7740 Pyrex filters, fused 
silica laboratory tubing, and polished fused silica 
microscope slides, all sawed to convenient size. 

The samples were tested in a demountable cath- 
ode-ray tube (14) at 7.5 kv and about 10 pa/cmZ 
beam current, with a conductive tin oxide film on 
the samples to prevent surface charge buildup. The 
tin oxide film on the samples absorbs part of the 
beam energy at 7.5 kv; brightness of the original 
phosphor films at this voltage was 1.6 times that of 
the same films with the conducting coating.' Some 
of the attenuation may be due to partial destruction 
or poisoning of the luminescent film by the process 
of application of the tin oxide layer. Since the films 
could not be evaluated nor could they have practi- 
cal application without a conductive coating, all 
values tabulated are for films with this coating. 
Emission spectra were obtained with a calibrated 
radiometer. Brightness measurements were made 
with a Spectra Brightness Spotmeter' focused on 

- - -  
sprayed with an all-glass gravity-fed "Chicago" 

th~T~:n'a&w;;~~~;D~,"p'O$P~t X;;dzZ;~.\m:$ ;~,"kg 
atomizer (7) into the fused silica tube containing samples were rauidl~ shlfted Into the C. R. beam. The mono- 

the the silica tube Dlaced in a tube chromator was set at the emlsslon Peak of the phos~hor. - - ,  

furnace as illustrated in Fig. 1. Orifice diameters in w ~ $ , ' & ~ ~ ~ ~ f t i v e  model* Photo Corporation. 
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Table I. Runs producing films with good clarity and brightness 

Phosphor Substrate 

Atoms 
activator per atom Deposition Refirlng 
Zn or Cd, solution temp. .C conditions 

U-ZrbSiO.: Mn Vycor 
u-ZllnSiOl: Mn Silica 
a-ZaSiO.: Mn Pyrex 
8-Zn,SiO.: Mn , Pyrex 
ZaSiO,: Ti Pyrex 
ZnrSiO,: Ti Silica 
CdSiOl: Mn Silica 

(Evaporated Film) * 
0.01 900 1250" for 1 hr 
0.01 900 None 
0.01 900 None 
0.07 850 None 
0.07 850 1000" for 1 hr 
0.008 1000 1150" for 1 hr 

' Prepared by Feldman and O'Hara (2). 
t At 7.5 kv and 10 &em*. 

Emission Brightness. 
peak. At  ft-Lt 

5240 17 
5240 22 
5190 4 
5700 3 
3950 1 
3900 2 
5900 27 

the luminescent a m ;  readings were made directly 
in foot-lamberts. 

Results and Discussion 
Runs producing films with good clarity and 

brightness are summarized in Table I. The tem- 
peratures noted in column four are those measured 
by a thermocouple 1 rnm above the surface of the 
glass just before spraying. Temperatures during 
spraying often rose 100" above these because of 
combustion of the methanol. Although both the 
spraying and refiring temperatures cited produced 
clear films with the equipment used, they are not 
necessarily optimum. The most satisfactory spray- 
ing temperature may vary with the geometry of 
the apparatus. 

Emission spectra are shown in Fig. 2 and 3. Those 
of Zn,SiO,:Ti have a small secondary peak in the 

GOO 4000 5000 6000 
WAVELENGTH ( A  1 

Fig. 2. Emission spectra of sprayed titanium-activated zinc 
silicate films. 

2LO4:MnlSYLVANIA PWDI - 
----- 0-ZnzSiOq:Yn ON VYCORIEVAPI 

(I-Zn2SiOq:Mn ON SiOz 

- - CdSiOj.MnON Si02 - B - Z ~ ~ S ~ O ~ : M ~ O N  PYREX - 

5000 6000 7000 

WAVELENGTH (1 1 

Fig. 3. Emission spectra of sprayed manganese-activated 
zinc and cadmium silicate films. 

green, obviously due to traces of manganese impur- 
ity. The main emission peak is at a slightly shorter 
wavelength than that quoted by Leverenz (8). 

Emission peak positions of the various a-Zn*SiO.: 
Mn films exhibit some variation, although the spec- 
tra of the sprayed film on silica glass and that of 
the evaporated film on Vycor are identical. Varia- 
tion of the Mn concentration may account for the 
differences in peak positions. 

The luminescence of the sprayed 8-ZnSiO.: Mn 
film peaks at 5700A. Leverenz (8), Feldman and 
O'Hara (lo), Pfeiffer and Fonda (9), and Shrader 
(11) give peak positions ranging from 5650 to 
5850A. 

The 5900.4 peak of CdSiO.:Mn is identical with 
that of reference (8). 

Film adherence in general was excellent. One- 
step film formation on Pyrex was accompanied by 
a very mild but transparent etch. Quantitative 
measurements of the degree of fogging or frosting 
of a film are dependent on the angle of the trans- 
mitted light subtended by the detector. However, 
an idea of the transparency of the films on Pyrex 
may be gained from Fig. 4. All the films in the 
photograph are 2 in. above the background. CdSiO,: 
Mn films on silica glass have approximately the 
same transparency gs the illustrated films. Poorest 
transparency was that of a-ZnSi0,:Mn on fused 
silica, a fact which may in part account for its 
superior brightness. 

5 ,  

, , . . ." . , . - 

i I... 

Fig. 4 .  Spray deposited films at a distance of 2 in. from 
the bockground. 
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The true physical nature of the phosphor surface 2 ml of solution was used. Spraying into the silica 
on Pyrex is not known. Infrared reflection meas- tube (30 mm diameter) which held the glass samples 
urements made on sprayed green-emitting Zn,SiO.: produced a high degree of turbulence which was 
Mn on Pyrex in the 8-14p range show a well-de- difficult to control. Use of a larger heated chamber 
fined 1 1 . 1 ~  peak which appears to be the 10.95~ may give more duplicaijle results. Utilization of pro- 
peak found for willemite by Matossi and Kruger pellant gases other than air may allow formation of 
(13). Although peaks given for willemite by these other phosphor films, e.g., H,S to produce sulfides. 
authors at  10.66 and 11.48~ are poorly defined for . The phosphors described in this paper are, of 
the sprayed phosphor film, the correspondence is course, formed by the reaction of the Zn or Cd in 
close enough to allow identification of the latter as the solution with the SiOn of the supporting glass. 
zinc orthosilicate. On the basis of the emission spec- Formation of transparent films of SiO, by thermal 
tra and the similarity of the preparative methods it decomposition of ethyl silicate has been described 
is assumed that the yellow-emitting film is 8-Zn.- by Law (12), indicating the possibility of spray dep- 
Si0,:Mn and that the other silicates have the com- osition of silicate phosphor films on substrates not 
position described by the formulas given in this containing SiOa either by precoating the substrate 
paper. with SiO, or by inclusion of ethyl silicate or silicon 

Attempts were made to measure film thickness tetrachloride in the spray solution. 
by measurement of the distance between interfer- In summary, it can be stated that by direct re- 
ence maxima in the absorption spectra of the films action of suitable solutions with heated glass, trans- 
However, no interference maxima were found in the parent cathodoluminescent films of zinc and cad- 
range from 1850 to 8000A (silica substrates). mium silicate can be made which are comparable 
Brightness us. beam voltage was determined for in brightness and transparency with those prepared 
the a-Zn,SiO,:Mn on Pyrex of Table I. The voltage by the evaporation technique. 
corresponding to maximum brightness, 9 kv, yields 
an estimate of film thickness of 0.7 p.' Acknowledgments 

ZnC1, + TiCl, solution sprayed on soft glass mi- The authors gratefully thank Dr. Ronald E. 
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poor clarity, while ZnCln + MnCb on soft glass re- reflection measurements, Harold W. Gandy for as- 
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for the determination of the most effective spraying delivery before the Indianapolis Meeting, April 30-May 

3, 1961. 
temperatures j3-ZnnSiO,: Mn sometimes was formed 
under conditions duplicating as closely as the equip- Any discussion of this paper will appear in a   is- 

cussion Section to be published in the December 1961 
ment would permit the conditions resulting in the JOURNAL. 
usual green-emitting willemite. Formation of both REFERENCES 
forms in evaporated films has been noted in the 1. F. J. Studer and D. A. Cusano, J. Opt. Soc. Amer., 
earlier publication by Feldman and O'Hara (2) and 45,495 (1955). 

later examined more closely by them (10). 2. C. Feldman and M. O'Hara, ibid., 47,300 (1957). 
3. An excellent literature survey is available from 

Attempts to produce films of the following phos- Metal and Thermit Corporation, Rahway, N. J., 
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Solvent Evaporation Experiments 
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ABSTRACT 

Distribution coefficients have been calculated from Hall effect measure- 
ments on heavily doped silicon crystals grown by a solvent evaporation tech- 

. . nique from melts containing between 2 and 8 atom per cent antimony. Nearly 
a twofold decrease in the distribution coefficient (from 0.02 to 0.01) was ob- 
served in this concentration range. It appears that any "facet effect," if pres- 

, , . ent, was small and that near-equilibrium solid solubilities were obtained. 

In connection with a study on the effect of differ- 
ent donor impurities on electron mobilities in 
heavily doped silicon (I), a number of antimony- 
doped silicon crystals were grown using a recently 
developed solvent evaporation technique (2, 3). The 
Hall effect measurements on these crystals have been 
used to calculate the variation of the distribution 
coefficient of antimony in silicon in the range from 
about 1373°C to the melting point of silicon. The 
purpose of this paper is to discuss the use of the 
solvent evaporation technique in determining dis- 
tribution coefficients and to compare the present re: 
sults with previous data obtained using other meth- 
ods. 

Experimental 
Five silicon crystals were grown from melts 

containing between 2.0 and 8.4 atom per cent 
antimony. The experimental procedure involved 
first melting weighed amounts of antimony (Ohio 
Semiconductor, 99.9999% pure) and silicon (Du- 
Pont Hyperpure, Grade I) in a vitreous silica cru- 
cible under a helium atmosphere. A conventional 
inductively heated crystal pulling apparatus was 
used. A rotating silicon seed crystal was lowered 
into contact with the melt, and the temperature de- 
creased until growth had started on the seed crystal. 
The temperature was then raised just enough to 

seed crystal was left in contact with the melt at 
constant temperature as measured by a control ther- 
mocouple in the graphite susceptor. Growth of the 
antimony-doped silicon on the seed crystal then 
progressed as the antimony evaporated out of the 
melt and condensed on the cooler walls of the ap- 
paratus. 

Normally, the seed crystal is not pulled. However, 
the thermal conditions present in our apparatus ap- 
peared to promote appreciably more rapid radial 
growth than vertical growth, thus limiting the size 
of crystal which can be grown in a crucible of a 
given diameter. In addition, as the crystal diameter 
increased there was a greater tendency for spurious 
nucleation and freezing over of the melt as well 
as an increase in the growth rate. ' Hence, in three 
experiments the crystal was also pulled in an at- 
tempt to counterbalance the radial growth and thus 
obtain larger crystals. Two crystals grown by this 
combined solvent evaporation-pulling technique are 
shown in Fig. 1 and 2. A number of combinations of 
crystal orientation, rotation rate and pull rate were 
used. Growth times varied from about 2 to 7 hr. 

lRecent experiments with the growth of antimony-doped ger- 
manium indicate that some cooling of the melt occurs as the 
crystal becomes larger and changes the thermal conditions. Such 
an effect would account for the larger growth rate as the crystal 
diameter increases since growth would take place due to both 
antimony evaporation and cooling of the saturated melt. 

melt back the grown material, and the rotating 

evaporation and pulled at 0.15 cm/hr at a rotation rate of 75 
rpm. Note the laminar structure of the growth interface. There 
is a small polycrystalline Oh0 in the lower section of the crys- Fig. 2. < I 1 1  > crystal grown by solvent evaporation and 
tal. (The object' on the center of the crystal is. a drop of pulled at 1 . 1  cm/hr at a rotation rate of 60 rpm. This crys- 
sdlidified melt). Fig. 1 b. Top view of some crystal. tal is polycrystalline ot the bottom. 

458 
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Table I. Summary of data and growth parameters 

Rotation Pull rate, 
XL n (= 1/Re) cm-s Orientation rate, rpm cm/hr 

0.020 2.1 x loM <Il l> 140 none 
0.033 3.1 x 10' <Il l> 75 ? 
0.062 4.7 x 10' <loo> 75 none 
0.073 4 .7~10"  rlll, 60 1.1 

The melt composition at the end of a run was de- 
termined from weight loss measurements which, 
since the loss of silicon due to the SiO reaction was 
negligible, corresponded to the evaporated antimony. 
In order to minimize further loss of antimony at 
the end of a run the grown crystal was quickly 
pulled out of the melt and the induction heater 
turned off immediately to promote rapid freezing 
of the melt. The concentration of antimony' in the 
crystal was determined from Hall effect measure- 
ments on slices cut from near the bottom of the crys- 
tal so as to correspond as closely as possible to 
material grown at the melt composition as deter- 
mined above. For these degenerate samples the 
antimony concentration was assumed equal to the 
carrier concentration, n, determined from the Hall 
coefficient, R, from the relation n = 1/Re. The dis- 
tribution coefficient, k, was calculated from the ex- 
pression k = xw/x,  where xw and x, are the atom 
fractions of antimony in the solid and liquid solu- 
tions, respectively. 

ATOM PERCENT ANTIMONY IN MELT 

Fig. 3. Distribution coefficient of antimony in silicon as a 
functibn of melt composition. 

0 HALL 
x ROHAN, PlCKERlffi AN0 KENNEDY 
A TRUMBORE CREF.8) 
0 THIS WORK 

Fig. 4. Plot of log k as a function of the'reciprocal of the 
absolute temperature. 

, Results and Discussion 

A summary of the results is given in Table 1. 
In Fig. 3 distribution coefficients calculated from 

the data in Table I are plotted as a function of the 
melt composition. The value of k at the melting 
point of silicon, obtained by Hall (4) from crystal 
pulling experiments, is also plotted. A linear ex- 
trapolation of the present data to zero antimony con- 
centration is seen to be in good agreement with 
Hall's value. The distribution coefficient decreases 
very sharply with increasing antimony concentra- 
tion in the melt and with temperature as shown in 
Fig. 4 which is the usual plot of log k as a function 
of the reciprocal of the absolute temperature. Also 
included in Fig. 4 are values of k calculated from 
selected diffusion measurements of Rohan, Pickering, 
and Kennedy (5) and from some thermal gradient 
crystallization data reported earlier by one of us (6) .  
In calculating k values from these two sets of solid 
solubility measurements the values of x, at the vari- 
ous temperatures were taken from the liquidus 
curve data of Thurmond and Kowalchik (7) as were 
the values of temperature for various xL values from 
our own data. It should be noted that the calculation 
of k from the diffusion data (5) near the silicon 
melting point is quite sensitive to small uncertainties 
in temperature and in the value selected for the 
melting point of silicon (taken as 1410°C in this 
work). Taking into account these and other possible 
sources of experimental error, the solvent evapora- 
tion data agree quite well with the diffusion data. 
The relatively rapid rise in k as the melting point of 
silicon is approached is similar to the behavior ob- 
served for tin in silicon and germanium (8) and is 
probably attributable in large measure to positive 
departures from ideal solution behavior in the Sb-Si 
system (7). In addition, an effect due to the influence 
of changes in Fermi level, as discussed for aluminum 
and gallium in germanium (9), is probably present. 

In the above discussion it has been assumed that 
the distribution coefficients obtained in the various 
sets of experiments correspond to equilibrium values. 
However, the work on the facet effect in InSb by 
Hulme and Mullin (10) shows that a distribution 
coefficient determined from crystal growth experi- 
ments is subject to a considerable amount of uncer- 
tainty (3). In the present study there is some evi- 
dence to support the supposition that the observed 
values of k co,mespond closely to equilibrium condi- 
tions. First, it is evident from Table I and Fig. 3 
that the use of different crystal orientations and 
other growth parameters appears to have little or no 
effect on the resulting value of k. Second, the val- 
ues of k do not appear to have'been influenced by 
the various types of growth interfaces which were 
laminar in some cases [see Fig. 1 and also Fig. 6, 
ref. (3)] and macroscopically smooth in other cases, 
e.g., in the case of <I l l>  crystals grown without 
pulling.' . 

These observations appear to indicate that if there 
is a facet effect in the present experiments it is less 

1 ~ p ~ a r i n t l y  the thermal condltiona present In the crystal pulUng 
apparatus used for stllcon did not permit the formation In <Ill> 
sillcan crvstals of the (111) facet found for <Ill> germanium 
iF&la [iee Fig. 2, ref.'(l)l. 
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than the precision of the experimental measure- Manuscript received Dec. 21, 1960; revised manu- 
ments estimated to be about 2 1 0 % .  It is not known script received Jan. 19, 1961. This paper was prepared 

for delivery before the Indianapolis Meeting, April 
whether this argument can be applied to the thermal SO-May 3,1961. 
gradient results at  lower temperatures where the 
grown crystals had { I l l )  facets. Unfortunately, lack 
of experimental activity measurements and of a 
sufficiently well developed band theory for degen- 
erate semiconductors prevents quantitative calcula- 
tions which would indicate whether or not the ex- 
perimental log k us. 1/T plot corresponds to equi- 
librium conditions. 

Conclusion 
A recently developed solvent evaporation tech- 

nique has been shown to be applicable to the deter- 
mination of distribution coefficients. The results in- 
dicate that the method compares quite favorably 
with other techniques and appears capable of giving 
near-equilibrium values of k. Application of this 
method to other systems involving volatile impu- 
rities should yield interesting data bearing on equi- 
librium solid solubilities and the facet effect. 
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Mass and Heat Transfer during the 

Chemical Vapor Deposition of Metals 

J. H. Oxley and J. M. Blocher, Jr. 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

A general mathematical treatment of the mass- and heat-transfer rates in 
a de Boer-Van Arkel refining cell is presented. This treatment covers one of 
the more practical process situations wherein the change in dimensions of the 
deposition surface, as a result of metal deposition, significantly affects the dif- 
fusion path between the deposit and feed and the heat loss by the deposition 
surface. A steady-state, counter-diffusion, nonconvective system is assumed. 

Although many metals can be prepared in a state 
of very high purity by pyrolysis of their respective 
halides, the relative thermodynamic stabilities of 
these halides generally leads to the choice of the 
metal iodides as the feed materials for such pyro- 
metallurgical processes. Nevertheless, the tempera- 
tures required for appreciable decomposition of the 
metal iodides are frequently above 1000°C. Con- 
sequently, most published information indicates that 
low-pressure operation is required in order to limit 
the processing temperature to practical levels, since 
the equilibrium decomposition is more favorable at  
reduced pressures. 

The simultaneous use of low pressures and high 
temperatures presents rather difficult problems in 
converting such iodide processes into continuous op- 
erations. Therefore, all disclosed iodide processes 
are batch or closed-cycle systems, as originally prac- 
ticed by de Boer and Van Arkel (1) .  Loonam has re- 
cently presented an excellent review of the iodide 

process ( 2 ) ,  and Powell, Campbell, and Gonser have 
published a more general description of the iodide 
and other vapor-deposition processes (3). These 
iodide processes usually are diffusion controlled .and 
a number of analytical treatments have been re- 
ported (4-11). However, none of these treatments 
cover one of the more practical process situations, 
wherein the change in dimensions of the deposition 
surface, as a result of metal deposition, significantly 
affects the length of the diffusion path between de- 
posit and feed. 

A schematic drawing of a typical iodide diffusion 
cell is shown in Fig. 1. This type of cell has been used 
extensively at  Battelle and more recently has been 
discussed in detail for niobium refining by Rolsten 
(12)  and by Chizhikov and Grin'ko (13) .  Crude 
feed is charged to the outer annular section of the 
cell and maintained at  a temperature (Tp) which is 
sufficiently high to assure a suitable vapor pressure 
of the metal iodide in the unit. The crude metal 
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Fig. 1. Schematic drawing of iodide deposition cell 

charge is held in place by a porous retaining wall of 
suitable porosity (r) and thickness ( 8 ) .  The screen 
is assumed to have straight and open pores, and the 
porosity is a direct measure of the fraction of the 
cross-sectional area which is available for diffusion 
at the radius of the cell determined by the porous 
retaining wall. The deposition surface is maintained 
at a higher temperature ( T , )  than that of the feed, 
and since the decomposition of the metal iodide is 
favored by high temperatures, a net transport of 
metal iodide occurs between the feed and deposition 
surface as a result of the established concentration 
gradient of metal iodide. After the metal iodide de- 
composes at the hot surface and deposits high-purity 
refined metal, the iodine liberated in the reaction 
diffuses back to react with the feed metal. 

In many systems, the size of the deposit changes 
appreciably during deposition, and hence the effec- 
tive diffusion path between feed and the deposition 
surface varies appreciably. The production rate is 
therefore a function of not only the temperature of 
the feed and deposit, the porosity and thickness of 
the screen, the radii of the screen and the metal de- 
position surface, but also the amount of metal which 
is refined in a particular production run. In the gen- 
eral treatment of this iodide process which follows, 
it has been assumed that the reaction between 
iodine and feed metal is not limiting. In cases where 
the iodination rate is partially controlling, it can be 
corrected for by using an effective screen resistance. 
The assumptions of constant effective deposit density 
and the absence of all gases except atomic iodine 
and a single metal iodide are also implicit in the 
following derivation. 

Mass-Transfer Analysis 
The basic generalized equation for an iodide-de- 

composition process is 

where x  is usually > l .  From the stoichiometry of the 
reaction, the net molar transport rates of metal io- 
dide and iodine across a unit surface area perpen- 

dicular to the direction of diffusion are related by 
the equation: 

XNYI.  = -NI PI 
For steady-state diffusion, the nonequal rates of 
counter diffusion of metal iodide and iodine can be 
expressed, according to Sherwood and Pigford ( 1 4 )  : 

A Dv P 1  - ( 1  + N I / N x I . )  ( P x I . / P ) x  
Nur. + N I  = - In 

RTz 1  - ( 1  + Nr/Nxr.) (Pm. /P)r  
[31 

Substitution of Eq. 121 in Eq. [3] and using mole 
fractions 

Defining the driving potential: 

And a mass-transfer coefficient: 

Equation [ 4 ]  becomes: 

The evaluation of the effective diffusion path 
( A / z )  is complicated by possible variations in the 
design of a specific deposition cell. In general, the 
effective diffusion distance consists of two types of 
diffusion paths. The first path, within the porous 
basket wall, is related to the thickness ( 8 )  and the 
porosity (c )  of the basket wall. Thus, for diffusion 
through the relatively thin wall of the feed-retain- 
ing basket: 

The diffusion path through the annular gap be- 
tween the feed-retaining basket and the hot de- 
position surface is in series with .the diffusion path 
through the basket. The rate equation for annular 
diffusion is: 

But since the molar transport rates in the annular 
gap and within the wall of the porous basket are 
equal, since the sum of the driving potentials over 
both of these separate diffusion paths is equal to the 
total driving potential, and for the case of a multi- 
filament cell consisting of a bundle of n cylindrical 
cells, combination of Eq. [8] and [9] lead to: 

nk 2  r L AXI. 
N M I ,  = 

( 1  - x )  [ln r d n  + S/TZE] 
ClOl 

Over a run of an arbitrary length of time ( B ) ,  
the radius of the deposition filament (T , )  will nor- 
mally increase considerably as a result of deposi- 
tion of the metal from the iodide. Thus, the instan- 
taneous rate of deposition will vary during the run, 
since the diffusion rate is related to the filament ra- 
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dius, as shown in Eq. [lo]. The weight of metal 
deposited (wM) is related to the atomic weight of the 
metal (AM) and the diffusion rate of metal iodide 
(NMI.) by the expression: 

Defining a new constant: 

And substitution of Eq. [lo] and [12] into Eq. [ll]: 

An expression for the filament radius (r,) in terms 
of the weight of deposited metal (w,,) can be ob- 
tained by use of the density of the deposited metal 
( p Y )  in terms of the initial filament radius (r,) : 

And substitution of Eq. [I41 in Eq. 1131 : 

d w r =  
KdB 

[I51 

[ ~ n T . - ~ n ~ ~ + r , s +  ~rLn p,, ~/ r ,e ]  

separating variables and integrating Eq. f151 yields: 

Or in terms of the final deposit radius (r,,) : 

The average rate of deposition over an arbitrary 
length of time (8) is therefore: 

Fig. 2. Length of run as a funct~on of weight of deposited 
metal. 

~ . I I ' ! ! ! !  I ! ! !  I 

Fig. 3. Average rote of deposition as a function of weight 
of deposited metal. 

However, larger filaments result in a lower cell ca- 
pacity. A series of graphs, similar to the one pre- 
sented in Fig. 2, are quite helpful at arriving at an 
intelligent choice of optimum design parameters. 

Equation [I81 is particularly valuable in analyz- 
ing data from relatively short experimental runs. 
Because it frequently takes a number of days to 
deposit the full metal capacity of an experimental 
unit, and since the average rate of deposition in- 

Equation [l6] is used in determining the time re- 
quired to produce a given weight of metal, and hence 
the yearly production capacity of a cell when the 
driving potential and mass-transfer coefficient have 
been calculated or experimentally determined. This 
equation is presented in graphical form in Fig. 2 for 
a deposition cell with an effective filament length of 
10 ft, a feed-retaining basket radius of 5.0 cm, and 
for a deposited metal with a density of 4.0 g/cma. A 
value of 0.01 has been used for the effective screen 
resistance (S/r*c), which is fairly typical for iodide 
units. It is obvious from Fig. 2 that metal can be de- 
posited more rapidly by employing larger filaments. 

creases during the deposition process, calculation of 
the rate constant K by the use of Eq. [18] permits 
one to estimate the final average deposition rate 
from the measured rate in the short-term tests. This 
equation is presented in graphical form in Fig. 3 
for the same conditions as those used in preparing 
Fig. 2. 

Since most batch iodide processes are diffusion 
controlled in a pressure range where convective cur- 
rents are negligible, the average deposition rates can 
be calculated from the preceding equations if sufli- 
cient thermodynamic information is available to 
evaluate the driving potential under a given applied 
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thermal gradient. However, the average deposition 
rate and rate constants can also be measured ex- 
perimentally, and of course this is the preferred 
method of obtaining reliable data. 

Heat-Transfer Analysis 
The instantaneous rate of heat transfer by radi- 

ation (q , )  from the deposition surface is: 

If the emissivity of the lower temperature surfaces 
in the cell is high, i.e., e. -. 1, then Eq. [19] becomes: 

q. = v el 2rrX Ln (T; - T;) [zol 
The total heat lost by radiation during the produc- 
tion run is therefore: 

But the radius of the metal surface varies during 
the run, i.e., r1 = f ( 0 ) .  Differentiating Eq. [17] and 
substituting in Eq. [21] yields: 

+rl:lnrm-rllllnrnl [231 

Equation 1231 is shown in graphical form in Fig. 
4 for the same conditions of restraint as used in the 
previous two figures, and superimposing the addi- 
tional restrictions that the effective emissivity of the 
deposit is unity and that the difference in the fourth 
powers of the effective absolute temperatures of the 
deposit and feed is 1 x lom. It can be seen that dur- 
ing the initial stages of deposition, the power re- 
quirement per unit weight of metal is independent 
of the initial size of the deposition surface. However, 
if the unit is run to full capacity, it can be seen that 

Fig. 4. Power requirements as a function of the weight of 
deposited metol. 

the power requirements become somewhat sensitive 
to the choice of the radius for the initial deposition 
surface, with larger starting filaments resulting in 
lower power requirements per unit weight of de- 
posited metal. 

It can also be shown if a unit is operated at maxi- 
mum capacity, i.e., the deposit radius is allowed to 
grow until it is just short of the basket radius, and 
assuming the initial radius of the deposit is negli- 
gible, the power requirements per unit weight of 
metal increases in direct proportion to the final de- 
posit radius. Hence, there is an economic balance 
at which the added heat lost by radiation tends to 
cancel the savings incurred by increasing the maxi- 
mum cell capacity. In addition, the removal of heat 
in the larger size units becomes a problem of in- 
creasing severity. 

In addition to the heat lost by radiation, three 
additional heat losses can be considered. The heat 
of dissociation of the metal iodide at the deposition 
surface is usually small compared to the radiation 
loss, but this loss can be included in the over-all 
heat balance 

Q r  = Qr + QD WM 1241 

The heat required to bring the unit up to deposition 
temperature is generally also minor, but can also 
be readily corrected for by using an additional term 
in the heat balance 

Heat transfer by conduction between the hot deposi- 
tion surface and the feed is generally insignificant, 
and since a correction for this effect involves a con- 
siderable extension of the mathematics as well as an 
estimate of the effect of the processing variables on 
the conductivity of the system, this correction is 
usually neglected. 

Summary 
This general treatment of the iodide process has 

shown the complex relationships which exist be- 
tween the rate of deposition and the driving poten- 

'tial for diffusion, the mass-transfer coefficient, the 
density of the deposited metal, the system geometry, 
and the amount of metal deposited. The effects of the 
process variables and the system geometry on the 
capacity and power requirement have also been 
treated in generalized form. 

On the basis of this treatment, it is now possible 
to correlate metal yield, time of run, rate of deposi- 
tion, and power losses in iodide refining units, a type 
of correlation which has not been heretofore avail- 
able. In addition, these. relationships permit one to 
extrapolate bench-scale data to pilot or semicom- 
mercial scale with a minimum of uncertainty. 

Manuscript received Oct. 24, 1960; revised manu- 
script received Jan. 11, 1961. This paper was prepared 
for delivery before the Houston Meeting, Oct. 9-13, 
1960. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1961 
JOURNAL. 
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NOMENCLATURE 
- cross-semion area, cma 
-atomic weight of metal, g/g-mole. 
-average specific heat of the deposition unit, 

kwh/kg-'K. - diffusiv?ty, cms/hr. 
-derivative. 
-emissivity. 
-an arbitrarv function. 
-iodine atoni. 
-a combined diffusion, reaction and geometric 

AM n k 2 A x t  
constant, 

(1  - x )  .- ~ 

D.P 
-diffusion constant, -, g moles/cm. 

RT 
-length of deposition element, cm. 

-metal atom. 
-rate of diffusion of metal iodide, g moles/hr. 
-rate of diffusion of metal iodide through 

screen, g moleslhr. 
-rate of diffusion of metal iodide through an- 

nulus, g moles/hr. 
-rate of diffusion of iodine, g atoms/hr. 
-number of deposition elements per cell. 
-total pressure, atm. 
-partial pressure of metal iodide at  tempera- 

ture T,, atm. 
-partial pressure of metal iodide at  tempera- 

ture T,, atm. 
-heat of dissociation, kwh/g: 
-total heat loss by radiation from deposit 

during deposition, kwh. 
-total heat loss from the deposit during dep- 

osition, kwh. 
-rate of heat loss by radiation from deposit 

during deposition, kw. 
-gas constant, atm cma/g mole OK. 
- radius of deposition surface, cm. 
-initial radius of deposition surface, cm. 
-radius of deposition surface after time 8, cm. 
-radius of screen supporting feed, cm. 
-average temperature in annulus, OK. 
-room temperature, "K. 
-temperature of deposition surface, "K. 
-temperature of feed, "K. 
-weight of the charged deposition cell, kg. 
-weight of metal produced after time s in 

deposition unit, g. 
-atomic ratio of iodine to metal in metal 

iodide. 
-mole fraction of metal iodide at  tempera- 

ture TI. 
-mole fraction of metal iodide at  tempera- 

ture T,. 
-effective diffusion distance, cm. 

-diffusion ~otential. In 1 - (1 - 33 (YMI,)~ 

1 - (1 - X I  (YU,~)* 
-diffusion potential across screen. 
-diffusion potential across annulus. 
-thickness of screen, cm. 
-porosity of screen. 
-deposition time, hr. 
-constant, 3.14. 
-effective density of deposited metal, g/cma. 
-Stefan-Boltzmann constant, 5.71 x 

kw/cmP - "K'. 
-natural logarithm. 

Vanadium by Metallic Reduction of Vanadium Trichloride 

F. E. Block and M. J. Ferrante 

Albany Metallurgy Research Center, Bureau of Mines, U. S. Department of the Interior, Albany, Oregon 

ABSTRACT 

Vanadium tetrachloride was made by chlorinating vanadium oxide with 
chlorine in the presence of carbon. By refluxing vanadium tetrachloride, it 
decomposed to nonvolatile vanadium trichloride allowing volatile oxychlorides 
to be separated. The trichloride was reduced with magnesium or magnesium- 
sodium mixtures under inert atmosphere. Excess reductant and byproduct salts 
were removed from the vanadium sponge by vacuum distillation. Arc-melted 
vanadium containing only 0.2% impurities was prepared which could be cold- 
rolled to thin sheets. 

Vanadium has been prepared on a small scale for to relatively small batches, primarily because of the 
several years by the calcium reduction of its oxide problems involved in  building large pressure vessels 
in  a sealed pressure vessel (1-4). The process is capable of withstanding the violent reactions. Con- 
commonly termed "bomb-reduction" because the  sequently, vanadium made by this practice is not only 
reaction is triggered inside the vessel and is allowed costly, but  is of variable quality because each small 
to proceed rapidly to completion under its o.wn batch of metal is the  product of a n  uncontrolled 
pressure and heat of reaction. I t  is limited in scale reaction. In  developing a n  improved process for 



Vol. 108, NO. 5 VANADIUM BY METALLIC REDUCTION OF VC1, 465 

producing vanadium, chlorine metallurgy was se- 
lected for study because of the past success of the 
Kroll process in preparing other transition metals 
such as zirconium, and titanium (5 ,6 ) .  In this pro- 
cess, an anhydrous metal chloride is reacted with a 
.more active metal, usually magnesium, while under 
an inert atmosphere. The Kroll process is not only 
adaptable to large-scale processing, but it has the 
additional advantage of employing an intermediate 
metal chloride product free of oxygen or nitrogen 
compounds, elements which are the most damaging 
impurities in vanadium metal. 

High-purity zirconium and titanium can be pre- 
pared readily by the Kroll process because their 
common tetravalent chlorides can be purified by dis- 
tillation or sublimation. However, vanadium forms a 
considerably more complex system of chloride salts, 
and a direct application of the Kroll process to 
vanadium production was unsuccessful. Although 
vanadium tetrachloride is a volatile liquid, it is us- 
ually contaminated with vanadium oxytrichloride. 
Both compounds boil within 25°C of each other, 
making it impractical to separate the oxygen-con- 
taining material by a simple distillation. Normally 
two liquids such as these could be fractionated; how- 
ever, vanadium tetrachloride decomposes when it is 
refluxed, forming nonvolatile, solid vanadium tri- 
chloride which would foul the packing of a fraction- 
ating column. Even though it is possible to prepare 
relatively pure vanadium tetrachloride by other 
methods, it was expedient to employ nonvolatile 
vanadium trichloride for metal production, because 
it could be prepared more nearly free of contamin- 
ants by a simple procedure. 

This paper describes the development of a pro- 
cess for preparing vanadium by the reduction of 
vanadium trichloride with magnesium or sodium. In 
some respects it is similar to a.process reported by 
Foley, Ward, and Hock (7),  who prepared vanadium 
chloride by the chlorination of ferrovanadium. As 
a consequence, ferric chloride was a major impurity 
in the chlorination product and also represented 
a loss of chlorine. In the present work vana- 
dium oxide was chlorinated directly yielding va- 
nadium tetrachloride contaminated by vanadium 
oxytrichloride. Purification techniques, including re- 
chlorination, eliminated oxy-compounds before the 
chloride was reduced to metal. Because of the em- 
phasis on the removal of oxy-compounds, vanadium 
chlorides of high purity were formed which in turn 
led to the preparation of very pure vanadium metal. 

This process differs from the previous work also 
in that a combination of magnesium and sodium was 
used as a reductant for vanadium trichloride. By us- 
ing a mixed reductant, the reduction step could be 
conducted more smoothly with less chance for an 
uncontrollable, exothermic reaction. 

Vanadium Chloride Preparation 
CP grade vanadium pentoxide of 99.9% purity 

was used as a starting material. The chlorinator 
charge was prepared by blending approximately 
1000 g of vanadium pentoxide with 500 g of gas car- 
bon and 200 g of powdered sugar. A small amount 
of water was added to the charge, and it was mixed 

thoroughly by grinding before being extruded into 
small cylinders about H in. in diameter and 1 in. 
long. The extruded charge was well consolidated 
and could be handled without crumbling after it had 
been dried to remove all free moisture. It could be 
reacted directly with chlorine by heating to 500°C 
or higher. On chlorination, however, both vanadium 
tetrachloride and vanadium oxytrichloride were 
formed. It was found that chlorination at 500°C 
yielded principally the oxychloride and that opera- 
tion at 750' C yielded vanadium tetrachloride as the 
principal product. The mixed chlorides could also be 
made richer in tetrachloride by partially reducing 
the charge before chlorination. By heating the charge 
in the absence of air, carbon dioxide arid carbon 
monoxide were liberated and, depending on the tem- 
perature and time during which the reaction was 
allowed to proceed, various mixtures of the lower 
oxides of vanadium were formed. When the pre- 
reduced mixture was chlorinated a higher proportion 
of vanadium tetrachloride was formed, the exact 
proportion depending on the extent that the vana- 
dium had been reduced. If the vanadium oxide- 
carbon mixture was heated to a high enough tem- 
perature to melt the mixture, complete reduction 
occurred yielding fused vanadium carbide. The car- 
bide reacted exothermically with chlorine, forming 
vanadium tetrachloride free of oxychloride com- 
pounds. 

Although this procedure can be used to prepare 
pure vanadium tetrachloride, it was not used ex: 
tensively in this investigation because it was neces- 
sary to conduct the reduction step above the melting 
point of vanadium carbide (2810°C) to prepare ma- 
terial essentially free of all oxygen. Instead, a partial 
prereduction conducted at approximately 1000°C 
was employed. 

Vanadium tetrachloride was prepared in the ap- 
paratus diagrammed in Fig. 1. The chlorination sec- 
tion, shown at the top, was a 5-in. diameter fused- 
quartz tube sealed at each end with nickel closures. 
The dried charge was packed into the chlorination 
section, and the reaction was initiated by heating the 
quartz tube externally with a resistance-hdated fur- 
nace while chlorine was passed through the charge. 

Chlorinal8on 

w01.r-~OOI.d 
condenser 

Fig. 1 .  Chlorination-rechlorination apparatus for preparing 
vanadium tetrachloride. 
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The reaction was continued for approximately 24 
hr at 750°C and a chlorine flow-rate of 3 fta/hr. 
Under these conditions 95% of the vanadium charged 
to the reactor was recovered as a mixture of vana- 
dium tetrachloride together with a small amount of 
vanadium oxytrichloride This mixture was passed 
through the rechlorinator section, shown at the 
bottom of Fig. 1, to reduce the level of vanadium 
oxytrichloride. This unit also consisted of a 5-in. 
diameter fused quartz tube heated by a resistor fur- 
nace. The rechlorinator was packed with sugar 
charcoal that had been prepared by decomposing 
powdered sugar at 750°C. When the mixed vanadium 
chlorides together with chlorine were passed through 
the charcoal, the bulk of the contaminating oxytri- 
chloride was further chlorinated to vanadium tetra- 
chloride. It was difficult to determine the relative 
proportion of vanadium oxytrichloride present in 
the resulting vanadium tetrachloride since the ac- 
tual amount depended on the extent that the chlor- 
ination charge had been pre-reduced as well as on 
the activity of the charcoal in the rechlorinator. The 
final product, however, usually contained less than 
2% vanadium oxytrichloride. 

Vanadium tetrachloride was decomposed to the 
trichloride simply by refluxing it at its normal boil- 
ing point. This was done conveniently in a nickel 
vessel heated by an external resistance furnace as 
depicted in Fig. 2. Attached to the top of the sealed 
vessel was a nickel refluxing column also heated ex- 
t$rnally by resistance heaters. Four and one-half 
liters of vanadium tetrachloride were charged to the 
nickel vessel and heated to boiling. During this time 
the reflux column was not heated in order that the 
entire charge would be totally refluxed in the air- 
cooled column. After 36 hr of heating, approximately 
90% of the vanadium tetrachloride was converted to 
trichloride. At this time the temperature in the vessel 
was increased to 300°C, and the reflux column was 
heated to 250°C. By applying a vacuum of 26 in. of 
mercury to the vessel, the bulk of the unconverted 
vanadium tetrachloride and contaminating vanadium 
oxytrichloride was distilled away from the solid 
vanadiurrl trichloride which remained inside the 

vessel. After cooling, the solid mass of vanadium 
trichloride was dug out of the nickel vessel and was 
crushed to approximately minus %-in. mesh. Be- 
cause the crushed chloride contained entrapped vola- 
tile chlorides, it was heated again to 300°C in vacuo 
to remove final traces of vanadium tetrachloride and, 
oxytrichloride as well as any lower boiling impur- 
ities such as titanium tetrachloride and silicon tetra- 
chloride. An alternate procedure was to stir the 
mixed chlorides during decomposition. When this 
was done, a uniform vanadium trichloride powder 
was formed directly, and it was not necessary to 
crush the product or to employ the second vacuum 
treatment to remove entrapped volatiles. 

Because all vanadium chlorides are extremely 
hygroscopic, it was necessary to handle and store the 
finished trichloride under dry argon insofar as pos- 
sible. This usually was accomplished by the use of 
an inert atmosphere glove box. 

Reduction 
In the Kroll process a metal chloride is reduced 

by introducing it at a controlled rate into a crucible 
of molten magnesium. Because of the limited scale 
of these tests, and because the reduction reaction did 
not proceed violently, it was not necessary to intro- 
duce the vanadium chloride at a controlled rate as 
in the Kroll process. Instead, vanadium trichloride 
and solid magnesium were charged into a reduction 
crucible and were gradually heated to the reaction 
temperature under argon. The apparatus, as shown 
in Fig. 3, consisted of a type 430 stainless-steel re- 
duction crucible approximately 7% in. in diameter 
and 11 in. high, supported near the top of a stainless- 
steel retort. The top section of the retort, containing 
the charge, was heated externally by a bell-shaped 
resistance furnace. From 1 to 4 kg of vanadium tri- 
chloride together with an excess of magnesium were 
usually reacted. After the retort was evacuated and 
backfilled with argon to approximately 9 psig, it was 
heated to 825OC to melt the magnesium and promote 
the reaction. Heating was continued 1-4 hr to com- 
plete the reaction before the furnace section was re- 
moved to allow the retort to cool to at least 200°C 
At this point the retort was evacuated by a diffusion 
pump to approximately 5 x 10- mm Hg. While main- 
taining this vacuum, the furnace was replaced, and the 
retort was again slowly heated to 825OC. Heating was 

Vacuum outlet 

Fig. 2. Decomposition unit Fig. 3. High-vacuum, reduction-distillation furnace 
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Table I. Results of vanadium trichloride reductions 

- ~ - - - ~ ~ . ~  --..... 
% of red. Analysis, ppm 

VCL. Hardness, 
E Mg Na Yield, % Rockwell B 0 N C Fe Cr Ni 

continued for 15 to 20 hr to vaporize unreacted mag- 
nesium and byproduct magnesium chloride which 
were condensed in the water-cooled section at the 
base of the retort. After the furnace had again been 
removed and the retort had cooled to room tempera- 
ture, the pressure had usually dropped to less than 
lx104 mm Hg. Before the vanadium was removed, 
dry air was slowly bled into the retort to passivate 
the more active surfaces of the vanadium sponge. If 
this procedure were not employed, the vanadium 
would sometimes burn upon exposure'to the atmos- 
phere. Metal yields were usually over 90%, but the 
actual yield could not be correlated with the amount 
of excess reductant used. 

The results of vanadium reduction tests are given 
in Table I which shows that interstitial impurities 
in vanadium sponge were usually held to low limits. 
Metallic impurities, principally iron and chromium, 
were a more serious problem in making vanadium. 
Metallic impurities resulted from corrosion of the 
reduction crucible by vanadium trichloride and its 
decomposition products. Because a small amount of 
vanadium trichloride was decomposed at the tem- 
perature of the reaction, elemental chlorine was re- 
leased which readily attacked the metal crucible. It 
was found that metallic impurities could be con- 
trolled somewhat by substituting part or all of the 
magnesium reductant with sodium. Even when small 
amounts of sodium were used, the reaction could be 
started at a considerably lower temperature (ap- 
proximately 550°C) than when the reductant con- 
sisted entirely of magnesium. Consequently. the 
tendency to form corrosion products was reduced 
slightly. 

In the metallothermic reduction of vanadium 
chloride, the reaction occurs between the solid tri- 
chloride and the molten metal reductant. Because the 
temperature must be sufficiently high to melt the 
metal reductant as well as the byproduct salt of the 
reaction, a temperature over 800°C must be employed 
if magnesium is used as a reductant. However, when a 
combination of sodium and magnesium is employed, 
a low-melting mixture of magnesium and sodium 
chlorides is formed which allows a reaction to pro- 
ceed to completion at considerably lower tempera- 
tures. 

To reduce the level of metallic impurities, a ti- 
tanium reduction cmcible was tested in place of 

the type 430 stainless steel crucible which was re- 
sponsible for iron and chromium contamination. Un- 
der these conditions, titanium was also subject to 
corrosion during the reaction. Finally, reduction 
crucibles constructed entirely of vanadium were 
used and it was possible to control metallic impuri- 
ties within low levels. Table I shows the metallic im- 
purities present in vanadium sponge prepared in 
vanadium reduction crucibles. 

The quality of vanadium sponge varied consider- 
ably within the same batch depending on the loca- 
tion of the sponge in the crucible. This is not unusual 
to the Kroll process and is frequently made use of in 
controlling quality by carefully segregating the 
various portions of sponge. Table I1 shows the analy- 
sis of metal from a single batch that had been segre- 
gated into three portions. Generally a small surface 
layer of sponge contains a much higher proportion 
of impurities than the bulk of the metal in the cru- 
cible. 

Metal Evaluation 

Because the sponge metal usually consisted of 
finely divided powder lightly sintered together, it 
was necessary to consolidate it for evaluation. This 
was usually achieved by melting representative sam- 
ples of sponge into small button-size melts in a cold- 
mold arc-melting furnace of the type usually em- 
ployed to melt reactive metals. Melting the sponge 
also yielded a homogeneous specimen for testing. In 
some cases vanadium ingots were made by compres- 
sing the sponge into bars and melting them by the 
consumable-electrode, arc-melting technique. But- 
ton-melts weighing from 30 to 50 g were sampled 
for analysis by cutting lathe turnings from the inner 
portion of the button. Hardness values were made on 
a smooth surface of the button that had been pre- 
pared by wet-sanding. Arc-melted buttons were also 
subjected to mechanical working tests by cold-roll- 
ing the specimens directly. Vanadium with a hard- 

Table 11. Analysis of segregated vanadium sponge 

Sponge 
loeatlon Hardness. Chemical analyai, ppm 

in cruclble Rockwell B 0 N C 

TOP 95 1200 360 320 
Middle 79 950 90 340 
Bottom 72 800 20 280 
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ness of Rockwell B-85 or less usually could be pared in a high state of purity, the quality of the 
cold-rolled directly to very thin sheets. Although an vanadium sponge can also be controlled. 
exact correlation between quality and workability 
was not obtained, oxygen and nitrogen were found Manuscript received Oct. 25, 1960. This paper was 
to have the greatest effect on workability. Usually ~ f ~ , p ~ . $ ~ ~  for before the Chicago May 
if the metal contained less than 0.1% oxygen it could 
becold-rolled without difficulty. Nitrogen contamin- A"Y discussion of this paper will appear in a   is- 

cussion Section to be published in the December 1961 ation in metal made in this investigation was usually JO-AL. 
well below the level affecting workability. REFERENCES 
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Overpotential on Tellurium Cathodes in NaOH Solutions 

S. A. Awad 

Chemistry Department, University College of Girls, Ain-Shams University, Heliopolis, Cairo, Egypt 

ABSTRACT 

Overpotential on tellurium cathodes was studied on 0.005-5N aqueous NaOH 
solutions at 25°C. Dissolution of tellurium giving Tel' ions, instead of hydrogen 
evolution, was suggested to explain the results. In 0.05-5N solutions the dis- 
solution of tellurium is governed by a rate-determining simple electrochemical 
mechanism with two Tafel slopes in the linear logarithmic section. Below 
0.05N the discharge reaction becomes rate-determining. Equations for the 
effect of pH on overpotential were deduced theoretically. The values obtained 
for the pH effect indicated the discharge of Na+ ions. The bend-up at high cur- 
rent densities, observed in the Tafel lines for l-5N solutions, is not due to a 
resistance overpotential effect. It was attributed to concentration overpoten- 
tial manifesting itself by a tendency toward a limiting current. The decrease 
of the current density corresponding to the bend-up, by lowering the tempera- 
ture, supported the above suggestion. 

The major part of the experimental work on hy- 
drogen overpotential has been concerned with met- 
als (1). On the other hand, the literature contains 
but few studies on the hydrogen overpotential on 
metalloids and nonmetals. Thus, Bowden and Rideal 
(2) studied the hydrogen overpotential on carbon 
cathodes and obtained a value of 0.84 v for the Tafel 
line slope. The work of Erdey-griiz (3) on carbon 
cathodes also showed that the Tafel line has a lower 
slope which amounts to 0.1 v. Ammar and Awad 
(4) studied the hydrogen overpotential on tellurium 
in HCl solutions. The results obtained in dilute so- 
lutions indicated that the hydrogen evolution re- 
action is controlled by a simple electrochemical 
mechanism with two Tafel line slopes of 0.04 and 
0.12 v at  30°C. In concentrated solutions, a rate- 
determining dual electrochemical catalytic mechan- 

ism, with a slope of 0.06 v at  30°C, was suggested to 
explain the results in the low current density range. 
This dual mechanism changes to a simple one at  
high cathodic polarization. 

The aim of the present work was to study the 
overpotential characteristics for tellurium in NaOH 
solutions and to compare the results with those in 
acid solutions. 

Experimental 
The experimental technique was essentially the 

same as that of Bockris and co-workers (5). The 
electrolytic cell was constructed of arsenic-free glass 
and was similar to that used by Ammar and Awad 
(4). A sintered glass disk was inserted between the 
cathode compartment and the compartment used 
for electrolytic purification of solutions to minimize 
the diffusion of gaseous anodic products toward 
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the cathode. Water-sealed taps and ground glass 
joints were used to retard the diffusion of atmos- 
pheric oxygen into the cell. 

The electrode was prepared from spectroscopically 
pure tellurium rods1 (7  mm diameter). A thin tung- 
sten wire was wrapped around one end of the rod. 
This end was squeezed inside a clean glass tubing 
and the glass was sealed over the tungsten wire 
(4). The electrode then was washed with conduct- 
ance water and fitted in its position in the cell. Each 
electrode was used to trace one Tafel line only. Be- 
fore each run, the cell was cleaned with a mixture 
of A.R. nitric acid and A.R. sulfuric acid. This was 
followed by a thorough washing with conductance 
water. 

Sodium hydroxide solutions were prepared from 
the A.R. sample. The solution was pre-electrolyzed 
at 10'-10" amp/cmE for 20 hr on a platinum pre- 
electrolysis electrode. These conditions were satis- 
factory to obtain reproducible results (within -t- 10 
mv) in all solutions studied in the present investi- 
gation. 

Cylinder hydrogen was purified from oxygen, 
carbon monoxide, and other impurities by passing it 
over hot copper (450°C), then over a mixture of 
MnO, and CuO (technically known as "Hopcalite") 
to oxidize CO to CO,. Con was removed by soda lime. 

A saturated calomel electrode with a saturated 
KC1 bridge was used as a reference electrode, be- 
cause it was feared that any contamination from the 
tellurium cathode niight poison the hydrogen elec- 
trode. The potential of the hydrogen electrode, in' 
the same solution and at the same temperature as 
the test cathode, was measured against the calomel 
electrode making use of a salt bridge. In this manner 
errors in overpotential, due to liquid junction po- 
tentials, were minimized. 

The direct method of measurements and the rapid 
technique (5) were employed. The current density 
was calculated using the apparent surface areas. 
The current was measured with a multirange micro- 
milliammeter and the potential by a valve potenti- 
ometer. Temperature was kept constant with the 
aid of an air thermostat controlled to -t- 0.5'C. 

Results 

All results included in this investigation are the 
mean of six individual results which are reproduc- 
ible among themselves to within -t- 10 mv. 

Figures 1, 2, and 3 show the mean Tafel lines in 
0.005, 0.01, 0.05, 0.1, 0.5, 1, 3, and 5N aqueous so- 
dium hydroxide solutions at 25°C. It is clear from 
these figures that, with the exception of the results 
in 0.005 and 0.01N solutions, the Tafel lines indicate 
two slopes in the linear logarithmic section. In case 
of 0.005 and 0.01N solutions, Tafel lines with only 
one slope are obtained. At comparatively low cur- 
rent densities, a region of stationary potential is 
observed in all concentrations. 

Table I contains the mean values of the slopes 
b, (at the low current density range) and bp (at the 
high current density range), together with the val- 
ues of the stationary potentials, referred to the 

'Prepared by Johnson and Matthey, Ltd.. London, England. 

Fig. 1. Tafel lines for T e  in 0.005N and 0.01 N NoOH 
(referred to reversible hydrogen electrode). 

Fig. 2. Tafel lines for Te  in 0.05N. 0.1 N,  and 0.5N NaOH 
(referred to reversible hydrogen electrode). 

"I W) 
- 0.10. + 4 M  

f Jn' 
- 0 . 0 5 . 8  5n '  

0.00. 

+ 0.05 - 

+ 0.10 . 

+ 0.15. 

Fig. 3. Tafel lines for Te  in IN, JN, and 5N NaOH (re- 
ferred to reversible hydrogen electrode). 

normal hydrogen electrode, for the various concen- 
trations studied. 

The values of the stationary potentials in the vari- 
ous solutions are assumed to represent the reversible 
tellurium. electrode potentials. The overpotential, 
referred to the reversible tellurium electrode, thus 
is calculated at lo4, lod, and 4 x lod amp/cma, and 
the values for different solutions are given in Table 
11. This table contains also the yalues of (aq/a,,),, 
calculated for various solutions. All values in Table 
I and I1 are in millivolts. 

In order to provide a support for the role of Na+ 
ions in the suggested mechanism, the overpotential 
also was measured in 0.10 Na,CO, solution. The 
results (referred to the normal hydrogen electrode) 
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Table I. Mean values 

Concentration 
N 

0.005 
0.01 
0.05 
0.1 
0.5 
1 
3 
5 

Stationary potential 
referred to the normal 

hydrogen electrode 

Table II. Overpotential and pH for different solutions 

-g (referred to 
tellurium electrode) at 

Concen- 
t ra t ion~  PH 104 1W 4 x 1W (av/ap") I 

These values are obtalned by extrapolation. 

are shown in Fig. 4, which includes also the results 
in 0.01 and 0.10N NaOH for comparison. 

The Tafel line in 1N NaOH also is measured at 
10°C. The results, together with those at 25°C for 

s r o t x  4 O H  

-..a90 . f o.roM nc OH 
9' 
b . *IS. 
$ 
e mco . 
3 
3 
8 -a75 . 

Fig. 4. Tafel lines for Te in 0.1N N a C 4  0.01N, and 
0.1 N NaOH (potential referred to normal hydrogen electrode). 

Fig. 5. Effect of ternperoture on overpotential in I N  NaOH 

the same concentration, are shown in Fig. 5. It is 
' 

that the bend-up of the Tafel line occurs at The reference electrode for overpotential meas- 

a lower current density as the temperature de- urements on tellurium in NaOH must, accordingly, 

creases. be the reversible tellurium electrode and not the 

Discussion2 hydrogen electrode. The potential of the former 

The overpotential results on tellurium in 0.005 electrode depends on the activity of telluride ions, 

and O.OIN NaOH indicate the occurrence of one which are formed continuously during the tracing 

Tafel slope in the linear logarithmic which of the Tafel line. If, however, the change in the 

amounts to O.l and 0.108 v, respectively, (cf. Table logarithm of the telluride ions activity is negligible, 

I and Fig. From these facts it is that, the potential of the reversible tellurium electrode 

if the reaction taking place at the cathode is hydro- can be considered to remain constant over the whole 

gen evolution (see below), the rate of the over-all current density range studied. The positive over- 

reaction will be by a slow discharge potential values obtained in this investigation are 

mechanism (6). accounted for, therefore, by the fact that the po- 

In concentrations above O.OIN N ~ ~ ~ ,  the Tafel tentials were referred to the hydrogen electrode 

lines showed two slopes (cf. Fig. 2 and 3):With in- and "Ot the correct One' 

crease of the alkali the Tafel lines The cathodic dissolution of tellurium in NaOH so- 

also are shifted toward the reversible hydrogen lutions can take place according to any of the fol- 

electrode ootential. In solutions of 0.5-5N, parts of lowing reactions: 
the Tafel iines lie in the positive side withrespect 
to the reversible potential. Such phenomenon is 
somewhat surprising since, for cathodic processes, 
9 is always negative. This behavior led, therefore, 
to the conclusion that the reaction taking place 
at tellurium cathodes is not hydrogen evolution. A 
possible alternative reaction in case of tellurium is 
the dissolution of the cathode material. Tellurium, 
being a metalloid,' can dissolve cathodically giving 
telluride ions. This suggestion is supported by the 
appearance of the deep red color, characteristic for 
polytellurides (7), in all the solutions during po- 
larization. 

1 The European convention of sign of potential Is used. 

From the net free energy changes of these reactions, 
the corresponding standard potentials are given the 
values (8): -1.57, -1.14, and -0.84 v. From these 
values, it is obvious that tellurium dissolves ac- 
cording to reaction [3] since its standard potential 
is the least negative one. 

The above conclusion finds some support in the 
observation of a deep, red color during polarization. 
It is already known (7) that when H3Te is passed 
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through NaOH, the liquid turns red. A colorless so- 
lution, which deposits colorless crystals, can be ob- 
tained if full precautions are taken to prevent oxi- 
dation. The red color was attributed, therefore, to 
some polytellurides, resulting from partial oxida- 
tion of Te' ions and the subsequent combination of 
these ions with the finely precipitated tellurium. 
In the present investigation, highly purified solu- 
tions were used, and numerous precautions were 
taken to prevent oxidation. Thus, the formation of 
Te,' ions (or more complicated polytellurides), as 
indicated by the red color, through partial oxida- 
tion of Te= ions is unlikely to occur. 

Further evidence for the direct formation of T&= 
ions according to reaction [3] is given by the ob- 
servation that the potentials, at which the Tafel lines 
become parallel to log c.d. axis, are within the 
range -0.724 to -0.819 v (cf. Table I). Assuming, 
reasonably, that these are the reversible potentials 
in the different solutions, it is evident that Eq. [3] 
represents the electrode reaction, since the observed 
reversible potentials are within the order of mag- 
nitude of its standard potential. 

The activation overpotential at tellurium cathodes 
may be associated with the charge reaction as rep- 
resented by Eq. [3]. Thus, taking the activity of 
tellurium equal to unity and assuming a sym- 
metrical energy barrier, the net cathodic current 
is given by 

i = Z F V = f F k e x p  ( -- ","," ) I41 

where A +  is the galvanic potential difference be- 
tween the electrode and the Helmholtz double layer. 
The Tafel line slope as indicated by Eq. [4] is equal 
to 0.06 v at 30°C. From the values given in Table I, 
it is obvious that the slow step is not the direct 
charge of tellurium atoms. 

As an attempt to elucidate the kinetics of dis- 
solution of tellurium cathodes in NaOH solutions, 
the following mechanism is suggested: 

Te + Na' + e+ NaTe 151 

NaTe+ Te + Na' + e [6l 

The velocities of the above reactions are given by 
(6) 

A+F 
V, = k,(aN.+).,. ( 1 7 )  eXP (-=) = G (1-X) 

[81 

where k, b, and k, are the rate constants for the 
discharge, the ionization and the electrochemical re- 
actions, respectively, whereas %, &, and as are the 
electrochemical constants. (aN.+)a.l. is the activity of 
Na' ions in the double layer and x is the fraction of 
the surface covered with,NaTe as intermediate tel- 

luride. The activity of tellurium in reaction [7] is 
taken as unity. 

If it is assumed that the discharge step is fast and 
the electrochemical reaction is slow. the dissolution 
of tellurium is governed by a rate-determining 
electrochemical mechanism under the condition (6) 

At the steady state corresponding to constant sur- 
face coverage, current, and potential 

v,-v*-v,= 0 1121 

From Eq. [8]-[12], the surface coverage becomes 

The value of x can be obtained under two limiting 
conditions 

a t > l O ~  [14al 

and a, > 10 a, [14bl 

From Eq. [13] and [14a] 

From Eq. [13] and [14b] 
x = l  C15bl 

The net cathodic current, when x is given by [15a], 
becomes 

The Tafel line slope, as given by Eq. [16], is equal 
to 0.04 v at 30°C. With increase of cathodic polariza- 
tion x increases and approaches unity (Eq. [15b]). 
The net cathodic current, therefore, becomes 

and the Tafel line slope is 0.12 v at 30°C. 
If on the other hand the electrochemical step is 

fast and the discharge mechanism is rate-determin- 
ing, under the condition 

then, from Eq. 181, [9], [lo], [12], and [I81 the 
surface coverage becomes 

The net cathodic current is given the value 

According to Eq. 1201 the Tafel line slope is 0.12 v 
at 30°C. 

From the above discussion and the values given 
in Table I, it is clear that the cathodic dissolution 
of tellurium in 0.05-5N NaOH is controlled by an 
electrochemical mechanism. At lower concentrations, 
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the rate-determining step is the discharge reaction. 
The change of mechanism from electrochemical to 
discharge with dilution is expected, since the elec- 
trochemical rate constant of the discharge reaction, 
a,, includes the activity of Na' ions. Thus, by de- 
creasing the activity of these ions, a state is reached 
when is far smaller than aa (cf. Eq. [18]) and 
consequently the discharge reaction is rate-deter- 
mining. 

The suggestion that the discharge reaction in- 
volves Na' ions instead of water molecules is sup- 
ported by studying the effect of pH on overpotential. 
In the following discussion it is considered that the 
stationary potential, at low cathodic polarization in 
a given solution, is equal or at least very near to 
the reversible potential, so that the difference be- 
tween that potential and the potential at a given 
current density represents the overpotential. More- 
over, the reversible potential is conveniently taken 
as pH-independent, since, except in 0.005 and 0.01N, 
the stationary potential varies but slightly with 
the alkali concentration (cf. Table I). 

For solutions above 0.05N, in which the dissolu- 
tion is governed by the electrochemical mechanism, 
the net cathodic current corresponding to the higher 
slope be, is given by Eq. [I?']. Substituting for A 4  
by q + A+. - 5, the overpotential at constant cur- 
rent is given by 

q = constant - A 4, + 5 1211 

Since A 4, is pH-independent, Eq. [21] indicates 
that, under conditions when (a [/a ln a,+) - 0 (in 
presence of excess neutral salts or when the elec- 
trode potential is very near to that of the electro- 
capillary maximum), q is independent of pH, 
whether the discharge involves Na' ions or water 
molecules. 

Below 0.05N, when the discharge reaction is rate- 
determining, the net cathodic current in case of 
the discharge of Na' ions is given by Eq. [20]. Sub- 

/ F stituting for (aN.+),, ,  by (aN.+) exp ( - -) , it fol- 
RT 

lows that at constant current 

2RT 
= constant + - ln a,.+ - A 4, - 5 [221 F 

Neglecting again the change of 5 with the alkali 
concentration, one gets for the pH effect 

Equation [23] shows that q increases by 120 mv/unit 
increase of pH at 30°C. If, on the other hand, the 
discharge involves water molecules, (aN.+)..,. in Eq. 
[20] will be replaced by the activity of water in the 
double layer. Assuming that the latter is equal to 
the activity of water in the bulk of the electrolyte, 
an equation similar to [21] is obtained, indicating 
again that q is independent of pH. 

The data given in Table I1 show that in con- 
centrated solutions, the overpotential increases but 
slightly with pH, as required by Eq. 1211. The 

slight increase can, however, be attributed to the 
variation of A+. and 6 with concentration. Below 
0.05N, q increases appreciably with pH, in accord- 
ance with Eq. [23]. It is evident, therefore, that the 
discharge reaction involves Na' ions but not water 
molecules. 

A further evidence for the discharge of Na+ ions 
is provided by measuring the overpotential in 0.1N 
Na,COs solution. This solution has a pH value com- 
parable with that of 0.01N NaOH, whereas it con- 
tains nearly as much Na' ions as 0.1N NaOH solution, 
as seen from the following: 

Normality of sohtlon Measured pH 

0.01 NaOH 11.90 
0.10 N~COI 11.70 
0.10 NaOH 12.70 

It is clear from Fig. 4 that the Tafel line in the 
carbonate solution nearly coincides with that ob- 
tained in the 0.1N NaOH solution. Moreover, it ex- 
hibits similarly two slopes in the linear logarithmic 
section, whereas in 0.01N NaOH solution only one 
slope is observed. The coincidence of the results de- 
pends, therefore, on the Na' activity and not on the 
pH of solutions. This conclusion points out that Na' 
ions are discharged at the cathode. 

The bend-up at high current densities, observed 
in the Tafel lines for 1-5N NaOH (cf. Fig. 3) ,  can- 
not be attributed to a resistance overpotential ef- 
fect. This is so, since the plot of A T  (difference be- 
tween the actual Tafel line and the extrapolated 
line) against the current density does not give a 
straight line. The bend-up is best explained by as- 
suming that, at current densities higher than 10' 
amp/cmn, the rate of formation of TaS ions ex- 
ceeds their rate of diffusion to the bulk of solution. 
The accumulation of Te,' ions in the vicinity of the 
cathode leads to concentration overpotential which 
manifests itself as a tendency toward a limiting 
current. This explanation is supported by meas- 
uring the Tafel line in 1N NaOH solution at 10°C 
and comparing it with that at 25OC. Figure 5 
shows that the bend-up occurs at a much lower cur- 
rent density, amounting to lod amp/cms, as it is 
expected, since the decrease in temperature is ac- 
companied by a decrease in the rate of diffusion of 
ions. 

Manuscript received March 18, 1960; revised manu- 
script received Nov. 21, 1960. 

Any discussion of this aper will appear in a Dis- 
cussion Section to.be pubEshed in the December 1961 
JOURNAL. 
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The Kinetics of Absorption and Evolution of Hydrogen 

by Palladium and Palladium/Platinum Electrodes 
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ABSTRACT 

The kinetics of absorption and desorption of hydrogen by palladium and a 
series of palladium/platinum alloy electrodes have been examined in hydro- 
chloric acid solutions near their equilibrium hydrogen contents (1 atm 
H,:25"C). The kinetics have been correlated with previous studies of absorp- 
tion where the desorption rate could be neglected. 

The kinetics of the absorption of molecular hydro- 
gen from acidic solutions by palladium have recently 
been examined (1, 2). Under conditions where the 
rate of desorption could be neglected, these studies 
showed that the rate of absorption depends on the 
hydrogen pressure to the first power and that the 
rate-determining step had an activation energy of 
< 2 kcal/mole H2. Results (2) also suggested the 
rate-determining step was independent of the plati- 
num content of a series of palladium/platinum 
alloys. It was concluded from these results that dif- 
fusion of hydrogen within the metal cannot be the 
rate-determining step in absorption from solution. 
In addition, Fallon and Castellan (1) have calculated 
coefficients of diffusion for hydrogen dissolved in 
solution from their absorption rates; these coeffi- 
cients proved to be in good agreement with values 
previously established, indicating that diffusion of 
hydrogen molecules up to the surface is most prob- 
ably the slow step under the experimental conditions 
employed. [From similar calculations based on 
absorption curves of palladium presented earlier (3), 
Von Stackelberg has also suggested this to be the 
slow step (4)]. 

The purpose of the present paper is to apply a 
kinetic analysis to experimental data obtained under 
conditions when the desorption rate cannot be 
neglected. It has been found possible to utilize the 
time dependent changes of the relative electrical 
resistance (R/R.) of a 12.03% Pt alloy for this pur- 
pose. However, for hydrogen contents close to those 
in equilibrium with H= (1 atm:25"C) small changes 
in the content of the majority of the electrodes un- 
der study are often difficult to follow (2, 3) from 
measurement of R/R., e.g. for palladium a maximum 
may occur (5) in the hydrogen content (H/Pd, 
atomic ratio)-R/R. relationship near equilibrium. 
Fortunately, an alternative method of following the 
kinetics is available since it has been shown for 
palladium that the electrode potential is directly 
proportional to the hydrogen content in the vicinity 
of equilibrium (6, 7);  this relationship also appears 
valid for certain of the Pd/Pt alloys. An equation 
relating absorption rate and electrode potential has 
therefore been derived and applied both to absorp- 
tion data and to additional data reported here which 

1 Present address: Physles Dept., Brwkhaven National Laboratory, 
Upton. N. Y. 

was obtained during the desorption of hydrogen from 
supersaturated electrodes containing hydrogen in 
excess of the content a t  equilibrium. 

Experimental and Procedure 
The palladium and Pd/Pt specimens were in the 

form of wires of 0.0274 cm diameter and approxi- 
mately 15 cm in length. The alloys had been pre- 
pared from specpure metals of > 99.9% purity 
melted under argon. Platinum contents are recorded 
here in atomic percentages. All measurements were 
made in HC1 solutions continuously stirred by puri- 
fied hydrogen gas at one atmosphere. Electrode po- 
tentials were recorded against a Pt/H, electrode in 
the same solution. The electrical resistance of the 
specimens could be measured simultaneously. With- 
in the range studied, temperature was controlled to 
2 0.2"C. The apparatus is described elsewhere in 
more detail (2,3). 

Before absorption of hydrogen from solution the 
specimens were preactivated by anodization (5 
min: 2ma). Prior to studies of hydrogen desorption 
the specimen was allowed to attain equilibrium with 
H, in solution at the required temperature [zero volt 
electrode potential w.r.t. Pt/HI (2,3) 1 and then made 
cathodic for at least 12 h w.r.t. a Pt anode using a 
current of ca. 0.5 ma. 

Results and Discussion 
Rate of absorption.-The time dependent changes 

of electrode potential over the range of hydrogen 
contents from zero to equilibrium (H/Pd = 0.69) are 
illustrated in Fig. 1 for absorption of hydrogen from 
801 I I 1 I 1 I a118 

TIME (HOURS) 

Fig. 1. Time dependence of electmde potential, *, and 
R/R., 0, during obsorption of hydrogen from 0.02N HCI 
by palladium (1  atm Hd25"C) 
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0.02N HC1 by palladium at 25°C; data for palla- 
dium/platinum alloys are shown elsewhere (2). For 
palladium and those alloys which undergo an &,9 
transition, the electrode potential is time invariant 
while the transition takes place. Upon completion 
of the a+8 transformation, the time dependent de- 
crease of electrode potential, when further absorp- 
tion occurs in the nonstoichiometric 8-phase hy- 
dride, can be represented by 

during such time as the rate of hydrogen evolution 
is small enough to be neglected (B-C, Fig. 1). 

For E < ca. 12 mv (p -. 300 mm, see Eq. [2] and 
[3]) the rate of hydrogen evolution becomes of 
sufficient significance for the potential to thereafter 
fall off more slowly (e.g., from point C, Fig. 1) to the 
final equilibrium value of zero w.r.t. Pt/Ib. It has 
been shown (1,2) that the time dependence (and 
thus the kinetics of absorption) of the sequence of 
changes of both E and R/R., and of their magnitudes, 
are in general independent of HCl concentration 
(2) within the range 0.002N to 1.ON [although co- 
conduction of the bridge current can lead to difficul- 
ties of, and errors of measurements (2) in strongly 
acid solutions]. It is our purpose here to demon- 
strate that the rates of both absorption and evolu- 
tion, for ''active" electrodes, depend only on E and 
are virtually independent of the platinum content 
of the alloys. 

If, for all the alloys studied, the rate-determining 
step in the absorption of hydrogen from solution is 
always dependent on the pressure of hydrogen to 
the first power, the net rate, considering desorption 
may be written as: 

where the rate constant, k,, reflects the velocity of 
transport of hydrogen molecules up to the metal sur- 
face (molecules cmJ sec" atm") and (H), the con- 
centration of absorbed hydrogen atoms is, therefore, 
expressed as the number of hydrogen atoms in a 
volume corresponding to unit area of specimen; P 
is the external pressure of hydrogen (1 atm in the 
current study), and p is the effective pressure within 
the specimen which may be determined at any time 
from the measured electrode potential E (w.r.t. 
Pt/H,) by the relation 

p = exp (-2FE/RT) C ~ I  

Substitution of [3] into Eq. [2] gives 
d(H)/dt =2k,[l- exp( -2FE/RT)] [4] 

It has been shown (6,7) in the case of the Pd/H 
system that for H/Pd > 0.58 at ca. 25°C 

(H*) = h p = E  C51 

i.e., (H*) = E/K, [el 

where K, is a constant and (H*) is the deficiency or 
excess of hydrogen from the content at equilibrium 
(H.), i.e., (H*) = (H.) - (H). Now H/Pd = 0.69 
(3) when the electrode potential of a Pd/H electrode 
is zero (E = 0) w.r.t. Pt/H. (25'C: 1 atm HI). It is 

30 €a 90 no 
TIME lMlNl 

Fig. 2. Time dependent decrease of electrode potentiol 
during the final approach to equilibrium during absorption of 
hydrogen from 0.02N HCI (25'C: 1 atrn Hz). Open circle, Pure 
Pd; solid circle, 2.79% Pt; open triangle, 5.73% Pt; half 
solid circle, 8.80% Pt; solid triangle, 12.03% Pt; ~,15.42% 
Pt; open square, 18.99% Pt. 

thus permissible to substitute (H*) and (He) for (HI 
in Eq. [4] near zero volt. 

One obtains 

Substitution of relation [6] into Eq. [7] gives upon 
rearrangement 

Integration of Eq. [8] using as an approximation 
only the first two terms of the expansion of the ex- 
ponential yields 

E = E. exp (-4FK*krt/RT) 191 

where E. is the initial value of the electrode poten- 
tial. 

Thus, provided the relationships developed above 
are applicable, the time dependent decrease of poten- 
tial in the final decay region C-D of Fig. 1 would be 
expected to be described by 

-dE/dt = k,E [lo1 
where 

k, = 4FK,ko/RT [IOal 

Figure 2 shows electrode potential-time relation- 
ships for E < ca. 7 mv during the final approach to 

Table 1. Comparison of mte constants for absorption 
and evolution of hydrogen for specimens with electrode 

potentials close to zero w.r.t. Pt/Hs (1 atm H2:25*C) 

ko x 10-lS 
kt x lots kr x 101, &, molecules/cm*/sec 

mln-1 mln-1 mv/coul/cm from kx from kz 

6.3 8.1 59.5 8.2 10.5 
5.5 5.5 55.4 7.7 7.7 
3.0 3.2 36.5 6.3 6.8 
1.5 1.6 20.2 5.7 6.1 
0.56 1.1 6.1 7.1 14.1 
5.1 2.8 - - - 
9.7 5.3 - - - 
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TIME (MINI 

Fig. 3. Time dependent increase of the negative potential 
to zero following cathodic electrolysis in hydmgen saturated 
0.02N HCI (25"C:l atm Hn). Open circle, Pure Pd; solid circle, 
2.79% Pt; open triangle, 5.73% Pt; half solid circle, 8.80% 
Pt; solid triangle, 12.03% Pt; X, 15.42% Pt; open square, 
18.99% Pt. 

equilibrium by palladium and a series of palla- 
dium/platinum alloys plotted by the integrated form 
of Eq. [lo] so as to yield straight line behavior. The 
agreement with Eq. [lo] is seen to be reasonably 
good. 

Values of the slopes, k,, shown in Table I are cal- 
culated from the data of Fig. 2, but closely similar 
values were also obtained with other preanodized 
(and pre-palladized in the case of pure palladium) 
specimens which readily attained a final zero volt 
potential. 

Rate of hydrogen evolution.-Electrodes which 
had attained a zero volt potential following absorp- 
tion from solution were further charged with hydro- 
gen electrolytically. Palladium and the alloys studied 
all attained approximately the same, initial negative 
electrode potential (ca. - 2 mv) after prolonged 
electrolysis at the same current density. Upon cessa- 
tion of electrolysis, the spontaneous loss of hydrogen 
from the supersaturated electrodes, as reflected by 
the increase of the negative electrode potentials to 
zero, was measured as a function of time. The lo- 
garithmic plot shown in Fig. 3 illustrates that this 
time dependent increase may again be represented 
by 

-dE/dt = k,E [ I l l  

where kr = 4FK,ko/RT [ l l a l  

Values of k, are again recorded in Table I. The 
reproducibility of the data presented in Fig. 3 is good 
and relatively insensitive to prolonged standing in 
solution between repeat determination of the rates; 
this stable behavior was in some contrast to the sen- 
sitivity, on standing, of the reproducibility of the 
rates of proton transfer between similar electrodes 
(8). 

The deviations from Eq. [ I l l  for the plots of the 
15.42 and 18.99% Pt alloy5 at small time3 is undmbt . 
edly due to the fact that Eq. 151 is no longer obeyed 
for negative electrode potentials greater than ca. 
1.5 and ca. 1.0 mv, respectively. It may also be in- 

ferred from this that the electrode potential-hydro- 
gen content relationships for these alloys are non- 
symmetrical about equilibrium since Eq. [lo] ap- 
pears to be obeyed for these same alloys for positive 
potentials significantly greater than 1.5 and 1.0 mv, 
respectively (Fig. 2). A similar conclusion has been 
reached from the results of proton transfer studies 
(8). 

Table I shows that the values of k, and k, decrease 
progressively from pure palladium to the 12.03% 
Pt alloy and increase again for alloys of higher 
platinum content. The magnitudes of k, and kl are 
comparable for palladium and the 2.79, 5.73, and 
8.80% platinum alloys, but for the 12.03, 15.42, and 
18.99% platinum alloys they differ appreciably, and 
this is again related to differences in the relation- 
ships between electrode potential and hydrogen con- 
tent above and below zero volt (25°C). 

Data obtained from proton transfer studies (8) 
for the constant K ,  which directly relates hydrogen 
content to electrode potential near zero volt (Eq. 
[5] and [6], has however, shown that K, also varies 
with the platinum content of the alloys. Thus when 
(so far as Eq. [5] still holds under our experimental 
conditions, see above) appropriate values of K, were 
combined with k, and k, in Eq. [lOa] and [lla], 
Table I shows that the values obtained for the rate 
constant, ka, are, considering the approximations 
used in deriving Eq. [gland experimental uncertain- 
ties in K,, found to be almost constant. The values 
of k, are of the order of magnitude of those pre- 
viously observed in circumstances where the re- 
verse reaction can be neglected (2) i.e., 2.75 x lo-' cc 
H,/ cc Me/ sec or - 5.1 x 10" molecules H,/cm'/sec.' 
[More recently, values have been obtained in closer 
agreement with that of Fallon and Castellan (1) i.e., - 6.9 x 10" molecules Hz/cma/sec (under the most 
rapid stirring conditions employed by these work- 
ers)]. A factor which may contribute to the in- 
crease in the values of k. (Table I) as compared to 
5.1 x lom molecules H,/cma/sec, is that the area of the 
specimens may be larger at equilibrium hydrogen 
contents than in the two-phase region due to both 
an additional lattice expansion when hydrogen 
dissolves in the &phase and a possible increase in 
surface roughness. 

Kinetics of absorption of hydrogen by a 12.03% 
Pt alloy at 25°C.-Relationships between R/R, and 
hydrogen content (H/Me--atomic ratio) are avail- 
able at 25" both for palladium and the other alloys 
used in these studies (2). At 25"C, alloys with 
< 8.80% Pt form &phase hydrides at pressures 
< 1 atm. During the a -, ,9 transition large increases 
of H/Me can occur, while the electrode potential is 
constant, which can be followed by resistance mea- 
surements (see Fig. l ) .  Advantage has been taken 
of this (1, 2, 3) to measure the rate of absorption of 
hydrogen over the a + B transition regions when the 
constant electrode potential corresponds to pres- 
sures, p, which are sufficiently low for desorption to 
be unimportant in Eq. [2]. 

Large changes of resistance were also observed 
(2) during the absorption of hydrogen by the 12.03% 

rThis value was incorrectly given in ref. (2) as 8.5 X lOm 
molecules Hl/em*/sec. 
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TIME IHRSI 

Fig. 4. Comparison of experimental and calculated rates of 
absorption of hydrogen from 0.02N HCI solution by a 12.03% 
Pt alloy (25'C:l otm Hz). a, H/Me(exptl); A, H/Me(colc); 
0, electmde potential. 

Pt alloy at 25OC from which changes of H/Me 
have been calculated and are illustrated in Fig. 4. 
The accompanying electrode potentials indicate that 
the rate of desorption should be significant at a 
relatively early stage of this absorption experiment 
(see Eq. [I] and [2]). 

If the same step is rate determining for alloys 
with platinum contents 2 12.03% as for alloys with 
a lesser percentage of platinum, i.e., diffusion of hy- 
drogen within the metal is still rapid compared to the 
rate of transport of hydrogen molecules up to the 
surface, then Eq. [2] is again applicable. [Also justi- 
fied by the comparable rates of absorption by both 
pure palladium and 12.03% Pt at O0C, where signif- 
icantly larger volumes of hydrogen are absorbed (2) 
by the 12.03% Pt alloy than at 25'C, over values 
of E which corresponds to values of p sufficiently 
low for desorption' rates to be relatively unimpor- 
tant.] 

The extent of absorption may be calculated at any 
time from 

The integral must be evaluated graphically since 
the dependence of E on time is not known analytic- 
ally over the whole range of hydrogen contents. 
Results for the 12.03% Pt alloy at 25°C are shown 
in Fig. 4 using a value of k, = 6.3 x 10" molecules/ 
cma/sec which is in reasonable agreement with the 
value of k, measured (2) when desorption can be 
neglected (see above). As illustrated in Fig. 4 the 
agreement between the experimental and calculated 
values of rates of absorption based on Eq. 1121 
clearly demonstrates that in the case of the 12.03% 
Pt alloy (and also alloys with > 12% Pt) the 
virtual absence (2) of a period over which there is 
a constant rate of absorption at 25OC is due solely 
to the early onset of desorption. 

Dependence of rates on hydrogen ion concentra- 
tion and temperature.- Potential decay during the 
evolution of hydrogen was determined for the 2.73% 
Pt alloy in l.ON, 0.2N, and 0.02N HCl; no significant 
dependence of k, on hydrogen ion concentration was 
observed in this range. This result is in accord with 
the relative independence of the rate of absorption 

on hydrogen ion concentration when desorption can 
be neglected (1, 2). 

For the platinum alloys the H/Me-electrode 
potential relationships can vary significantly near 
zero volt in the temperature range 0"-5g°C, with 
consequent changes in K, (Eq. 161). If k, remains 
almost unaltered, changes in K, will be reflected by 
variation of k, and k2 (see Eq. [lOa] and [lla]).  
For example, for the 12.03% Pt alloy, k, was almost 
independent of temperature from 0" to 25OC, but 
then increased from 1.1 x 10.' min" (25°C) to 
5.9 x lo-' min-' (54°C). 

Thus, it is only for palladium (where the H/Me- 
electrode potential relationships do not alter mark- 
edly in this temperature range) that k, (or k,) can 
be conveniently employed for studying the tempera- 
ture dependence of the rate process. It was found for 
pure palladium that k, was indeed virtuallv tem- . . 

perature independent within the range 0"-63%, thus 
providing additional confirmation for the very low 
value previously obtained for the activation energy 
of the rate-controlling process from absorption 
studies (1, 2). 

Generality of rate equation.-The analysis carried 
out here indicates that Eq. [2] has general applica- 
tion to the absorption and evolution of hydrogen by 
all the alloys studied. These results suggest.that the 
equation, and the value obtained for the rate con- 
stant, k., are also likely to have general application 
to metal electrodes such as pure platinum and rho- 
dium which absorb only very little hydrogen. This 
is provided the surfaces of such electrodes are suffi- 
ciently "active" for the rate of dissociation of hydro- 
gen molecules to exceed - 5.1 x 10'' molecules/cm'/ 
sec so that the approach of the molecules to the sur- 
face is rate controlling. 

Von Stackelberg and Bischoff (7) have followed 
the velocity of hydrogen gas evolution as a function 
of the hydrogen content of palladium foil electrodes 
which had been supersaturated electrolytically. They 
concluded that the velocity of evolution depends on 
the square root of the pressure of hydrogen gas. This 
is at Jariance with the-results obtained hereand also 
does not agree with results based on overpotential 
measurements in the vicinity of the equilibrium hy- 
drogen content (9, 10). However, von Stackelberg 
has suggested (4) that the square root pressure 
dependence can be reconciled with the present 
results, if the palladium foils (7) were less active 
than the specimens of the present study whereby 
the slow step would be the dissociation of hydrogen 
molecules at the surface rather than transport up to 
the surface. It would be of interest to examine the 
differences in the rates of hydrogen evolution from 
a series of such "less active" palladium/platinum 
alloys; the difficulties in obtaining reproducible ac- 
tivity amongst the alloys would, however, be con- 
siderable. 
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Technical Notes 

Photoluminescent Effects in Contact Electroluminescence 

B. Morosin and F. A. Haak 

Hughes Research Laboratories, A Division of Hughes Aircraft Company, Malibu, California 

The emission of visible radiation by a mixture 
of castor oil, metal filings, and various nonelectro- 
luminescent phosphors were reported by Lehmann 
(I), who named the phenomenon "contact electro- 
luminescence." His results indicate the need of all 
three constituents, although various organic dielec- 
tric fillers or even air may be substituted for castor 
oil. More recently, Wachtel (2) reported the dif- 
ference in spectral distribution of the emitted radia- 
tion for electroluminescent phosphors suspended in 
castor oil with and without the addition of metal 
particles. Lehmann explained the phenomenon of 
contact electroluminescence qualitatively as a re- 
sult of extremely high local field strengths present 
in the proximity of the metal particles. His view was 
further supported by the fact that only metal par- 
ticles of suitable size and shape (sharp edges) re- 
sulted in observable contact electroluminescence. 
He came to the conclusion that the only pertinent 
property of the metal particles is their high con- 
ductivity. The results of some experiments per- 
formed in our laboratory on various nonconductive 
materials with high dielectric constants appear to 
disagree with this conclusion and favor explanation 
of the observed luminescence as the result of photo- 
luminescence induced by ultraviolet radiation gen- 
erated in local glow discharges. These results are 
in general agreement with the experiments by Her- 
welly (3) regarding the luminescence of certain 
phosphors in strong electric fields. From his experi- 
ments, e.g., the dependence of the luminescence on 
the degree to which gases had been removed from 
the phosphor particles, Herwelly concluded that the 
observed emission was due to photoluminescence 
induced by the U.V. light emitted by electrical dis- 
charges within internal voids of individual phos- 
phor grains. In our observations of mixtures con- 
taining metal filings, emission of U.V. radiation 
causing visible photoluminescence was observed. 

In the course of investigating the effects of ferro- 
electrics and other materials with high dielectric 
constants on the light output of various lumingscent 
materials, emission of visible light was observed 
occasionally in mixtures of photoluminescent (but 
not electroluminescent) phosphors and ferroelectrics 
when suspended in organic dielectrics and subjected 
to alternating voltages. For example, a cell similar 
to that used by Lehmann, containing a suspension 
in castor oil' of equal parts (by volume) of a ZnS 
photoluminescent phosphor and crushed KH,PO, 
(particle size about loop), exhibited several bright 
blue spots when operated at about 800 v (rms) and 
1000 cps. Lehmann's cell consisted of an aluminum 
base and a thin conducting glass separated by 100p. 
His observations were made between 400 and 600 v 
(rms) at 10,000 cps. Since we used a cell thickness 
of 150p, our somewhat higher voltages correspond 
to about the same average applied fields. Spectral 
changes were observed on substitution of different 
phosphors; however, for any given phosphor, the 
same spectral emission was obtained by substitution 
of KH,PO, with other inorganic salts (NH,H,PO,, 
NaC1, anhydrous metal chlorides, etc.) or with metal 
particles (filings of Al, Ni, Cu, or Fe). 

These experiments appear to indicate that Leh- 
mann's contact electroluminescence is part of a class 
of phenomena which are probably caused by the 
presence of large field inhomogeneities. These strong 
local fields may be generated either by means of 
irregular particles of high conductivity (contact 
electroluminescence) or by the incorporation of ma- 
terials with high dielectric constants (above ex- 
periments). To determine the origin of the emitted 
radiation, we conducted a number of experiments 
with aluminum filings, similar to those reported by 

1 C a s h  oil or other dielectric flulda used to suspend phosphors. 
Rungs and solid dielectrlca were evacuated after mlxlng to remove 
any adsorbed gases. 
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Lehmann. In agreement with Lehmann, these ex- 
periments indicated a dependence on the shape of 
the aluminum or metal filings and an increase in the 
number of bright "dots" with the concentration of 
filings. On increasing the voltage from between 600- 
800 v to about 1000 v (10,000 cps), it was found 
that no phosphor particles were necessary for light 
emission. Bluish purple dots appeared which in- 
creased in size with increasing applied voltage until 
a general bluish purple glow over large areas of the 
cell was obtained. Similar results were obtained with 
other crystalline dielectrics, especially those with 
high dielectric constants l e a .  KHZO, and . . 

NH,H,PO,). As a matter of record, even mildly 
crushed NaCl in castor oil exhibited bluish purple 
emission under these conditions. 

The difference in spectral response when the com- 
bination of aluminum and castor oil was used with 
and without the addition of a trace of a nonelectro- 
luminescent phosphor suggested the investigation 
of the spectral distribution of the emitted radiation 
of the metal and castor oil system in order to ascer- 
tain whether sufficient short wave-length emission 
was available to cause photoluminescence. 

The emission spectra of the metal and castor oil 
combination in the ultraviolet, visible, and infrared 
regions were recorded on Kodak spectroscopic film 
(Type 103, N, F, and 0, respectively) by means of 
a reflex grating spectrograph. Emission bands were 
observed only in the short wavelength visible and 
near ultraviolet regions. For an aluminum and castor 
oil cell operated at 800 v and 9,000 cps, the observed 
emission bands, in microns, are: 340 (w) , 355 (ms) , 
375 (s), 395 (s), 420-425 (m), 440 (w). The fact 
that no radiation with wavelengths shorter than 340F 
was observed is probably due to absorption by the 
SnO, conductive glass which was used. 

The visible and ultraviolet radiation emitted by 
the metal filings and castor oil system qualitatively 
explains observations regarding contact electrolu- 
minescence. 

The visible purple and violet bands are generally 
superimposed on the photoluminescent response of 
the phosphor and thus account for any spectral shifts 
occurring between regular photoluminescence and 
contact electroluminescent activated photolumines- 
cence. For example, Mn-activated MgTiO,, ,a deep 

red photoluminescent phosphor, mixed with alumi- 
num in castor oil gave the usual bluish purple con- 
tact electroluminescence plus an over-all dull red. 
Exceptions were noted in the ZnS activated phos- 
phors, where the yellow or greens usually masked 
the purple contact electroluminescent response. This 
may be partly accounted for by the better response 
of the eye to wavelengths in the vicinity of the 
greens. 

In an evaluation of the data listed by Lehmann, 
only one of 17 photoluminescent phosphors gave a 
contact electroluminescent response that was differ- 
ent from its ultraviolet response. The exception was 
a green photoluminescent phosphor which exhibited 
a blue contact electroluminescent emission. This 
spectral shift is similar to our usual observation, 
such as the Mn-activated MgTiOs described above, 
in which the photoluminescent and contact electro- 
luminescent emissions are combined. 

It also may be noted that the spectral shift ob- 
served by Wachtel in (Zn, Cd) S: Cu, C1 electrolumi- 
nescent phosphors when mixed with Cu filings is 
clearly in the direction of the photoluminescent re- 
sponse expected for that type of phosphor. 

It appears that great care should be exercised in 
comparing the result of the two different phenomena 
of "contact" electroluminescence and "intrinsic" 
electroluminescence. The former is probably asso- 
ciated with photoluminescence of materials excited 
by the ultraviolet components of the emission of 
other materials present in the composite suspension, 
whereas the latter is associated with electrolumines- 
cent centers probably located along hexagonal to 
cubic faults within the crystallites of the material, 
as indicated by Diemer (4) and others (5, 6). 

Manuscript received Dec. 27,1960. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1961 
JOURNAL. 
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A Diffusion Mask for Germanium 

E. L. Jordan 

Semiconductm and Materials Division, Radio Corporation of America, Somerville, New Jersey 

The surface of silicon can be oxidized to form a 
coating of silicon dioxide which prevents the diffu- 
sion of specific impurities (1). This silicon dioxide 
mask when used in conjunction with photoengrav- 
ing techniques makes it possible to prepare double 
diffused devices. Such techniques permit the pre- 
cise control of the area of diffusion, junction depth, 
and level of doping. 

The oxide mask may be formed readily on silicon 
by heating in an oxidizing atmosphere. Unfortu- 
nately, this technique does not work for germanium; 
although it is possible to form a coating of germa- 
nium dioxide on germanium by careful heating in 
an oxygen atmosphere, the germanium dioxide 
formed is not stable enough to act as a diffusion 
mask. At about 700°C in either a reducing or inert 
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somplr Holder 
Fig. 1 .  Equipment for vapor deposition of silicon dioxide 

atmosphere, germanium dioxide reacts with the 
bulk germanium as follo~n~s: 

Ge02 + Ge + 2Ge0 
heat 

Because the germanium monoxide formed is volatile 
at 700°C it is quickly removed from the surface. 
Heating to 700°C in an oxidizing atmosphere re- 
sults in a badly pitted germanium surface, which 
makes its use as a diffusion mask infeasible. 

Therefore, some other material must be produced 
on the surface of the germanium which is stable 
under diffusion conditions, will function as a diffu- 

Material Formula 

Maintenance of the equipment is essentially 
simple, requiring only periodic cleaning of the fur- 
nace tube and sample holder by washing with 25% 
HF until deposits are removed. The buildup of the 
oxide on the furnace tube and sample holder does 
not affect the results, and the cleaning schedule is 
not a rigorous one, but is a precautionary measure 
to prevent a possible concentration of impurities. 
The oxide layer which accumulates in the furnace 
was checked spectrographically, and the impurities, 
if any, are present in quantities below the level of 
detection. A further indication of the purity of the 
materials was obtained when coatings were pre- 
pared on 15 0-cm germanium with no observed 
change taking place in the bulk resistivity after 
coating, thus indicating that thermal conversion due 
to copper contamination was not a problem. A test 
was also run to determine whether or not the al- 
koxysilane in the flask deteriorates with time. Thus 
far, the results of this test indicate that no deleteri- 
ous changes occur over a two to three month period. 

Materials 
Various materials were evaluated in the course 

of this work as shown below: 

Boiling point ' C  
at a vapor pressure of: 

Molecular weight 60 mm 400 mm 760 mm 

Tetraethoxysilane Si (OGH,), 
Ethyltriethoxysilane (CSJ Si (OGH& 
Amyltriethoxysilane CJiIISi (OCSIs). 
Vinyltriethoxysilane CHI=CHS~(OGH~). 
Phenyltriethoxysilane CoHaSi (OGH.). 
Dimethyldiethoxysilane (CH,) 8 i  (0C1Hs)r 
Diphenyldiethoxysilane (C,H.),Si (OCZH~) r 

sion mask, will have no effect on the electrical char- 
acteristics of the germanium, and may be removed 
easily from selected areas. Because silicon dioxide 
satisfies these requirements on silicon, its applica- 
tion to germanium was investigated. 

The application of a silicon dioxide coating to a 
germanium surface was accomplished by a technique 
for preparing the silicon dioxide by the thermal 
decomposition of an alkoxysilane. This coating is 
easy to apply, has excellent mechanical strength, and 
is easily removed by etches which do not, attack ger- 
manium. 

Technique 
The vapor deposition of silicon dioxide is accom- 

plished in the equipment shown in Fig. 1. 
The wafers to be coated are placed on the sample 

holder, inserted in the furnace and a 1 fta/hr flow 
of argon is started to purge the furnace. While the 
furnace is purging, the argon flows through tube 
B shown in Fig. 1. After the furnace has purged for 
10 min, the power is turned on. When the sample 
temperature is 700°C, valve A is turned to permit 
the argon to pass through the alkoxysilane and to 
enter the furnace. The mixture of argon and alkox- 
ysilane is allowed to flow through the furnace for 
a period of time determined by the thickness of the 
coating desired. The furnace is turned off and valve 
A returned to the purging position. When the fur- 
nace has cooled to 200°C, the samples are removed. 

These materials are all relatively stable liquids 
with boiling points ranging from 100' to 300°C, 
and their physical properties are typical of organic 
solvents. All of these materials yield coatings which 
appear to be the same; however, it has been found 
more difficult to prepare satisfactory films from 
materials which have less than three (3) oxygen 
atoms in the molecule. 

Discussion 
The proposed mechanism of the reaction is shown 

by the following equation: 

R 
0 - SiO and C 

R-0-Si-R A SiO, + R-R + depending on 
0 the conditions 
R 

where R = hydrocarbon radical. The compounds 
containing the most oxygen are the easiest to use 
since this minimizes the possibility of forming silicon 
monoxide, which has been found to interfere with 
the etching of the required pattern. In addition, 
while oxygen must be present to form the silicon di- 
oxide, it must originate from the alkoxysilane. Care 
must be taken to exclude all external oxygen and 
moisture from the furnace since these will cause the 
film to have a cloudy appearance. The cloudy film 
thus formed will not etch properly and should, there- 
fore, be avoided. 
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Fig. 3. Effect of varying the flow rate of the carrier gas 
when using ethyltriethoxysilane. 

Fig. 2. Relationship between time, temperature, and film 
thickness. 

The composition of the film has been checked by 
the use of the infrared spectrograph. These investi- 
gations show a peak in the absorption band at 9.5~ 
with a shoulder at 8.5~. These peaks correspond with 
the known bands for silicon dioxide as found in a 
hydrated, dry silica gel (2). Chemically the film is 
very inert showing no sign of attack after 5 min of im- 
mersion in concentrated acids such as nitric, sulfuric, 
hydrochloric, acetic, and aqua regia, or bases such 
as sodium hydroxide or potassium hydroxide. 
Neither hot nor cold hydrogen peroxide attack the 
film in concentrations up to 30%. On the other hand, 
hydrofluoric acid and conventional germanium and 
silicon etches (such as CP4, etc.) will remove the 
film very rapidly. It is this feature of the film that 
makes it very useful in device fabrication since the 
film may be removed readily from the required areas 
by photoresist masking followed by hydrofluoric acid 
etching to remove the oxide from the selected areas. 

The effect of the carrier gas on the film formation 
was investigated using various gases such as argon, 
purified tank nitrogen containing only 8 ppm oxygen, 
and regular grade nitrogen. No significant difference 
was observed when the first two of the above gases 
were used. The results with regular grade nitrogen 
were erratic, and it was felt that this was due to 
the presence of varying amounts of oxygen and 
moisture in the gas. 

The relationship between time, temperature and 
film thickness using ethyltriethoxysilane at 25°C in 
the bubbler, is shown in Fig. 2. The graph shows a 
linear relationship between film thickness, time, and 
temperature over the range investigated, and as 
would be expected, increasing the temperature in- 
creases the rate of deposition. 

The effect of varying the flow rate of the carrier 
gas when using ethyltriethoxysilane, at 25°C in the 
bubbler, is shown in Fig. 3. It can be noted that the 
flow rate has a marked effect only at the higher 
temperatures, and it is believed that this is due 
primarily to the cooling of the sample by the gas 

stream. It was found, however, that the lower tem- 
peratures produced the desired clear coatings. 

When attempts were made to prepare coatings of 
20,00OA, to mask against p-type impurities, by rais- 
ing the temperature to 750' to 800°C the resultant 
coatings were black rather than the desired clear 
glass. These black coatings did not etch cleanly, and 
it is felt that these black coatings were caused by 
the incorporation of carbon in the film when the 
organic radical cracked because of the high tem- 
perature used. 

In order to produce clear coatings, 20,000A in 
thickness, tetraethoxysilane was used, and the time 
of deposition was raised to 16 hr, while the tempera- 
ture was lowered to 625°C. These conditions pro- 
duced a clear glassy coating which had the desired 
etching characteristics. 

During the development of the techniques for de- 
position of thick coatings, cracking of the film and 
germanium substrate was noticed when the above 
time and temperature conditions were exceeded. In 
order to evaluate the effect of the thick film deposi- 
tion on the wafer, the following experiment was 
performed. Three wafers with an approximate dis- 
location density of 2000 etch pits/cmS were coated 
with silicon dioxide. The first wafer was coated with 
2,000A of silicon dioxide, and the second and third 
wafers were coated with a 20,000A film. No signs of 
surface damage were observed on any of the wafers 
following coating. The wafer with the 2,000A coat- 
ing and one with the 20,000A coating were heated 
to the same temperature, 750°C, used during dif- 
fusion processing. Upon completion of the simulated 
"diffusion" run, the wafers were washed in hydro- 
fluoric acid to remove the oxide, and etch pit counts 
were repeated. The results of these counts are shown 
in Fig. 4. 

Sample A shown in the figure is a wafer that had 
a 2,000A coating, and sample B is a wafer with the 
20,000A coating. It is evident that slip lines have 
developed in sample B but not in sample A. It has 
been found that the dislocation density in sample A 
has not increased but that more than 100,000 etch 
pits/cmZ were present in sample B. The wafer sur- 



Vol. 108, No. 5 DIFFUSION MASK 

Fig. 4. Results of etch pit counts: sample A (top), a wafer 
with a 2,000A coating; sample B (bottom) a wafer with a 
20,000A coating. 

face also indicates that it was subjected to a strain 
sufficient to cause slip. 

In order to determine the point in the processing 
where the strain originates, the second wafer with a 
20,000A coating was not subjected to the diffusion 
conditions, but was only washed with hydrofluoric 
acid to remove the oxide coating, and then subjected 
to standard pit counting techniques. This wafer 
showed the same slip lines, and high etch pit count 
found on sample B in Fig. 4. I t  is, therefore, obvious 
that the strain is created during the coating opera- 
tion and not during subsequent processing. 

Since the most useful thickness for masking 
against n-type impurities is approximately 2,00OA, 
this problem has caused no inconvenience. The use 
of the coating as a mask against p-type impurities 
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is, however, greatly complicated, because of the 
strain induced in the base crystal, and is of only 
limited value. 

Diffusion 
The effectiveness of the coating has been proven 

by its successful use in many n-type diffusion runs. 
The coating has masked against arsenic diffusions 
under conditions which produce surface concentra- 
tions ranging from 10" to 10' at./cma. The diffusion 
runs were made using germanium-arsenic powders 
ranging in composition from a fraction of a per cent 
arsenic up to 5% arsenic by weight as a diffusion 
source. Diffusion with the 5% arsenic powders has 
been carried out at temperatures of 700°C for periods 
up to 2 hr with complete masking. These powders 
yield surface concentrations dose to 10m at./cmS on 
the unmasked portion of the wafer while no change 
in the resistivity of the masked portion was observed. 
Complete masking for periods up to 2 hr at  tempera- 
tures up to 900°C can be made with powders yielding 
carrier concentrations of 10'20 10" at./cms. 

Tests were run using antimony and phosphorus 
as the doping source with equal success. In addition, 
the oxide has shown promise as a diffusion mask on 
gallium arsenide and has been used successfully 
as a mask to prevent outdiffusion. 

Conclusion 
A diffusion mask has been developed for germa- 

nium which completely masks against the diffusion 
of n-type impurities (arsenic, antimony, and phos- 
phorus) under all 'conditions encountered in device 
fabrication. 

The deposition of the silicon dioxide mask by the 
thermal decomposition of an alkoxysilane has pro- 
vided a simple and inexpensive technique for mask- 
ing a double diffused germanium npn transistor (3). 
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An Ultrastructure Study of the Corrosion of 

Aluminum in the Presence of Mercury 

A. N. 1. Heynl 

Virginia Institute for Scientific Research, Richmond, Virginia 

It has long been known (1) that upon exposure of 
aluminum to mercury a remarkably destructive type 
of corrosion occurs in which most fantastically 
shaped fibrous filaments, bands, and sheets of alum- 
inum hydroxide (1) or hydrated aluminum oxide 
grow rapidly from the metal surface. This particular 
type of corrosion is most detrimental and extremely 
difficult to stop, once started. It has been assumed 
that the aluminum hydroxide is formed in this pro- 
cess under dissolving of the aluminum in the fiuid 
mercury layer covering the surface to form an alum- 
inum-mercury alloy, which is subsequently oxidized 
in contact with moist air. 

An ultrastructure study with the electron micro- 
scope has been carried out on the corrosion product 
formed during this catastrophic process. The re- 
sults are briefly reported here. The material was 
prepared by placing a drop of mercury on a clean' 
aluminum surface in moist air. After about 30 min 
the white fibrous growth near the edge of the drop 
had reached a length of about 1 in. and was collected 
for study. 

From the electron micrographs, one of which is re- 
produced here in Fig. 1 at a magnification of 23,560 
times before reduction for publication, it is seen that 
in all cases the corrosion product has a typical ultra- 
structure which at first sight looks like a poly- 
crystalline configuration. The composite structure 
consists of submicroscopic, uniform, elongated mi- 
cellar strands or needles, which are bundled together 
over larger ranges in almost parallel orientation. 
These needles very often appear to be flattened and 
have an almost uniform width of about 100A. Indi- 
cations of a helical or coiling appearance is often ob- 
served. The length of the needles or strands is.very 
diacult to determine, but is generally at least twenty 
times the diameter, very often much longer. Trans- 
verse ruptures are often seen across the needles. The 
impression is obtained that longer strands are broken 
at irregular places into shorter pieces to form the 
needles. 

Sometimes consistent large patches of very high 
electron absorption are observed, which are prob- 
ably microdroplets of mercury carried along and 

'Present address: Department of Physics, Auburn University, 
Auburn, Alabama. 

SThe oxide film being removed with acid or otherwise. 

Fig. 1 .  Cotostrophic corrosion of olurninum in the presence 
of pure mercury. Fibrils are olmost in original arrangement. 
The direction of growth is perpendicular to the metal surface 
and along the meridian of the photograph. Magnification 
23,560X before reduction for publication. 

captured by the growing fibers. In the vicinity of 
these drops much finer fibers are often seen. 

When other metals have been added to the mer- 
cury, such as lead and thallium, the shape and size 
of the strands is somewhat different. They are more 
compressed in length and more irregular in appear- 
ance and orientation. 

A few electron diffraction observations were made 
for determining whether or not these strands have 
crystalline configuration; at first sight they usually 
give the impression of having microcrystalline na- 
ture. Since no clear electron diffraction patterns 
were obtained, no definite conclusion could be made, 
however. 

The essential feature of the ultrastructure ob- 
served is the presence of elongated microfibrils of 
rather constant diameter, grown from the surface 
and packed in parallel arrangement. Similar forma- 
tions have been observed in the case of so-called 
"metal whiskers," which are also elongated struc- 
tures grown from a metal surface along one direc- 
tion. 

The findings on the structure of the corrosion 
product might be explained in the following way. If 
it is assumed that during this process separate ano- 
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dic and cathodic sites exist, the growth of separate 
parallel fibers could be understood. The oxidation 
of the aluminum alloy would take place in the ano- 
dic regions separated from each other by cathodic 
regions. As a result of growth pressure and maybe 
also shifting of the anodic regions over the surface, 
coiling, transverse rupture, and shifting of the fibers 
may occur. This would explain fully the features ob- 
served. If this hypothesis is correct, the cross section 
of the fibers would correspond essentially to the area 
of the anodic domains and the cross section of the 
composite fibers would be a true representation of 
this distribution of anodic and cathodic regions on 
the surface. From the cross sections of the fibers it 
could be concluded then that the cross section of 
the anodic sites would be about 100A, and from the 
packing of the fibers it could be concluded that the 

spacing is probably not much more than twice this 
value. This hypothesis of alternating sites would 
explain nicely the main point, why a discontinuous 
arrangement of whiskers is formed rather than a 
continuous layer of oxide. 
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Structure on the Oxidation of Iron 
and Iron Alloys 

J. Laukonis-Formation and Reduc- 
tion of Oxide Flms on Iron Whisker 
Surfaces 

July 27 
M. A. Streicher, Discussion Leader 

M. Dignam-Anodic Oxidation of 
Aluminum-Transient Effects and 
Oxide Structure 

R. A. Baker-Anodic Oxidation of 
Lead in Sulfuric Acid 

M. Cohen-A Comparison between 
Air-Formed and Anodic Oxide 
Films on Iron 

July 28 
M. Cohen, Discussion Leader 

H. J. Engell-Breakdown of Oxide 
Films and Pitting. General Discus- 
sion. 

Electrodeposition 
July 31-August 4,1961 

Tilton School 
Tilton, N. H. 

W. R. Meyer and M. S. Frant, 
Co-Chairmen 

July 31 
The Mechanism of Electrodeposition 

W. R. Meyer, Chairman 

N. B. Hackerman-Nature and Ki- 
netics of Discharge Species at  the 
Electrode Surface 

P. Delahay, D. Mohilner-Metal Dep- 
osition: Double Layer Effects and 
Investigation of Fast Discharge 
Processes 

E. Saubestre, Chairman 
J. O'M. Pockris-Rate Determining 

Steps and Paths in the Electrodep- 
osition and Electrodissolution of 
Thin Metallic Layers 

J. O'M. Bockris, D. Drazic, H. Kitz- 
Transient Phenomena at the Iron- 

Solution Interface, and the Mech- 
anism of the Deposition and Disso- 
lution of Iron 

August 1 
The Mechanism of Electrodeposition 

(cont'd) 
N. Hackennan, Chairman 

R. G. Barradas, B. E. Conway-Elec- 
trochemical Adsorption of Hetero- 
cyclic Bases and Ionic Derivatives 

Late papers and general discussion 
on mechanisms. 

Addition Agents in Electrodeposition 
0. Kardos, Chairman 

H. Brown-The Role and Structure 
of Addition Agents in Electroplat- 
ing, With Special Reference to 
Nickel 

D. Trivich-Some Aspects of Bright- 
ener Action 

S. E. Beacom-Leveling in Bright 
Nickel Deposits 

August 2 
The Effect of Structure on Properties 

(A) Basis Metal Structure 
A. Brenner, Chairman 

M. H. Jones-Effect of Substrate 
Metallurgy 

H. Leidheiser-Nickel Plating on 
Copper Single Crystals 

L. D. McGraw-A New Field: Sur- 
face Metallurgy 

(B) Coating Metal Structure 
A. Brenner, Chairman 

H. J. Read-Plastic Properties of 
Electrodeposits 

A. M. Max-Stress in Electrodeposits 

August 3 
Electrodeposition of Alloys 
F. A. Lowenheim, Chairman 

M. L. Holt-Electrodeposition of Al- 
loys of Some of the Transition Met- 
als 

H. Koretsky--Current Research on 
Electrodeposited Thin Magnetic 
Films. A Critical Survey 

I. Wolf-Factors Affecting Magnetic 
Properties of Iron-Nickel Films 

Electrodeposition on Unusual 
Substrates 

H. B. Linford, Chairman 
D. R. Turner-Metal Deposition on 

Semiconductors 
E. Saubestre--Plating on Unusual 

Metals 

August 4 
Current Problems in the Utilization 

of Plated Coatings 
N. Murphy, Chairman 

M. Frant-Electrodeposited Metals 
as Electrical Contacts 

F. A. Lowenheim-Solderability of 
Plated Metals 

C. Levy-Electrodeposited Coatings 
for High-Temperature Applications 

Chemistry and Physics of Solids 
August 14-18,1961 

Kimball Union Academy 
Meriden, N. H. 

Walter Kohn, Chairman 
C. P. Slichter, Vice-Chairman 

New Theoretical Viewpoints and 
Their Experimental Significance 

August 14 
W. Kohn, D. Pines-Introductory 

Session 
J. M. Luttinger, B. Pippard-The 

Normal Metal 

Augwt 15 
R. A. Ferrell, J. Friedel-The Normal 

Metal (Continued) 
J. Bardeen, M. Tinkham-Supercon- 

ductivity 

August 16 
F. Keffer, H. Suhl, B. Matthias-Mag- 

netism 
R. Kubo, B. Lax-Transport Phe- 

nomena 

Augwt 17 
F. J. Morin and Speaker to be an- 

nounced-Insulators 
J. C. Phillips, C. P. Slichter-New 

One-Electron Theories 

August 18 
P. W. Anderson, C. Herring--Con- 

cluding Discussion 

Section News 

Philadelphia Section 
The March 1, 1961 meeting of the 

Philadelphia Section of The Electro- 
chemical Society, held in the Main 
Lecture Room of the University of 
Pennsylvania's Harrison Laboratory 
of Chemistry, took the form of a 
Meeting-in-Miniature. 

The following program, under the 
Chairmanship of Robert Kunin, was 
presented: 

3:00 P.M.-Introductory Remarks by 
Robert Kunin, Rohm & Haas Co. 

3:05 P.M.-"Electrochemical Polar- 
ization Curves of the Corrosion of 
Mild Steel" by F. Donahue and R. 
Gaviola, Betz Labs., Inc. 

325 P.M.-Discussion. 
3:30 P.M.-'The Generation of Elec- 

trostatic Charges in Hydrocarbons" 
by H. Hartung, Consultant. 

3:55 P.M.-Discussion. 
4:00 P.M.-"Constant Potential Cor- 

rosion of Lead in Pb-Sb Alloys" by 
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J. Sklarchuk, Electric Storage Bat- 
tery Co. 

4:25 P.M.-Discussion. 
4:30 P.M.-"A Laboratory Screening 

Procedure for the Evaluation of 
Corrosion Inhibitors for Uncoated 
Mild Steel in 10% Aqueous HCl" 
by J. Morrison, Rohm & Haas Co. 

4:55 P.M.-Discussion. 
5:00 P.M.--General Discussion. 
5:30 P.M.-Social Hour, University 

Museum. 
6:00 P.M.-Dinner, University Mu- 

seum. After-dinner speaker-Dr. 
Henry B. Linford, Vice-President 
of The Electrochemical Society. 

Approximately 70 people attended 
the program, including Dr. R. A. 
Schaefer and Dr. H. B. Linford, both 
of whom spoke to the group after 
dinner. 

The Meeting-in-Miniature was the 
first attempt at this type of meeting, 
and the entire group was pleased 
with the results. Serious considera- 
tion is being given to making this a 
regular part of the Section's activ- 
ities. 

Robert Kunin, 
Program Chairman 

Ontario-Quebec Section 

The Ontario-Quebec Section held 
a meeting in the Laurentien Hotel in 
Montreal on February 3, 1961. On 
this occasion, they were honored by 
a visit from the President of the 
Society, Dr. R. A. Schaefer, and also 
heard two interesting papers: "Some 
Aspects of the Chemistry and Tech- 
nology of High Purity Selenium," by 
Dr. W. C. Cooper of Canadian Cop- 
per Refiners, Montreal, and "Exotic 
Semiconductor Devices" by Dr. Max 
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Gransden of the R.C.A. Victor Co., 
Montreal. 

Dr. Schaefer briefly reviewed the 
present status of the Society, point- 
ing out that the recent increase in 
fees was necessary to meet steadily 
rising costs, particularly those for 
the printing of the JOURNAL. 

Dr. Cooper discussed various 
methods for the production of high- 
purity selenium; recent studies of 
the amorphous, the red (mono- 
clinic), and the gray (tetragonal) 
forms; the effects of some impurities 
on its electrical properties; and 
touched briefly on some semiconduct- 
ing selenides. 

Dr. Gransden briefly reviewed the 
theory of semiconduction, then de- 
scribed some lesser-known semicon- 
ducting devices such as refrigerators, 
power generators, infrared detectors, 
and alpha particle detectors. In ad- 
dition, he demonstrated some of the 
units, such as a small, portable alpha 
particle detector, and a small refrig- 
eration unit. 

R. A. Campbell, 
Secretary-Treasurer 

San Francisco Section 

The January 25, 1961 technical 
meeting and dinner of the San Fran- 
cisco Section was held at the Men's 
Faculty Club, University of Califor- 
nia, Berkeley. 

After dinner, Dr. Bernard Porter, 
of the U. S. Bureau of Mines at Reno, 
Nev., spoke on the "Electrolytic Prep- 
aration of Molten Cerium Metal." 
He pointed out that there is available 
more cerium than iron, but it is 
harder to obtain and requires special 
care to remove other rare earth 

contaminants. By high-temperature 
electrolysis of fluorides in an inert 
atmosphere, cerium of 99.9% purity 
is being obtained. New applications 
are being found, especially since the 
properties are different from com- 
mercially available cerium. The 
high-purity material can be turned 
in a lathe using a steel bit, and 
neither the stock nor the turnings 
corrode rapidly as they stand around 
in air. The thermodynamics and the 
anode reactions in electrolytic prep- 
aration also were discussed. 

Dr. Porter's talk was followed by 
a lively discussion with members in- 
volved in similar electrolytic proc- 
esses with aluminum. 

Worden Waring, 
Vice-chairman 

Washington-Baltimore Section 

The February 16, 1961 meeting of 
the Washington-Baltimore Section 
was held at Industrial Lecture Hall, 
National Bureau of Standards, Wash- 
ington, D. C. 

Dr. Kurt Stern, of the National 
Bureau of Standards, gave a talk on 
"Electrolyte-Solvent Interactions in 
Low Dielectric Solvents." The his- 
tory of electrolytic solutions was re- 
viewed briefly, with emphasis on the 
"continuum" vs. the molecular ap- 
proach for the solvent. Various the- 
ories of electrolytic solutions-De- 
bye-Hiickel-Onsager, Fuoss, Bjerrum, 
Denison-Ramsey, Gilkerson-were 
discussed with particular reference 
to their treatment of aggregate for- 
mation. 

The speaker's work on the ion 
pair-quadmpole equilibrium using 
dielectric techniques was discussed. 

Manuscripts and Abstracts for Fall 1961 Meeting 
Papers are now being solicited for the Fall Meeting of the Society, to be held at the Statler Hotel in Detroit, 

Mich., October 1, 2, 3, 4, and 5, 1961. Technical sessions probably will be scheduled on Batteries, Corrosion 
(including a Symposium on Surface Structure vs. Corrosion Behavior), Electrodeposition (including symposia 
on Addition Agents and on Electrodeposited Magnetic Films), Electronics (Semiconductors), Electro-Organics, 
and Electrothermics and Metallurgy. 

To be considered for this meeting, triplicate copies of abstracts (not emeeding 75 words in length) must be 
received at  Society Headquarters, 1860 Broadway, New York 23, N. Y., not later than May 15, 1961. Plecure 
indicate on abstract for which Division's symposium the paper is to be scheduled and underline the name of 
the author who will present the paper. No paper will be placed on the program unless one of the authors, or 
a qualified person designated by the authors, has agreed to present it in person. An author who wishes his paper 
considered for publication in the JOURNAL should send triplicate copies of the manuscript to the Managing Editor 
of the JOURNAL, 1860 Broadway, New York 23, N. Y. 

Presentation of a paper at a technical meeting of the Society does not guarantee publication in the JOURNAL. 
However, all papers so presented become the property of The Electrochemical Society, and may not be pub- 
lished elsewhere, either in whole or in part, unless permission for release is requested of and granted by the 
Editor. Papers already published elsewhere, or submitted for publication elsewhere, are not acceptable for 
oral presentation except on invitation by a Divisional program Chairman. 
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This equilibrium for tetrabutylam- 
monium bromide in benzene-metha- 
no1 mixtures is very sensitive to the 
methanol concentration, the quad- 
rupoles disappearing entirely when 
the methanol concentration exceeds 
approximately 10%. Comparison with 
simple, slightly polar solvents (e.g., 
toluene) shows that the effect is not 
due to the dielectric constant of the 
solvent. Entropies and enthalpies also 
are not in agreement with those cal- 
culated from a continuum model for 
the solvent. 

Recent applications of infrared 
techniques to the above and similar 
systems were presented. Results 
were interpreted in terms of anion 
solvation by methanol through hy- 
drogen bonding. The effect is most 
pronounced for high-charge density 
ions and in agreement with that pre- 
dicted from a simple harmonic oscil- 
lator model for the hydroxyl group. 
Solvation numbers for ion pairs and 
quadrupoles were calculated. Ther- 
modynamic functions for the solva- 
tion are in good agreement with 
values commonly encountered for 
hydrogen bonding. 

Sigmund Schuldiner, Secretaru 

New Members 

1n.March. 1961, the following were 
elected to membership in The Elec- 
trochemical Society by the Admis- 
sions Committee: 

Active Members 
M. A. Aia, Sylvania Electric Products 

Inc.; Mail add: Woodside R. D. 2, 
Towanda, Pa. (Electronics-Lmi- 
nescence) 

C. E. Albertson, R. C. Ingersoll Re- 
search Center, Borg-Warner Corp.; 
Mail add: 240 S. ~ o n t e r b  Ave., 
Villa Park, Ill. (Electro-Organic) 

W. P. Allred, Bell & Howell Research 
Center, 360 Sierra Madre Villa, Pas- 
adena, Calif. (Electronics-Semi- 
conductors) 

F. J. Anderson, Jr., National Carbon 
Co.; Mail add: 10537 Beinhorn Rd., 
Houston 24, Texas (Industrial Elec- 
trolytic) 

E. F. Apple, Large Lamp Dept., Gen- 
eral Electric Co.; Mail add: 844 
Cranbrook Dr., Cleveland 24, Ohio 
(Electronics-Luminescence) 

F. P. Bacci, Allied Chemical Corp., 
General Chemical Div.; Mail add: 
Ethan Allen Dr., West Acton, Mass. 
(Electronics-Semiconductors) 

M. L. Baig, Dept. of Electrochemistry, 
General Motors Technical Center, 
Warren, Mich. (Battery, Electro- 

deposition, Electrothermics & Met- 
allurgy, Industrial Electrolytic) 

Jean-Claude Balaceanu, Institut 
Francais du PBtrole, 4 'Place Bir- 
Hacheim, Rueil-Malmaison (Seine 
et Oise) , France (Battery, Electro- 
Organic, Theoretical Electrochem- 
istry) 

W. H. Banks, Printing, Packaging & 
Allied Trades Research Associa- 
tion, Randalls Rd., Leatherhead, 
Surrey, England 

C. E. Benjamin, Westinghouse Elec- 
tric Corp.. 7325 Penn Ave., Pitts- 
burgh 8, Pa. (Electronics) 

S. G. Berkley, Pratt & Whitney Air- 
craft, Connecticut Operations- 
Canel; Mail add: R.F.D. 1, Box 285, 
Mansfield Center, Conn. (Electro- 
deposition, Electrothermics & Met- 
allurgy) 

Daniel Bernard, Pechiney, 23 rue 
Balzac, Paris Be, France (Electro- 
thermic~ & Metallurgy, Industrial 
Electrolytic, Theoretical Electro- 
chemistry) 

W. E. Billings, Halliburton Co., Tech- 
nical Center, Duncan, Okla. (Cor- 
rosion) 

Odile Bloch, Institut Francais du 
PBtrole, 4 Ave, de Bois Prhau, 
Rueil-Malmaison, (Seine et Oise) , 
France (Battery, Electro-Organic, 
Theoretical Electrochemistry) 

J. R. Booth, New Mylamaque Mining 
& Smelting Co., Suite 601, 11 Ade- 
laide St. W., Toronto 1, Ont., Can- 
ada (Electrothermics & Metal- 
lurgy) 

D. W. Broad, Imperial Chemical In- 
dustries Ltd., 488 Madison Ave., 
New York 22, N. Y. (Electronics- 
Semiconductors, Industrial Elec- 
trolytic) 

J. T. Byrne, Dow Chemical Co.; Mail 
add: 2135 8th St., Boulder, Colo. 
(Theoretical Electrochemistry) 

H. D. Childers, Nortronics Div., 
Northrop Corp.; Mail add: 3009 
Palos Verdes Dr. N., Palos Verdes 
Estates, Calif. (Electronics, Elec- 
trothermic~ & Metallurgy) 

M. A. Clark, Pacific Semiconductors, 
Inc.; Mail add: 5526 Via del Valle, 
Torrance, Calif. (Electronics-- 
Semiconductors) 

F. W. Cole, Bendix Filter Div.; Mail 
add: 640 E. Lincoln, Madison 

By action of the Board of Directors 
of the Society, all prospective mem- 
bers must include first year's dues 
with their applications for member- 
ship. 

Also, please note that, if sponsors 
sign the application form itself, 
processing can be expedited consid- 
erably. 

Heights, Mich. (Electrodeposition, 
Electrothermics & Metallurgy) 

E. J. Colwell, Jr., Electric Storage 
Battery Co.; Mail add: 27352 Holly- 
wood Dr., Westlake, Ohio (Bat- 
tery) 

J. A. Consiglio, General Engineering 
Lab., General Electric Co.; Mail 
add: 2040 Garden Dr., Schenectady 
9, N. Y. (Battery) 

W. A. Cunningham, Electric Storage 
Battery Co.; Mail add: 1029 Ar- 
gonne Rd., South Euclid 21, Ohio 
(Battery) 

H. A. Cook, Airpax Electronics, Inc., 
P. 0. Box 8488, Fort Lauderdale, 
Fla. (Electronics) 

G. R. Cronin, Central Research Labs., 
Texas Instruments, Inc., P. 0. Box 
5474, Dallas 22, Texas (Electronics 
--Semiconductors) 

Gunther Dierssen, Harshaw Chem- 
ical Co.; Mail add: 7458 Goldenrod 
Dr., Mentor-on-the-Lake, Ohio 
(Electronics, Theoretical Electro- 
chemistry) 

Elmo Earleywine, Dow Coming 
Corp., Hyper-Pure Silicon Div., 
Midland, Mich. (Electronics- 
Semiconductors) 

F. P. Eggers, Diamond Alkali Co.; 
Mail add: 7715 Oak Vista, Houston 
17, Texas (Industrial Electrolytic) 

Masataro Fukuda, University of 
Michigan; Mail add: 1678-31 Mur- 
fin St., Northwood Apts., Ann Ar- 
bor, Mich. (Battery, Theoretical 
Electrochemistry) 

Anthony Gallaccio, Pitman-Dunn 
Labs., Frankford Arsenal; Mail 
add: 410 Covington Rd., Haver- 
town, Pa. (Corrosion, Electrode- 
position) 

V. C. Garbarini, Bell Telephone 
Labs., Inc.; Mail add: 49 Taras Dr., 
Fords, N. J. (Electronics-Semi- 
conductors) 

S. J. Gaston, Yardney Electric Corp.; 
Mail add: 151-60 19th Ave., White- 
stone, L. I., N. Y. (Battery) 

R. E. Gaviola, Betz Labs., Inc.,Gilling- 
ham & Worth Sts., Philadelphia 24, 
Pa. (Corrosion, Theoretical Elec- 
trochemistry) 

P. D. George, General Engineer- 
ing Lab., General Electric Co., 
Schenectady 5, N. Y. (Battery, Cor- 
rosion, Electric Insulation, Elec- 
trodeposition, EleCtroniC~, Electro- 
Organic, Electrothermics & Metal- 
lurgy, Industrial Electrolytic, 
Theoretical Electrochemistry) 

Jean-Pierre Givry, Pechiney, St. 
Jean de Maurienne, Savoie, France 
(Industrial Electrolytic) 

P. S. Gleim, Texas Instruments, Inc.; 
Mail add: 8631 N. Mediterranean 
Circle, Dallas 18, Texas (Electron- 
ic&emiconductors) 

M. H. Gottlieb, Bell Telephone Labs., 
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Inc., 463 West St., New York, N. Y., 
(Theoretical Electrochemistry) 

S. G. McGriff, Ionics, Inc., 804 Albee 
Bldg., 1426 6th St., N. W., Washing- 
ton 5, D. C. (Battery) 

Gerald Halpert, Melpar, Inc., Phys- 
ical Science Lab., 3000 Arlington 
Blvd., Falls Church, Va. (Battery, 
Theoretical Electrochemistry) 

E. R. Hayes, Shawinigan Chemicals 
Ltd., Shawinigan, Que., Canada 

Louis Hoffman, Pacific Semiconduc- 
tors Inc.; Mail add: 11722 John 
Ave., Garden Grove, Calif. (Elec- 
trodeposition, Electronics-Semi- 
conductors, Electro-Organic, Theo- 
retical Electrochemistry) 

C. W. Hoornstra, Dow Metal Products 
Co., Div. of Dow Chemical CO.; 
Mail add: 22 Erie Court, Midland, 
Mich. (Corrosion) 

G. N. Hoover, Electric Storge Bat- 
tery Co., 1440 Chester Ave., P. 0. 
Box 6266, Cleveland 1, Ohio (Bat- 
tery) 

R. N. Hyer, Frontier Chemical Co., 
P. 0. Box 545, Wichita, Kansas (In- 
dustrial Electrolytic) 

Stanley Januszkiewicz, Gould-Na- 
tional Batteries, Nicad Div.; Mail 
add: 145 Prospect St., Williman- 
sett, Mass. (Battery) 

H. J. Jordon, Electric Storage Bat- 
tery Co., P. 0. Box 6266, Cleveland 
1, Ohio (Battery) 

R. F. Justus, General Motors Re- 
search Labs.; Mail add: 5809 Arden 
Ave., Warren, Mich. (Battery) 

L. H. Kraus, Zell Products Corp.; 
Mail add: 15 Drumlin Rd., West- 
port, Conn. (Electrodeposition) 

Alois Langer, Westinghouse Research 
Labs.; Mail add: 600 Woodside Rd., 
Pittsburgh 21, Pa. (Battery, Elec- 
trodeposition) 

T. S. Lee, Rocketdyne Div., North 
American Aviation; Mail add: 
20833 Stephanie Dr., Canoga Park, 
Calif. (Battery, Theoretical Elec- 
trochemistry) 

Kurt Lehovec, Sprague Electric CO., 
Marshall St., North Adams, Mass. 
(Battery, Corrosion, Electric In- 
sulation, Electronics, Theoretical 
Electrochemistry) 

C. A. Lenie, Monsanto Chemical Co.; 
Mail add: 1201 Port Royal Dr., St. 
Louis 41, Mo. (Electronics-Semi- 
conductors) 

C. W. Leung, Electro-Optical Sys- 
tems, Inc., 125 N. Vinedo Ave., 
Pasadena, Calif. (Electronics- 
Semiconductors) 

T. J. Lewis, Electrical Engineering 
Dept., Queen Mary College; Mail 
add: Pippins, Albany View, Buck- 
hurst Hill, Essex, England (Elec- 
tric Insulation, Electronics-Semi- 
conductors, Theoretical Electro- 
chemistry) 

M. F. Lipworth, General Aniline & 
Film Corp., Linden, N. J. (Indus- 
trial Electrolytic) 

Pao-Soong Lou, P. R. Mallory & Co., 
Inc., Mail add: 7 N. Tacoma Ave., 
Apt. 8, Indianapolis 1, Ind. (Battery, 
Industrial Electrolytic, Theoretical 
Electrochemistry) 

C. T. McGregor, Texas Instruments, 
Inc.; Mail add: 6610 Chevy Chase, 
Dallas 25, Texas (Electronics- 
Semiconductors) 

A. B. Middleton, Philadelphia Quartz 
Co.; Mail add: 336 Merion Ave., 
Haddonfield, N. J. 

W. R. Miller, Electric Storage Bat- 
tery Co., Nickel-Alkaline Battery 
Div.; Mail add: 113 Linden Ave., 
Verona, N.J. (Battery) 

Zolton Nagy, Columbia Southern 
Chemical Co.; Mail add': 1342 
Wooster Rd. W., Barberton, Ohio 
(Industrial Electrolytic) 

G. K. Notman, Jones & Laughlin 
Steel Corp.; Mail add: 1838 Park- 
line Dr., Pittsburgh 27, Pa. (Corro- 
sion, Electrodeposition, Theoretical 
Electrochemistry) 

Hiroe Osafune, Nippon Electric CO., 
Ltd.; Mail add: 48 Shimouma 2 
chome, Setagaya-Ku, Tokyo, Japan 
(Electronics-Semiconductors) 

I. M. Pearson, National Cash Register 
Co., Electronics Div.; Mail add: 339 
W. 218 St., Torrance, Calif. (Elec- 
trodeposition, Theoretical Electro- 
chemistry) 

H. A. Pohl, Plastics Lab., Princeton 
University, Princeton, N. J. (Theo- 
retical Electrochemistry) 

G. F. Pollnow, Allis-Chalmers Mfg. 
Co.; Mail add: 8903 W. Congress 
St., Milwaukee 18, Wis. (Theo- 
retical Electrochemistry) 

E. C. Rafferty, National Lead Co., Re- 
search Labs., 105 York St., Brook- 
lyn 1, N. Y. (Electro-Organic) 

R. L. Reddy, National Carbon Co., 
P. 0. Box 6116, Cleveland 1, Ohio 
(Electrothermics & Metallurgy) 

Notice to Members and Subscribers 

(Re Changes of Address) 

To insure receipt of each is- 
sue of the JOURNAL, please be 
sure to give us your old address, 
as well as your new one, when 
you move. Our records are filed 
by states and cities, not by in- 
dividual names. The Post Office 
does not forward magazines. 

We should have this informa- 
tion by the 16th of the month 
to avoid delays in receipt of the 
next issue. 

F. A. Rocchi, I.B.M. Corp.; Mail add: 
Fenmore Dr., R.D. 2, Wappinger 
Falls, N. Y. (Electronics-Semi- 
conductors) 

J. E. Rome, Diotron, Inc.; Mail add: 
Croyden Apts., 49th & Locust Sts., 
Philadelphia 39, Pa. (Electronics) 

R. J .  Ryan, R.C.A. Semiconductor & 
Materials Div.; Mail add: 14 Mete- 
kunk Dr., Trenton 8, N. J. (Bat- 
tery, Theoretical Electrochemistry) 

M. C. Speer, Griffin Wheel Co., P. 0. 
Box 567, Bensenville, Ill. (Elec- 
trothermic~ & Metallurgy) 

J. H. Staub, Philco Corp., Lansdale 
Div., Lansdale, Pa. (Electronics-- 
Semiconductors) 

D. H. Stephenson, Transistor Elec- 
tronics, Inc.; Mail add: 343 Safford 
St., Bennington, Vt. (Electric In- 
sulation) 

F. J. Strieter, Texas Instruments, 
Inc., Device Research, P. 0. Box 
1079, Dallas 21, Texas (Electronics 
-Semiconductors) 

M. H. Switzer, Continental Can Co.; 
Mail add: 639 Hillside Ave., Glen 
Ellyn, Ill. (Corrosion, Theoretical 
Electrochemistry) 

Raymond Thacker, General Motors 
Technical Center; Mail add: 32440 
Franklin Rd., Franklin, Mich. 
(Battery, Theoretical Electrochem- 
istry) 

W. A. Thornton, Jr., Westinghouse 
Electric Corp.; Mail add: 27 Har- 
vard, Rd., Cranford, N. J. (Elec- 
tronics) 

Jon Van Winkle, General Electric 
Co., Mail add: 17 Front St., Sche- 
nectady 5, N. Y. (Battery, Indus- 
trial Electrolytic, Theoretical Elec- 
trochemistry) 

S. E. Voltz, General Electric Co.; Mail 
add: E: Glen Circle, Media, Pa. 
(Battery, Theoretical Electrochem- 
istry) 

Shoji Wakayama, Sony Corp. of 
America; Mail add: .4035 Walnut St., 
Philadelphia 4, Pa. (Electronics- 
Semiconductors) 

F. E. W. Wetmore, Electrochemistry 
Dept., University. of Toronto, To- 
ronto 5, Ont., Canada (Theoretical 
Electrochemistry) 

H. J. White, National Cash Register 
Co.; Mail add: 2249 Carriage Dr., 
Rolling Hills, Calif. (Electrodeposi- 
tion) 

Maurice Yang, Furniture City Plat- 
ing Co. & Nuclear Age Research & 
Mfg. Co., 743 Ottawa Ave., N.W., 
Grand Rapids 2, Mich. (Electronics 
-Semiconductors and Lumines- 
cence) 

D. A. Atkinson, Allegheny Electronic 
Chemicals Co.; Mail add: 252 Bol- 
ivar Dr., Bradford, Pa. (Electronics 
-Semiconductors) 

W. M. Lilker, Philco Corp., Lansdale 
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Tube Div.; Mail add: 4105 Bar- M. R. Lorenz, General Electric Co., 
berry Dr., Lafayette Hill, Pa. Research Labs.; Mail add: 2239 
(Electrodeposition, Electronics- Rosendale Rd., Schenectady 9, 
Semiconductors) N. Y. (ElectronicsSemiconduc- 

tors and Luminescence) 
Associate Members Stuart Meibuhr, U. S. Steel, Applied 

J. J. Abramson, Electric Storage Bat- Research Lab., Monroeville, Pa. 
tery Co.; Mail add: 26400 Parklawn (Corrosion, Electrodeposition, Elec- 
Dr., Euclid 32, Ohio (Battery) tro-Organic, Theoretical Electro- 

J. E. Collaton, Vapor Heating Corp.; chemistry) 
Mail add: 8100 Niles Ave., Skokie, 
Ill. (Electronics-Semiconductors) Deceased 

D. W. McDowell, McDonnell Air- F. G. McCutcheon, Henryetta, Okla. 
craft Corp.; Mail add: 41 Godwin L. R. Sheppard, Houston, Texas 
Lane, St. Louis 24, Mo. (Electronics Samuel Eidensohn, Riverton, N. Y. 
-Semiconductors) 

B. H. O'Gara, Shipley Co., Inc., Wal- 
nut St., Wellesley 81, Mass. (Elec- 
trodeposition) News Items 

Michel ~ r igen t ,  Institut Francais du 
Pktrole, 4 Ave. de Bois Prkau, 
Rueil-Malmaison (Seine et Oise) , 
France (Battery, Electro-Organic, 
Theoretical Electrochemistry) 

J. P. Sava, Massachusetts Institute of 
Technology; Mail add: 516 Blue 
Hill Ave., Dorchester 21, Mass. 
(Corrosion) 

J. F. Shupinski, Philco Corp., Lans- 
dale Tube Div.; Mail add: 712 
Montgomery Ave., North Wales, 
Pa. (Electrodeposition, Electronics, 
Theoretical Electrochemistry) 

Toshiro Yamashina, Dept. of Physics, 
Brown University; Mail add: 65 
Charles Field St., Providence, R. I. 
(Corrosion) 

Reinstatements to Active Membership 

T. W. Blickwedel, Sylvania Electric 
Products Inc.; Mail add: R.D. 2, 
Sylvan Heights, Emporium, Pa. 
(Battery) 

A. T. Morkel, Max Planck Institut 
fiir Physikalische Chemie; Mail 
add: Friedrich Ebert Str. 7, Gott- 
ingen, West Germany (Corrosion) 

J. T. Porter, 11, General Atomic Co.; 
Mail add: Box 608, San Diego 12, 
Calif. (Theoretical Electrochem- 
istry) 

Jesse Levine, Marlane Development 
Co.; Mail add:. 67-54 Burns St., 
Forest Hills 75, N. Y. 

Transfers from Student to Active Membership 
George Economy, Finishes Div., Al- 

coa Research Labs.; Mail add: 614 
Clyde St., New Kensington, Pa. 
(Corrosion) 

A. E. Hoover, Dept. of Chemistry, 
Western Michigan University, Kal- 
amazoo, Mich. (Theoretical Elec- 
trochemistry) 

M. L. Kronenberg, Union Carbide 
Consumer Products; Mail add: 
20424 Alameda Parkway, Cleve- 
land 28, Ohio (Battery, Electrode- 
position, Theoretical Electrochem- 
istry) 

Back Issues of ECS Journal Available 
from Walter 1. Johnson, Inc. 

The Electrochemical Society has 
concluded an agreement with Walter 
J. Johnson, Inc., of New York City, 
giving them reprint rights to out-of- 
print volumes of the JOURNAL and 
authorizing them to handle the sale 
of back volumes and single issues, 
with the exception of the current 
calendar year. 

Anyone interested in obtaining 
back copies of volumes or single is- 
sues of the JOURNAL should corres- 
pond direct with Walter J. Johnson, 
Inc., 111 Fifth Ave., New York 3, 
N. Y. 

Fifteenth Annual Power Sources 
Conference 

The Fifteenth Annual Power 
Sources Conference, sponsored by 
the Power Sources Division, U. S. 
Army Signal Research and Devel- 
opment Laboratory, Fort Monmouth, 
N. J., will be held Tuesday, Wednes- 
day, and Thursday, May 9,10, and 11, 
at the Shelburne Hotel, Atlantic City, 
N. J. 

Attendance at the conference is 
by invitation only. Persons who wish 
to attend can make the necessary ar- 
rangements by writing direct to the 
Power Sources Division, USASRDL. 

Tentative Program 
Registration-May 8-11 
Primary Fuel Cell BatteriesMay 9 
Regenerative Fuel Cell Batteries- 

May 9 
Secondary BatteriesMay 10 
Primary Batteries--May 10 
Solar Energy Conversion-May 11 
Thermal Energy Conversion-May 11 
Cocktail Party and Banquet-May 9 

First International Congress on 
Metallic Corrosion 

The First International Congress 
on Metallic Corrosion was held at 
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Imperial College, London, England, 
from April 10 through 15. 

A total of 84 papers was presented 
on the following topics: Inhibitors, 
Fundamental Studies, Cathodic and 
Electrolytic Protection, Metallic Coat- 
ings, Practical Experience, Corrosion 
in Atomic Energy, Boiler Corrosion, 
Intergranular and Stress Corrosion, 
Experimental Methods and Labora- 
tory Corrosion Testing, Atmospheric 
Corrosion, High-Temperature Oxida- 
tion, Corrosion Fatigue, Underground 
Corrosion, Paints. 

The program also included four 
plenary lectures: "Chemical and 
Electrochemical Behavior of Metals 
at Passivation Ranges" by Professor 
Y. M. Kolotyrkin; "Radiotracers as 
Applied to the Study of Metallic 
Corrosion" by Professor P. Lacombe; 
"The Advancing Frontiers of Corro- 
sion Science" by Professor H. H. 
Uhlig; "Factors Deciding between 
Active Corrosion and Protective 
Film Formation" by Dr. U. R. Evans. 

Low-Temperature Reaction 
In Copper-Oxygen System 

An interesting phenomenon was 
observed at the National Bureau of 
Standards, Washington, D. C., dur- 
ing the recent free radicals research 
program which it conducted for the 
Dept. of Defense. In experiments 
performed by Jerome Kruger and 
William Ambs of the Bureau's corro- 
sion laboratory, no reaction occurred 
when oxygen was deposited at a tem- 
perature of 4°K on the surface of a 
copper specimen. But when the oxy- 
gen was partially dissociated by 
passage through a high-frequency 
microwave discharge before a similar 
deposition, a thin film formed that 
remained solid at room temperature. 
On specimens similarly treated with 
molecular oxygen, no film was ob- 
served. 

These results-of particular signif- 
icance to the Bureau's work on the 
fundamental mechanisms of corro- 
sion-will be the basis for further 
research on other metals and gases. 

G.E. Scientists Testing 
Therrnionic Conversion Device 

General Electric scientists at Pleas- 
anton, Calif., are testing a promising 
thermionic conversion device for use 
in nuclear reactors in the next five 
to ten years. The device, known as a 
plasma diode, utilizes the heat pro- 
duced in the center of nuclear reac- 
tor fuel elements for the direct gen- 
eration of electricity without the use 
of mechanical rotating equipment. 

A thermionic converter produces 
an electrical current by boiling elec- 
trons off a cathode. or hot metal 
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plate, and collecting them on an 
anode, a cooler plate. The plasma 
diode under development is a high- 
temperature thermionic device using 
cesium gas and a uranium-bearing 
cathode. 

These diodes would be built into 
nuclear fuel elements, where the 
fissioning of the uranium in the 
cathode would provide the high tem- 
peratures--in the range of 4500°F- 
needed for efficient direct conversion. 
An electrical lead from the fuel ele- 
ment would draw off the electricity. 

In addition to the directly pro- 
duced electricity, lower temperature 
heat rejected through the walls of 
the fuel element would also be used 
to produce electricity by boiling wa- 
ter to make steam for the operation 
of turbine generator facilities. 

Superconducting Wire Promises 
Ultrahigh Magnetic Fields 

Research scientists at Bell Tele- 
phone Laboratories, Murray Hill., 
N. J., have demonstrated the feasibil- 
ity of superconducting solenoid mag- 
nets producing extremely high mag- 
netic fields. They utilized a supercon- 
ducting compound of niobium and tin 
(NbaSn), fabricated and reacted by 
special metallurgical techniques, in 
their latest experiment. 

Although it has been realized for 
many years that it is possible to pro- 
duce magnetic fields with supercon- 
ducting solenoids, the materials that 
have been tried in the past would 
only sustain fields of a few thousand 
gauss. At larger magnetic fields, the 
superconducting properties disap- 
pear. With the new compound, 
steady-state magnetic fields of 88,000 
gauss are possible. 

Additionally, a superconducting 
solenoid does not require expendi- 
ture of electric energy once the field 
is established, whereas a solenoid 
of ordinary metal will use large 
amounts of energy. NbSn becomes 
superconducting at 18'K, a higher 
transition temperature than any 
other superconductor at present 
known. This compound was first dis- 
covered at Bell Labs. in 1954. Until 
the present, however, its critical field 
had not been measured. The material 
being extremely brittle, heretofore it 
was not possible to use the niobium- 
tin compound in the construction of 
a solenoid (coil magnet). 

Indications are that the niobium- 
tin material will sustain fields of 
100,000 gauss while carrying elec- 
trical currents of 100,000 amps/cma of 
cross section. 

This new breakthrough in the field 
of cryogenics (low-temperature re- 
search and development) resulted 
from new metallurgical arts, plus 

CURRENT AFFAIRS 

experimental and theoretical knowl- 
ledge of the physics of solids. J. E. 
Kunzler, E. Buehler, F. S. L. Hsu, 
and J. H. Wernick of the Laboratories 
staff discussed these findings in the 
Feb. 1, 1961 issue of Physical Review 
Letters, a publication of the Ameri- 
can Physical Society. 

The unusual behavior of %Sn at 
high fields raises many questions for 
physicists about the nature of super- 
conductivity. 

This new material development 
will have important applications 
wherever large volumes of magnetic 
fields are required. Important appli- 
cations in the field of communications 
are envisioned. Many electronic de- 
vices require magnetic fields for 
their operation. Among these are 
traveling wave tubes and masers. 
The availability of large magnetic 
fields can extend the operation of 
these devices to higher frequencies 
providing the possibility of broad- 
band communication systems for use 
in earth-based radio-relay systems 
and active satellite repeaters for 
space communications. 

Another attractive application is 
the containment of thermonuclear 

Electronics Division 
Enlarged Abstract Booklet, 

Spring 1961 
The Electronics Division has 

printed an "Enlarged Ab- 
stracts" booklet containing 
1000-word abstracts of papers 
presented before the Electron- 
ics Division's symposia during 
the Indianapolis Spring Meet- 
ing of the Society, April 30- 
May 3, 1961. 

The booklet contains about 
200 pages and includes approx- 
imately 18 papers on Lumines- 
cence and 36 papers on Semi- 
conductors. 

The price is $3.00 per copy 
with a discount of $0.50 ($2.50 
net) for orders accompanied by 
payment and requiring no in- 
voicing. Orders requiring in- 
voicing will be charged full 
price even though payment ac- 
companies the order. 

Make checks payable to: 
Electronics Division, The Elec- 
trochemical Society. 

Mail to: 
Austin E. Hardy 
c/o Radio Corp, of America 
New Holland Pike 
Lancaster, Pa. 

fusion plasmas for the production of 
electric power. 

A third important area is in 
the experimental physics laboratory 
where the cost of producing high 
magnetic fields has greatly limited 
the experimental physicist. This new 
materials discovery will make high 
fields available to a wider community 
of scientists throughout the world. 

To illustrate the simplification in 
magnet design that this new devel- 
opment will make possible, a super- 
conducting electromagnet can be 
compared to a more conventional 
magnet using copper as the con- 
ductor. Such a conventional mag- 
net at present in operation at 
Bell Telephone Labs. requires a 
power supply and cooling equipment 
which literally fills several rooms. 
While in operation, it uses thousands 
of gallons of cooling water per hour 
and consumes 1.5 megawatts of elec- 
tric power; this is 25% of the total 
amount of power consumed at the 
Murray Hill facility, Bell Labs.' cen- 
ter of research where over 4,500 peo- 
ple are employed. By contrast, a su- 
perconducting solenoid magnet of 
Nb,Sn, and producing a comparable 
field, would not consume any electric 
energy once the flux is established. 

Mallory to Establish Research 
Facility in Boston 

P. R. Mallory & Co. Inc. has an- 
nounced plans for expansion of its 
program of basic and applied re- 
search. Dr. Donald G. Wilson, vice- 
president of research, said that Mal- 
lory will establish an additional 
research facility in the Boston area 
in the near future. It will supple- 
ment the activities of the Mallory 
Corporate Research and Develop- 
ment Laboratories in Indianapolis. 

The new Mallory facility will spe- 
cialize in thin-film investigations and 
semiconductor research for applica- 
tion to electronic components and 
circuits. The Mallory Co., which has 
11 operating divisions, is active in the 
fields of electronics, battery systems, 
and metallurgy. 

Personals 

Victor R. Erdelyi has taken a new 
position as senior design engineer in 
the Semiconductor Section of West- 
inghouse Electric Corp!s Astroelec- 
tronics Lab., Newbury Park, Calif. 
Formerly, he was a member of the 
technical staff in the Advanced De- 
vices Dept. of Hughes Aircraft Co.'s 
Semiconductor Div., Newport Beach, 
Calif. 
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Harris D. Hinellne, of Mt. Vernon, 
N. Y., recently was made an Emeritus 
Member of The Electrochemical So- 
ciety. Dr. Hineline, who was 70 years 
old on August 17, 1960, has been a 
member of the Society since April 
1920. His interest in electrochemistry 
has continued over many years. He 
began his career with the Eastman 
Kodak Co!s Research Lab. in 1916, 
working on a problem in color micro- 
scopy. From there, he went to the 
newly established Westinghouse Re- 
search Lab. in July 1918. 

I~aak M. Kolthoff, professor and 
head of the Div. of Analytical Chem- 
istry, University of Minnesota, Min- 
neapolis, has been selected as the re- 
cipient of the 1961 Anachem Award 
of the Association of Analytical 
Chemists, Detroit. The award is made 
in recognition of outstanding service 
to the field of analytical chemistry. 
The presentation will take place at 
the Ninth Anachem Conference to be 
held in October 1961. 

Sheldon L. Matlow has been a p  
pointed director of research and de- 
velopment of Intel lu,  Inc., Santa 
Barbara, Calif. Dr. Matlow is known 
for his work in quantum mechanics 
as well as for his work in the theory 
and practice of semiconductor device 
fabrication technology. He also has 
conducted investigations in the field 
of medicine. Previous to joining In- 
tell-, Dr. Matlow was technical co- 
ordinator for the Semiconductor Div. 
of Hoffman Electronics. 

Roy G. Post has joined the staff of 
the Dept. of Nuclear Engineering, 
University of Arizona, Tucson, Ariz. 
Professor Post formerly was affili- 
ated with Texas Instruments, Inc., 
in Dallas. 

Richard S. Robinson has been 
named a vice-president of Arthur D. 
Little, Inc., Cambridge, Mass. Mr. 
Robinson, who is an associate direc- 
tor of the ADL Research and Devel- 
opment Div., joined the company in 
1948. Since then, he has organized 
and administered groups functioning 
in both the laboratory and manage- 
ment research areas of the company, 
working chiefly in the fields of ex- 
perimental research and develop- 
ment, chemical sciences, corporate 
diversification studies, and area de- 
velopment programs. 

Hans M. Wagner has terminated 
his affiliation with Shockley Transis- 
tor Corp., Palo Alto, Calif. He is now 
working as a research specialist in 
Lockheed Aircraft Corp!s Missile 
and Space Div., Sunnyvale, Calif. 

Sonford F. Essig 

Sanford F. Essig, well-known elec- 
tronic scientist of International Tele- 
phone and Telegraph Corp., Fort 
Wayne, Ind., died in an automobile 
accident on March 5. He was 64 years 
old. 

Mr. Essig, who was an authority 
on image electron tubes, was man- 
ager of the photo devices develop- 
ment laboratory at ITT Federal Lab- 
oratories in Fort Wayne. He was the 
author of several papers and held 
several patents in the image tube 
field. 

He graduated from Ashland Col- 
lege in 1928 and received an M.S. de- 
gree in physics from Ohio State 
University in 1929. 

In addition to The Electrochemical 
Society, which he joined in 1945, he 
was a member of the Joint Electronic 
Devices Engineering Council and the 
Optical Society of America. 

Announcements from 
Publishers 

"Thin Metal Films as Corrosion In- 
dicators," R. B. Belser and F. E. 
Hankinson, Engineering Experi- 
ment Station, Georgia Institute of 
Technology, for Wright Air Devel- 
opment Center, U. S. Air Force, 
May 1959. Report PB 151,974,' 56 
pages; $1.50. 

"Thin Metal Films as Corrosion In- 
dicators," R .  B. Belser and N. 
Engel, Engineering Experiment 
Station, Georgia Institute of Tech- 
nology, for Wright Air Develop- 
ment Center, U. S. Air Force, 
March 1960. Report PB 161,757,* 
74 pages; $2.00. 

"Electrical Properties of Organic 
Solids: 1-Kinetics and Mechanism 
of Photoconductivity of Metal- 
Free Phthalocyanine; %Effects of 
Added Electron Acceptors and 
Donors," March 1960. AEC Report 
UCRL-9120; 121 pages: $2.50. 

"A Study of the Mechanism of Some 
Reactions by the Method of Hy- 
drogen Exchange," D. N. Kursanov, 
V. N. Setkina, and others, Prob- 
l e m ~  Kinetiki i Kataliza (USSR), 
June 1960. Translation 60-11713,. 4 
pages; 50 cents. 

Order from 
U.S. Dept. of 
D. C. 

OWce of Technical Services. 
Commerce, Washington 25. 

"Desalination of Water," OTS Se- 
lective Bibliography, July 1960. 
Translation OTS-SB-419,' 10 cents. 

"Magnetostriction," Selective Bibli- 
ography SB-427.; 10 cents. 

"Thermoelectricity," Selective Bibli- 
ography SB-432.; 10 cents. 

"Semiconductors," Selective Bibliog- 
raphy SB-435.; 10 cents. 

"A Thermogravimetric Balance for 
the Investigation of High-Temper- 
ature Reaction Kinetics and the 
Results of a Beryllium Oxidation 
Study," Nov. 1960. AEC Report 
NAA-SR-4737,' 25 pages; 50 cents. 

"Fuel Cell Systems," Rome Air De- 
velopment Center, U. S. Air Force, 
July 1960. Report PB 161972; 17 
pages; 50 cents. 

"Diffuse Coatings on Iron and Steel," 
by N. S. Gorbunov, Academy of 
Sciences of the U.S.S.R.. Moscow, 
1958 (English translation). Vol- 
ume No. 60-21148,. 170 pages; 
$1.75. 

"Recombination of the Hydrogen 
Atom in an Adsorbed Layer," 0. I. 
Leypunskiy, Oct. 1960. Translation 
from Zhurnal Fizicheskoy Khimii, 
Vol. VIII, No. 3 (1936). Transla- 
tion 60-41586,. 28 pages; 75 cents. 

"Liquid Diffusion Electrodes (On the 
Initial Slope of the Polarization 
Curves)," I. A. Zaydenman and 
R. M. Perskaya. Translation of an 
article from Zhurnal Fizicheskoy 
Khimii, Vol. 23, No. 1 (1959). 
U.S.S.R. Translation 60-21777; 9 
pages; 50 cents. 

"Conversion of Methane to Acety- 
lene in a High Voltage Arc-The 
Effect of Pressure," E. N. Eremin 
and others, July 1960. Translation 
of an article from Z h u m l  Fizi- 
cheskoy Khimii, Vol. 32, No. 10 
(1958), U.S.S.R. Translation 60- 
21928,' 12 pages; 50 cents. 

"Metallurgical Industry in Commu- 
nist China," Nov. 1960. Translation 
80-41438,' 58 pages; $1.50. 

"Soviet Nonferrous Metallurgy, No. 
12, Selected Translations," Aug. 
1960. Translation 60-41166,. 32 
pages; $1.00. 

"Soviet Nonferrous Metallurgy, No. 
17, Selected Translations," Oct. 
1960. Translation 60-41680,. 21 
pages; 75 cents. 

*Order from OWce of Technical Services 
U.S. Dept. of Commerce. Washington 25: 
D. C. 
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Meetings of Other 
Organizations 

May 11-12--American Institute of 
Chemists, Annual Meeting, Statler 
Hotel, Washington, D. C. 

June 22-24--American Physical So- 
ciety Meeting, University of Mex- 
ico, Mexico City, Mexico. 

June 25-30-American Society for 
Testing Materials, Annual Meeting, 
Chalfonte-Haddon Hall, Atlantic 
City, N. J. 

Literature 
from industry 

Radioisotope Handbook, and Cata- 
log "D." Copies are available of the 
Atomic Energy of Canada Ltd. Ra- 
dioisotopes Handbook RP-3. There is 
no charge for quantities up to ten; 
larger quantities are available at cost 
price, 30 cents (whether or not a 
charge is levied for larger quantities 
depends on the ultimate use by the 
requisitioner) . Also available, at no 
charge, is A.E.C.L.'s new general 
products Catalog "D." 

Interested persons should write on 
company letterhead to Commercial 
Products Div., Atomic Energy of 
Canada Ltd., P. 0. Box 93, Ottawa, 
Ont., Canada. 

Electrophoresis and Chromatog- 
raphy. LKB Instruments, Inc., is 
offering a new technical bulletin de- 
scribing its automatic system of 
semiquantitative analysis for elec- 
trophoresis and chromatography. 
Processes included in the system in- 
clude: controlled micropumping of 
solvent, large-scale separation by 
paper partition chromatography or 
electrophoresis, effluent measure- 
ment and recording of u.v. absorp- 
tion at 254 a (or measurement and 
recording of conductivity of efflu- 
ent), and controlled fractionation of 
liquid into test tubes. 

Write for Bulletin W1-6510 to 
LKB Instruments, Inc., 4840 Rugby 
Ave., Washington 14, D. C. 

Optical Maser Booklet. A booklet 
describing the theory and design of 
the recently announced solid state 
optical maser is available. The eight- 
page booklet, bearing a full-color 
cover picture of an operating maser 
emitting a pulse of coherent light, is 
a reprint of an article by A. L. 
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Schawlow, of the Bell Telephone 
Laboratories research department, 
which appeared originally in the 
Bell Laboratories Record. 

Copies of the booklet can be ob- 
tained.by writing to H. W. Mattson, 
Bell Telephone Labs., Inc., Murray 
Hill, N. J. 

Nickel Sulfamate P l a t i i  Bulletin 
describes Hanson-Van Winkle-Munn- 
ing Co.'s Nickel Sulfamate process, a 
bath for heavy build-up for metal 
resizing, electroplating, electroform- 
ing, and other functional uses. Four 
important features of the process 
are: mechanical properties of de- 
posits are controllable; the liquid 
concentrate solution is chloride 
free; solution is premixed, no dry 
chemicals to dissolve, except nickel 
chloride, when desired; solution is 
easy to control. 

The bulletin is available from 
Hanson-Van Winkle-Munning Co., 
Church St., Matawan, N. J. 

Nickel-Alloy-Bonded Steel Pipe 
and Tubing. Recently published bro- 
chure describes how NIPHOS nickel- 
alloy-bonded steel pipe and tubing 
are being used increasingly to 
counter C O I T O S ~ O ~  and iron contam- 
ination. 

The brochure is available from 
the "Nickel-Over-Steel" Div., M. L. 
Sheldon & Co., Inc. 350 Lexington 
Ave., New York 16, N. Y. 

Automatic Determination of C b -  
mates. New data sheet details the 
complete chemical methodology for 
the rapid determination of chro- 
mates down to parts per million us- 
ing the Technicon@ AutoAnalyzer@, 
an electronic analytical instrumenta- 
tion system which requires no super- 
vision. A flow diagram of the ana- 
lytical system is included, together 
with the actual chart recordings de- 
rived. 

Copies can be obtained by writing 
to Technicon Controls, Inc., Chaun- 
cey, N. Y. 

Black Glass for Diodes. Informa- 
tion on a special black glass for en- 
capsulating diodes is given in an 
eight-page brochure. The black glass, 
which is available as beads and 
cases, is said to protect diodes that 
are sensitive to visible and infrared 
wave lengths. Transmittance and 
other properties are detailed in a 
chart and a table. 

The brochure is available on re- 
quest on company letterhead from 
Receiver Bulb Sales Dept., Corning 
Glass Works, Corning, N. Y. 

ELECTROCHEMIST 
Doctor's Degree-to 5 Years' Experience 

To work in a newly organized group of electrochem- 
ists and physical chemists devoted to research on fuel 
cells. 

This is a challenging position in a new field. It re- 
quires considerable theoretical background, experi- 
mental skill and inventive talent. 

Work is strongly supported by the Corporation and 
directed at commercial exploitation. The position has 
excellent potential for growth. 

A new laboratory building has been erected in our 
plant at East Hartford, Connecticut. 

Send resume and minimum salary requirements to Mr. 
P. R. Smith, Office 61, 

PRAlT & WHITNEY AIRCRAFT 
Division of United Aircraft Corporation 

East Hartford 8, Connecticut 
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Minnesota. Battery experience pre- surface reactions between polymeric 
Advertiser's Index ferred but not required. Send re- resins and metal oxide surfaces 

sum& to: J. W. Baxter, Employee & relating to strength and permanence 
Labor Relations, Gould-National of joints in the adhesive bonding of Anaconda American Brass Batteries, Inc., E. 1326 First National metals. C. Mechanisms relating to Company .............................. 1OOC Bank Bldg., St. Paul 1, Minn. surface phenomena, associated with 

Bell Telephone Laboratories, liquid metal-solid metal inter-action 
Inc. ................................................ 99C as applied to soldering and brazing. 

Great Lakes Carbon Corp., 
Foarch*len*gresearchpo*tions D. Surface and electrochemical re- 

for experienced surface chemists, in actions the kinetics of gen- 
Electrode Division ................ Cover 2 fully-equipped laboratory devoted to 

research and development an alwn- eral, localized, and stress corrosion 
Pratt & Whitney Aircraft ............ lO9C inurn and copper alloys, involving: processes. Pleasant living, with ac- 

Professional and Technical A. Electrochemical kinetics, adsorp- CeSS to major university. Send reply 
............... Recruiting Associates 1 1 0 ~  tion, and oxide film structure inves- to R. H. Endriss, Personnel ~ a n a g e r ,  

tigations related to finishing pro- Olin Mathieson Chemical Corp., 125 

Consulting Physicist with thorough 
knowledge of single crystals, float 
zoning, semiconductor materials, 
wanted by established Western Eu- 
ropean company. Annual retainer, 
daily or project compensation. Work 
by mail. Indicate background in 
confidence to Box A-287, c/o The 
Electrochemical Society, 1860 Broad- 
way, New York 23, N. Y. 

Employment Situations 

Chemists and Chemical Engheers 
-We need physical, organic and in- 
organic chemists, and chemical en- 
gineers to carry out Engineering and 
development work in the rapidly 
growing power sources field. Re- 
search & Development center located 
in Minneapolis near University of 

cesses. B. Studies of interfacial Munson St., New Haven, Conn. 

R e s e a r c h  
E l e c t r o c h e m i s t  

MS or PhD 
Major research laboratory in Eastern 
United States has opening for 
experienced man to study tinplate 
corrosion and surface phenomena. 
General studies in field of single, 
composite, alloy, and heat-diffused 
metallic cwtings Must have top- 
notch academic background. Out- 
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