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Publications of The ECS 

THE! Technical Section of this JOURNAL is devoted almost entirely to 
articles describing original research of one kind or another, this policy being ap- 
proved by the Society's Board of Directors and implemented by the JOURNAL'S Edi- 
torial Board. A few review articles are published, and may be of two types: compre- 
hensive literature surveys in restricted areas, or wider and less-detailed reviews of 
informative and instructive nature. In addition, a few Feature articles are pub- 
lished for their general interest. 

The abject is, of course, to make the Technical Section of high quality and of more 
than current interest, so that the bound volumes of the JOURNAL will retain their 
value on library shelves throughout the world for many years, along with the other 
well-known journals of original research. 

Besides the JOURNAL, the Society sponsors the publication of certain Monographs, 
some of which are planned by the various Divisions to fill definite needs in technical 
areas, and .have no connection with the Society's Meetings. Others are essentially 
Transactions of Divisional 'Symposia, which must be planned very carefully so that 
the resulting volumes will be of wide reader value. The Monographs must, in gen- 
eral, meet the requirements of commercial salability, because publishers must make 
profits or quit. 

Many but not all of the articles appearing in the JOURNAL are presented at the 
technical sessions of the National Meetings. Not so many years ago, acceptance for 
the TRANSACTIONS, predecessor of the JOURNAL, was a requisite for oral presentation 
at a Meeting. Now, however, in the interest of planning instructive, balanced, well- 
rounded technical sessions which will attract members and nonmembers alike to 
the Meetings, there is a great demand for the inclusion of papers for which the Soci- 
ety has no appropriate publishing outlet. Indeed, entire symposia may fall into this 
category. 

Are these papers of current interest only, to be discarded after the oral presen- 
tation? The favorable experience of several Divisions with "extended abstract" book- 
lets suggests that inexpensive paperback "Transactions" containing pmplete manu- 
scripts or long abstracts of all papers presented would be favorably received, 
especially if initial sales could be made at the Meetings themselves. The continuity 
of the sessions has an appeal which is lost when the papers are scattered in this and 
other journals, or are not published at all. However, Transactions of this sort would 
have to be labeled as printed but not published so that regular publication would 
not be proscribed. 

If the Society could undertake the technical part of preparing such Transactions, 
it would lift a burden from the Divisional officers who have found the extended ab- 
stracts of real value. It would extend equal treatment to all sessions in the most 
economical way. Sales of these booklets would have to be considered a service only, 
but the undertaking would have to be self-supporting. Dr. C. L. Faust, Chairman of 
the Publication Committee, has the various possibilities under consideration. 
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Investigation of the Electrochemical Characteristics 

of Organic Compounds 
VII. Organic Positive Iodine and Aliphatic A m  Compounds 

R. Glicksman and C. K. Morehousel 

Semiconductor and Materials Division, Radio Corporation of America, Somerville, New Jersey 

ABSTRACT 

The electrochemical characteristics of organic positive iodine compounds 
such as iodosobenzene and iodoxybenzene, and aliphatic azo compounds such 
as azodicarbonamide and N,N'-dichloroazodicarbonamidine in various electro- 
lytes are presented. Performance characteristics of magnesium and aluminum 
dry cells containing these organic oxidizing agents as cathode materials are 
also presented. 

Organic Po@ve Iodine Compouds 
Electrochemical characteristics.-Organic positive 

iodine compounds have long been recognized as 
strong oxidizing agents. For example, both iodoso 
compounds (RIO) and iodoxy compounds (RIO,) 
react quantitatively with iodides in acid solution to 
yield the parent iodo compound and free iodine (1). 

In agreement with the chemical evidence, the 
half-cell potential discharge data for various iodoso- 
benzene compounds and iodoxybenzene shown in 
Fig. 1 indicate the strong oxidizing character of the 
organic positive iodine compounds. The half-cell 
potential data were obtained by discharging these 
compounds at a rate of 0.005 amp/g in 250 g 
MgBr, 6H20/1 electrolyte by a technique previ- 
ously described (2) and used for the study of other 
organic oxidizing agents (3-8). 

Theoretical capacity and electrode efflciency data 
for these compounds are presented in Table I. The 
theoretical capacities were computed according to 
Faraday's law, assuming a 2 and 4 electron change 
for the iodoso and iodoxybenzene compounds, re- 
spectively, in accordance with the following equa- 
tions: 

C.H.10 + MO + 2e- = CZSI + 2 OH- 1.11 

The iodosobenzene and iodoxybenzene compounds 
operate initially at potentials comparable to those 
of organic positive N-halogen compounds and pro- 
vide considerably higher electrode efflciencies (3). 
They differ from the latter compounds in that iodine 
is linked to a carbon atom rather than to a nitrogen 

'Present addma: Globe Battery Company. Divfaon of Globe 
Unlon Inc.. Milwaukee, Wlacondn. 

Table I. Theoretical capacities and electrode efficiencies of 
vorious organic positive iodine compounds 

Experl- 
Thearetical, mental Electrode 

capaelty, capacity.. efficiencies. 
Compound amp-min/g amp-min/g % 

iodoxybenzene 27.3 17.0 62.3 
iodosobenzene 14.6 11.8 80.8 
o-iodosobenzoic acid 12.2 10.0 82.0 
iodosobenzene diacetate 10.0 2.1 21.0 

Capacity calculated on the basis of a -0.40 v end potential. 

atom. Further, all of the types of compounds shown 
in Fig. 1 are peculiar to iodine. Similar compounds 
of the other halogens either do not exist at all or 
are so unstable that they may be considered non- 
existent for all practical purposes (9) .  

The lower cathode potential of ortho iodosoben- 
zoic acid as compared to the other iodoso compounds 
is believed due to the heterocyclic iodine-oxygen 
ring structure of the compound, CoH,COOIOH, 
formed by the interaction of the iodoso and acid 
groups (9). The poor electrode efficiency of iodoso- 
benzene diacetate as compared to the other iodoso 
compounds is attributed to its instability in aqueous 
solution. 

In addition to iodoso and iodoxy compounds, 
iodine forms two other types of organic compounds 
in which it is present in a positive oxidation state, 
the iodonium salts (RIX) and the iodyl compounds 
(RJOX). The iodyl compounds were the last to be 
discovered and have not yet been studied to any 
great extent. The more readily available iodonium 
salts have been investigated both by polarography 
at the dropping mercury electrode and by coulom- 
etry at controlled potential (10, 11). The half-cell 
potential discharge data shown in Fig. 1 for a com- 
pound of this type, diphenyliodonium chloride, show 
it to be a weaker oxidizing agent than either iodoso 
or iodoxybenzene. 

4 8 I 2  n 20 z 4 e 8 10 
CAPACITY (AMPERE-MINUTES1 

Fig. 1 .  Half-cell potentiol discharge curves of various 
organic positive iodine compounds discharged a t  a rate of 
0.005 amp/g in 2 5 0  g MgBr~.6Hn0/1 electrolyte. 
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Fig. 2. Half-cell potential discharge curves of iodosoben- 
zene and iodoxybenzene discharged at a rate of 0.005 amp/g 
in various electrolytes. 

Additional half-cell potential discharge data for 
iodosobenzene and iodoxybenzene in electrolytes of 
different pH are shown in Fig. 2. In general, the 
cathode potentials and coulombic capacities of these . compounds increase with decreasing electrolyte pH. 
The low cathode potential of iodoxybenzene in the 
alkaline electrolyte is attributed to the hydrolysis 
of iodoxybenzene to iodate and benzene (12) with 
subsequent reduction of the iodate ion. The similar 
cathode potentials found for inorganic iodate com- 
pounds in alkaline electrolyte (13) are in agree- 
ment with this reasoning. 

The half-cell potential discharge data shown in 
Fig. 1 and 2, along with the polarographic data of 
organic positive iodine compounds in the literature 
(14), indicate that the reduction of iodoso and 
iodoxybenzene takes place according to Eq. [I] and 
P I .  

Experimental dry-cell data.-Experimental AA- 
size magnesium and aluminum dry cells which con- 
tained iodoxybenzene, iodosobenzene, and ortho 
iodosobenzoic acid as cathodes were assembled in the 
usual manner. Magnesium AZlOA alloy and alumi- 
num A1-M-373 duplex alloy cans were used as the 
anodes. The aluminum alloy was a duplex product 
comprised of an inner layer having the composition 
95.5% Al, 3% Mg, 1% Zn, and 0.5% Mn, and an 
external layer of superpurity aluminum which 
comprised 30% of the total weight of the can. The 
cathode mix consisted .of two parts by weight of the 
organic positive iodine compound to one part by 
weight of Cabot experimental battery black. For 
the magnesium cells, a 371 g MgBr, 6H20/1 elec- 
trolyte was used. A 2M AlC1, electrolyte was used 
in the aluminum cells. 

Performance characteristics of these cells on a 4- 
and 50-ohm continuous discharge test are shown in 
Fig. 3 and 4. These data show that, although organic 
positive iodine cells may be competitive with exist- 
ing inorganic cells on heavy-drain tests, they do not 
compare favorably on lighter drain tests. Because 
these cells have not given adequate shelf life, they 
appear to be more suitable for use as reserve cells, 
especially if compounds with two functional groups 
such as diiodoxybenzene become available. 

lTROCHEMICAL SOCIETY April 1961 
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Fig. 3. AA-size magnesium dry ;ells containing various 
organic positive iodine compounds as cothodes discharged 
through 4- and 50-ohm resistances at 70' 2 2'F (50% R.H.). 

Fig. 4. AA-size aluminum dry cells containing various 
organic positive iodine compounds as cathodes discharged 
through 4- and 50-ohm resistances at 70" ? 2°F (50% R.H.). 

Organic Azo Compounds 
Electrochemical characteristics.-Half-cell poten- 

tial studies of the reduction products of nitrobenzene 
in various electrolytes (4) showed azobenzene to 
operate at too low a cathode potential to be useful 
as a cathode material in primary batteries. Similarly 
azo-tert-butane and 2,2'-azodi-iso-butyronitrile 
also had low cathode potentials when discharged in 
a magnesium bromide electrolyte. 

However, certain aliphatic azo compounds such 
as azodicarbonamidine and az dicarbonarnide are 
strong oxidizing agents able tcrlberate iodine from 
iodide solution. The high cathode potential of these 
compounds in various electrolytes is illustrated by 
the half-cell potential discharge data shown in Fig. 
5 for azodicarbonamide and N,N'-dichloroazodicar- 
bonarnidine. The reduction of this positive N-halo- 
gen compound is believed to take place in accord- 
ance with the following equation: 

NCl NC1 
I I I I 

H,N-C-N=N-4-NH, + 4H,O + 6e- 

In this reaction the azo group is reduced to the 
hydrazo group with a 2-electron change, while each 
positive chlorine group is reduced to the chloride 
ion with a 2-electron change. This type of reaction 
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Fig. 5. Half-cell potential discharge curves of N,N' di- 
chloroazodicarbonamidine and azodicarbonamide discharged 
at a rate of 0.005 amp/g in various electrolytes. 

is in agreement with the halytical  data of Schmelkes 
and Marks (15) which show the compound to liber- 
ate 6 equivalents in an iodimetric titration. The 
high electrode efficiencies for N,N'-dichloroazodicar- 
bonamidine, shown in Table 11, further indicate that 
reduction takes place according to Eq. 131. 

Similarly, the reduction of azodicarbonamide is 
believed to take place according to the following 
equation: 

0 0 
I I I I 

H,N-4-NH-NH-C-NH, + 2 OH- [41 

In agreement with Eq. 141 half-cell potential-dis- 
charge data for hydrazodicarbonamide in 25% 
NH,Cl-20% ZnCl, electrolyte indicate that this 
compound is difficult to reduce and provides little 
or no capacity. It should be noted that hyrazodi- 
carbonamide, the reduction product of azodicarbon- 
amide, is a considerably stronger reducing agent 
and has a higher anode potential than hydrazoben- 
zene and 2,2'-hyrazodi-iso-butyronitrile (16). 

Experimental dry-cell data.-Experimental AA- 
size dry cells which contained N,N'-dichloroazodi- 

Table 11. Theoretical capacities and electrode efficiencies of 
NN-dichloroazodicarbonanidine and azodicarbonamide 

in various electrolytes 

Theoretical Experimental Electrode 
Compound capaelty. capacity,' efliciencies. 

and electrolyte amp-mIn/g amp-min/g % 

N,N1-dichloroazodi- 
carbonamidine 

NH,Cl-ZnC1,-H,O 52.7.. 48.2 91.5 
MgBr,-H1O 41.2 78.2 
NaOH-HIO 5.9 11.2 

Azodicarbonamide 
mCI-ZnCL-&O 27.7 24.2 87.4 
MgBr.-H,O 19.6 70.8 
NaOH-HpO 8.8 31.8 

' Capaclty calculated on baals of a -0.40 v end potential. 
**Based on 6-electron change (a 2-electron change for the azo 

group and a ¶-electron change for each posltive chlorine group). 

Fig. 6. AA-size MglMgBr~lazodicarbonarnide and 
MglMgBr.lN,N'-dichloroazodicarbonornidine dry cells dis- 
charged through 4- and 50-ohm resistances at 70" + 2'F 
(50% R.H.). 

carbonamidine and azodicarbonamide as cathodes 
were assembled, using a magnesium AZlOA alloy 
can anode and a 500 g MgBr, . 6H,0/1 electrolyte. 
The cathode mix consisted of two parts by weight of 
the azo compound to one part by weight of Shaw- 
inigan acetylene black. 

Performance characteristics of these cells on 50- 
and 150-ohm continuous-discharge tests are shown 
in Fig. 6. These cells have favorably high flat volt- 
age-time discharge curves and provide capacities 
comparable to those of magnesium- and zinc-African 
manganese dioxide cells on heavy-drain tests. A 
preliminary shelf-life study of these dry cell sys- 
tems indicate that they do not have a favorable 
shelf life. 
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Oxidation Studies on Ni-AI Alloys 
Kazuo Fueki and Hirohugu lshibashi 

Department of Applied Chemistry, Faculty of Engineering, University of Tokyo, Tokyo, Japan 

ABSTRACT 

In order to clarify the oxidation behavior of binary alloys, the oxidation of 
Ni-A1 alloys was studied. Oxidation rates were measured by means of a 
vacuum microbalance over the temperature range of 700"-900'C. The rate 
data of all specimens were found to follow the parabolic rate law. Oxide films 
were examined by means of metallographic, x-ray diffraction, and electron 
diffraction methods. Quantitative chemical analysis of oxide Alms stripped 
from basis alloys was carried out in order to determine oxidized amounts of 
nickel and aluminum. The change of the composition of alloy surfaces was in- 
vestigated by measuring lattice parameters of alloy surfaces before and after 
oxidation. On the basis of these results the oxidation of a l l~ys  is discussed. 

The oxidation behavior of alloys is considerably 
complex and not so well understood as that of pure 
metals. In order to clarify the oxidation behavior 
of alloys, the authors and their collaborators have 
carried out a series of studies on the high tempera- 
ture oxidation of binary alloys. In earlier papers 
(1, 2) behaviors of Cu-Ni and Ni-Co alloys were 
described. This paper reports on the similar study 
of the oxidation of Ni-A1 alloys. 

Measurement of Oxidation Rate 
Specimens and surface preparation.-Five sam- 

ples (pure Ni, and Ni-A1 alloys containing 1.02, 
2.95, 7.07, and 12.0 mole % Al, respectively) were 
prepared from electrolytic Ni of 99.98% purity 
(impurity: 0.013% Co, 0.001% Cu, 0.002% C, 
0.0003% S)  and 99.998% A1 by induction melting 
in vacuo using alumina crucibles. Ingots were rol- 
led into sheets of l and 0.1 mm thickness. From the 
sheets of 0.1 mm thickness specimens of 4 x 1.5 cm 
were taken. These were polished with No. 02, 04, 
and 06 polishing papers, washed with absolute 
alcohol, dried in a desiccator, and weighed by 
means of a chemical microbalance. 

Apparatus and method.-A vacuum microbalance 
and accessories were used for all rate measure- 
ments. This apparatus was essentially the same as 
that devised by Gulbransen (3-5). The sensitivity 
of the microbalance was 8.60 pg/O.001 cm deflection. 
After the teinperature of the Nichrome furnace 
was raised to the desired reaction temperature, a 
finished and weighed specimen was suspended by 
a fine platinum wire from the beam of the micro- 
balance placed in the balance tube, which was then 
closed with a glass cover; then the air in the tube 
was reduced to the pressure of 150 mm Hg. Weight 
changes were followed by observing a marked 

point on the balance beam by means of a microme- 
ter microscope. The temperature was kept constant 
within 23°C deviation during the run. As soon as 
the run was over, the specimen was removed and 
weighed by means of a chemical microbalance. The 
oxidation-time curve was determined from weights 
of the specimen before and after the oxidation and 
weight changes during the run. 

Results.-Results are shown in Fig. 1 to 5. Re- 
producible results were obtained on duplicate runs 
of the alloy specimens. The weight gain of all spec- 

Fig. 1.  Oxidation of pure nickel 

Fig. 2. Oxidation of 1.02% Al alloy 
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1 0  Table I. Parabolic rate constants 

0 8  Rate cowtaut k. 

,$ Alloy Temp. ' C  g* ma sec-1 

$ 0 8  

700 1.02 x 10- 
0 4  750 2.22 X 10- 

Pure nickel 800 4.45 x 10" 
0.2 850 8.15 x 10.- 

900 1.21 x 10-lo 
0 

TIM. nln 
700 6.65 x 
750 1.94 x 

Fig. 3. Oxidation of 2.95% Al alloy 1.02% A1 800 4.39 X lo-- 
850 1.67 x 

12 
900 5.65 x lo-= 

700 7.12 x lo-- 
1 0  - 750 2.14 x lo-- 

2.95% A1 800 5.76 x lo-= 
- 0 8 -  850 1.58 X lo'= 

900 6.48 x loP 

700 1.16 x lo-* 
750 3.80 x lo-- 

7.07% A1 800 8.89 x lo-- 
850 2.97 x lo-= 
900 1.16 x lo-- 

700 1.71 x 10.- 
I) a 40 eo 80 ~m la ~m ~ e o  180 750 7.96 x lo-= 

T S ~ .  mtn. 12.0% A1 800 1.48 x lo-'' 

Fig. 4 .  Oxidation of 7.07% Al alloy 850 4.26 x lo-" 
900 1.35 x 10-lo 

ence of weight gain on composition is slightly dif- 
1 0 -  ferent from the result of Horn (6). 

Figure 8 gives the plot of log k, vs. 1/T. The data 
of pure nickel can be fitted into a single straight 
line, and the Arrhenius formula is given in the 
form 

k, = 6.0 x lo-' exp (-28,40O/RT) $ cm4 sec- 

On the other hand, the data of alloys cannot be 
fitted into a straight line. The slope of curves be- 
comes steeper with decreasing 1/T value. Preece 

~ l m a .  min and Lucas (7)  have reported similar results. 
Fig. 5.  Oxidation of 12.0% Al alloy 

Investigations of Oxide Films 
10 Layer structure expected from T-AG diagram.- 

In general, oxide films formed on metals and alloys 
\ consist of several layers. It has been shown in the 

previous papers (8, 9)  that possible layer struc- 
z tures can be predicted by using the T-AG diagram 

which is a type of thermodynamic diagram. 
Free energy equations necessary for the prepara- 

i 2 tion of the diagram of Ni-Al-0 system are: 

0 
0 20 40 80 80 1W 120 140 160 I W  

rims. .I". 1 2  

Fig. 6. Parabolic plot of oxidation, 850°C 

6 0 8  
imens followed the parabolic rate law (Fig. 6). 
Parabolic rate constants were calculated from para- $ 0 6  :.l.Om 
bolic plots in the time interval where the law W = 8 
k,t + C was found to hold. The constants are listed $ 0.4 803'0 

in Table I. 0.2 

Figure 7 shows the plot of the weight gain after 
0 m C 

3 hr of oxidation vs. the alloy composition. The 0 2 4  8 8 1 0 1 2  

weight gain decreases by the addition of aluminum Mole % of Al ~n Alloy 

of 1%. From this percentage onward, it begins to Fig. 7. plot of weight goin ofter 3 hr oxidation vs. alloy 
increase with the aluminum content. This depend- composition. 
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Fig. 8. Temperature dependence of parabolic rote constant 

AGO (cal) = -116,800 + 44.8 T 111 

AGO (cal) = - 266,100 + 49.7T [a] 
These equations were taken from the paper of 
Richardson and Jeffes (10). At high temperature 
NiO and Al,Os may form NiO.A1,OJ according to 
the reaction 

However, the free energy change of this reaction 
is small 

hG" (cal) = - 4600 - 1.5T t31 

Therefore, it is rather insignificant for contribu- 
tion to the free energy calculation. The change of 
the chemical potential of metal A or B caused by 
alloying is several kcal/mole (ll), so the contri- 
bution to free energy calculation can be neglected 
as the first approximation. Consequently, the T-AG 
diagram of the Ni-A1-0 system can be prepared by 
using only two equations [I] and [2]. Figure 9 
shows the obtained diagram. Since the growth rate 
of ALO, is considered to be lower than that of NiO, 
a layer structure shown in Figure 10 can be ex- 
pected. 

Metallographic studies.-The cross section of al- 
loy specimens oxidized in air at 1000°C for 20 hr  

-3m 

Fig. 9. T-AG diagram of N ~ A I - 0  system 

Fig. 10. Expected layer structure of oxide film 

was examined by means of a metallographic micro- 
scope. A subscale of considerable thickness was 
found in addition to the outer oxide Elm consisted 
of two layers (Fig. l l a  and b). Further investiga- 
tions were carried out to obtain more information 
on both outer and inner layers. Alloys containing 
2.95, 7.07, and 12.0% A1 were oxidized in air a t  
900°C for 3 hr. Then the oxidized specimens were 
immersed in 10% Br,-ethanol solution to strip the 
oxide films. The resulting films were examined 
by means of a microscope. The outer layer of all 
oxide films was found to be green and compact. 
It was also found that the inner layer of oxides of 
2.95 and 7.07% A1 alloys was porous (Fig. 12a and 
b), and that the inner layer of the oxide of 12.0% 
A1 alloy was nonporous (Fig. 12c). The stripped 
film of 12.0% A1 alloy was further treated in hot 
nitric acid solution in order to dissolve nickel oxide. 
By this treatment only the inner layer was ob- 
tained. Microscopic observation revealed the ob- 
tained film to be porous (Fig. 13). 

X-ray study.-Oxide films on alloys oxidized for 
3 hr at temperatures between 700' and 900°C were 
examined by means of an x-ray diffractometer. 

Fig. 11. Cross section of alloys oxidized for 20 hr at 
100O0C, under polarized light; (01 (top) 7.07% Al alloy. 
(b) (bottom) 12.0% Al alloy. Magnification 250X before 
reduction for publication. 
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Fig. 12. Lower surface of stripped oxide films. A, outer 
layer; 6, inner layer. (0) (top) 2.95% Al alloy. (b) (center) 
7.07% Al alloy. (c) (bottom) 12.0% Al alloy. Magnification 
200X before reduction for publication. 

Fig. 13. Lower surface of oxide film treated with nitric 
acid, 12.0% Al  alloy. Magnification 100X. 

Strong diffraction lines of NiO and weak diffrac- 
tion lines of Ni-A1 alloy were observed. From these 
results it is considered that the outer layer consists 
of only NiO. Neither A1,Os nor Ni0.A120a were de- 
tected, although the formation of Also8 was antici- 
pated. 

Electron diffraction study.-Oxide films formed 
at  70O0, 800°, or 900°C were stripped by the al- 

Table II. Aluminum compounds identified by the electron 
transmission method 

Temp, Time, Alloy 
C hr 2.95% A1 7.07% A1 12.0% A1 ' 

coholic bromine method and then heated in nitric 
acid solution. White or bluish white films obtained 
in this way were investigated by the electron trans- 
mission method. The electron beam could penetrate 
only the thin parts of the film. Aluminum com- 
pounds identified by this method are listed in Table 
11. 

From the results of metallographic and electron 
diffraction studies, it can be concluded that the 
aluminum compounds in the inner layer are y - 
A1,0, NiO .AI,O,, or both 7-Al,Os and NiO .A/O.. 

Chemical analysis.-Oxide films formed on alloys 
oxidized under various conditions were stripped by 
the alcoholic bromine method. The resulting film 
was heated in concentrated nitric acid. After fil- 
tration, the residue was decomposed by the alkali 
fusion method and added to the filtrate. The amount 
of nickel was determined by the polarographic 
method, while that of aluminum was determined by 
the colorimetric method. Results are summarized 
in Table 111. 

From the comparison of the aluminum content 
in the alloy with that in the oxide, it can be con- 
cluded that aluminum was preferentially oxidized 
in those cases. Figure 14 shows plots of nickel and 
aluminum losses of 12% Al alloy at  900°C vs. the 
square root of the oxidation time. It is apparent 
from this figure that the conversion of nickel and 
aluminum into oxides followed the parabolic rate 
law. Figure 15 gives the relation between nickel 
and aluminum losses after 3 hr of oxidation at 

Table Ill. Results of chemical analysis 

Mole % 
Temp, Time, Wt. gain. Ni loss, Al loss, of A1 in 

Alloy 'C min fl/cm* fl/cmg pJd/cm* oxide 

Ni loss calculated from the weight gah.  
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Fig. 14. Plot of nickel and aluminum losses vs. square root 
of oxidation time. 

E 

Ni Loss 

0 2 4  8 8 1 0 1 2  
Mole V. ol Al m Alloy 

Fig. 15. Plot of nickel and aluminum losses, vs. alloy com- 
position after 3 hr of oxidation at 900'C. 

900°C vs. the alloy composition. It is easily seen 
from this figure that the addition of aluminum of 
about 1 mole O/o to nickel decreases the nickel loss 
but the addition of more aluminum does not cause 
more decrease of the nickel loss. It is also seen that 
the aluminum loss increases with the increase in 
aluminum content of the alloy and that the in- 
creased weight gain with increase in aluminum 
content in the composition range of 1-12 mole O/o 
A1 is due to the increase of the aluminum loss. 

X-ray Study of Alloy Surfaces 

In the oxidation of binary alloys the less noble 
constituent metal is often oxidized preferentially 
and the constituent is depleted at the alloy surface. 
Since the lattice parameter varies with the alloy 
composition, one can estimate the latter by meas- 
uring the former. In order to examine the change 
of the composition of alloy surfaces, lattice param- 
eters were measured before and after oxidation. 
Specimens used for the determination of lattice 
parameters of unoxidized alloys were prepared as 
follows: alloy pieces of 1.5 cm x 2 cm x 1 mm were 
polished with No. 02, 04, and 06 polishing papers, 
washed with soap and water, dried in a desiccator, 
and annealed in vacuo at 700°C for 3 hr. Other 
specimens treated in a similar manner were oxi- 
dized in air at 700' or 900°C for 1 or 3 hr and used 
for the determination of lattice parameters of oxi- 
dized alloy surfaces. Lattice parameters were calcu- 
lated from the diffraction line of (311) plane. The 
diffraction angle 28 was about 130°, since the x-ray 
of FeKa, was used. No change was found on alloys 
oxidized at 700°C, whereas the considerable deple- 
tion of aluminum was found on alloys oxidized at 
900°C (Fig. 16). 

3.52~-2 
Mole % 01 Al I" Alloy 

Fig. 16. Lattice parameters of alloy surfaces before and 
after oxidation at 900DC. A, before oxidation; B, after 1 hr of 
oxidation; C, after 3 hr of oxidation. 

Discussion 

Proposed layer structure.-From Fig. 10 and the 
results of metallographic, x-ray diffraction, and 
electron diffraction studies, such a layer structure 
as schematically shown in Fig. 17 is proposed as 
the structure of the oxide formed at 900°C. 

Mechanism of formation of A1,0, and NiO.A1,Os 
Films.-It is well known that the oxidation rate of 
alloys containing aluminum as an alloying element 
is often reduced owing to the formation of the pro- 
tective Alsos film on these alloys. In order to obtain 
information on such protective AlsoI film, pure alu- 
minum and Fe-A1 alloy containing 15.2 mole O/o A1 
were oxidized at 600" and 900°C, respectively. 
Figure 18 gives oxidation-time curves. It is seen 
that the weight gain tends to an almost constant 
value asymptotically with the lapse of time. Oxide 
films formed on these specimens were stripped by 
the alcoholic iodine method and examined by the elec- 
tron diffraction method. It was found that the film 
on pure aluminum consisted of u-Al,O, and that 
the film on Fe-A1 alloy consisted of a-Al,Os and 
a-FenOs. Chemical analysis of the oxide film 
formed on the Fe-A1 alloy after 3 hr oxidation at 
900°C showed that the aluminum loss was about 
2.3 pM/cma and that the aluminum content in the 
oxide was 85 mole O / o .  

In case of the oxidation of Ni-A1 alloy containing 
12 mole O/o of aluminum at 900°C, the conversion of 
aluminum into its oxide followed the parabolic rate 
law and the aluminum loss after 3 hr oxidation was 
23.9 pM/cmS. This alumin& loss is about ten times 

Ox~de Film 
NIO.AI>O, 

Subsoale Ni 
AI,O, 

Alloy [ 

Fig. 17. Schematic drawing of proposed layer structure 

Fig. 18. Oxidation of pure aluminum and oxidation of 
Fe-A1 alloy containing 15.2% Al. 
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as much as that in case of the formation of the 
protective film of ALO.. The electron diffraction 
study revealed that the oxide of aluminum was 
NiO.Al.0, and microscopic observation of the NiO. 
A1*O8 film showed the film to be porous. These 
facts suggest that the oxidation mechanism of 
aluminum contained in Ni-A1 alloys is different 
from that of aluminum contained in the Fe-A1 al- 
loy. 

From the comparison of two oxidation curves in 
Fig. 18, it is concluded that the protective Alsoa 
film on the Fe-A1 alloy was formed directly on the 
alloy surface from metallic aluminum. In case of 
the oxidation of Ni-A1 alloys a t  900°C, a subscale 
of considerable depth was observed. The metal- 
lographic observation on the NiO.Al.Os film showed 
that the film was a conglomerate of NiO.AlZOI 
grains. These findings suggest that the NiO.A1,OI 
film is formed accordiq to the following mechan- 
ism: Oxygen is dissolved a t  the oxide-subscale in- 
terface, diffuses inward and combines with alu- 
minum to form AlsoI particles, which go into the 
oxide phase as the oxide-subscale interface ad- 
vances toward the interior, and reacts with NiO so 
that NiO.Al.0. is produced. The resulting NiO.Al*O, 
grains form a porous film as a result of conglomera- 
tion. 

In case of the oxidation of Ni-Al alloys at  700°C, 
the existence of Y-A~~O. was shown by the elec- 
tron diffraction study. X-ray study of alloy surfaces 
suggested that there was no subscale. Accordingly, 
a similar mechanism of the formation of Alsos film 
can be expected as in case of the oxidation of the 
Fe-A1 alloy containing 15.2 mole O/o aluminum. 

Rate-determining step.-X-ray study of alloy 
surfaces and metallographic study showed that the 
surface of alloys oxidized a t  900eC consisted of 
nickel containing Alsoa particles in the dispersed 
form. The oxidation of alloys was found to follow 
the parabolic rate law which is fitted to the oxida- 
tion of pure nickel. In addition, the loss of nickel 
alloys was found to be as much as that of pure 
nickel. These facts suggest that the rate-determin- 
ing step of the oxidation of Ni-A1 alloys may be the 
diffusion of nickel ions through the nickel oxide 
layer. 

Effect of added aluminum.-As may be seen in 
Fig. 7 and 8, the addition of small amounts of alu- 
minum improves the oxidation resistance of nickel 
a t  700°C. This is considered to be due to the forma- 
tion of the adherent and protective y-Al*Ol film 
on the alloy. On the other hand, the oxidation rate 
of Ni-A1 alloys at  900°C is not so reduced by the 
addition of aluminum. This is considered to be due 
to the formation of the porous NiO.Al,Os film which 
cannot suppress the flow of nickel ions effectively. 
As discussed above, a close relation between the for- 
mation of the porous NiO.AlnOa film and the sub- 
scale formation seems to exist. Accordingly, it is con- 
sidered that a close relationship exists between the 

effect of added aluminum on the oxidation of nickel 
and the subscale formation. 

I t  is known that the oxidation rate of metals 
forming oxide layers consisting of metal-deficient 
semiconductors is often increased by adding metals 
of higher valance than that of the basis metal. For 
instance, the addition of small amounts of chro- 
mium to nickel increases the oxidation rate of 
nickel (6, 12). Wagner (13) has explained that this 
is due to the increase in the concentration of cation 
vacancies in NiO. It was found that the oxidation 
rate of Ni-A1 alloys at  900°C increases with the 
increase in the aluminum content in the composi- 
tion range of 1-12 mole O/o aluminum. If this in- 
crease is due to the aforementioned Wagner mech- 
anism, the nickel loss after the same time of ex- 
posure would be increased with the aluminum 
content in the alloy. Chemical analysis of oxide 
films did not show any increase in the nickel loss. 
Consequently, it is concluded Wagner's theory is 
not applicable to this increased rate of oxidation 
with aluminum additions. 
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Zirconium Dioxide Powder 
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ABSTRACT 

Two properties of nonstoichiometric zirconium dioxide powder have been 
studied. Pressures of oxygen in equilibrium with ZrOs.., with 0.03 > x > 0, 
have been determined at temperatures of 90O0, 100Oo, and 1100°C by passing 
hydrogen-water vapor mixtures over the oxide. The measured pressures are 
in the range to 10"' atm. Rates of oxidation of ZrO,.,s to ZrO. in oxygen 
have been measured at 500'-650'C. The activation energy for the oxidation, 
based on a diffusion mechanism, is 58.0 kcal/mole. A comparison of the rates 
of oxidation of ZrOl.OTT with the rates of oxidation of zirconium metal indicates 
that different mechanisms are operative. 

Phase relationships in the zirconium-oxygen sys- 
tem have been studied in detail by Domagala and 
McPherson (1). Using a technique of examining 
quenched samples metallographically, they found 
that a wide range of nonstoichiometry exists in the 
zirconium dioxide phase. The metal rich boundary 
of the phase occurs at  compositions ranging from 
ZrOl., at  1900°C to ZrOl., at  700°C. Other investi- 
gators have observed color and weight changes on 
reduction of ZrOI (2-5), and Kubaschewski and 
Dench have estimated partial free energies of dis- 
sociation in the nonstoichiometric range at  1000°C 
(5). The oxidation of zirconium and the formation 
and properties of oxide films on zirconium have been 
studied extensively (6-9). Despite these efforts, 
however, little quantitative information is available 
on the nature and stability of the nonstoichiometric 
region. 

In the present study, two properties of nonstoi- 
chiometric oxide, ZrOu, have been investigated. 
Pressures of oxygen in equilibrium with ZrO, com- 
positions ranging from ZrO,., to ZrO,., have been 
determined at  temperatures of 900°, 1000°, and 
1100°C by passing hydrogen-water vapor mixtures 
over powder samples of the oxide. Rates of oxidation 
of ZrOl., in oxygen have been measured at 500"- 
650°C. The rates of oxidation of ZrOl., to ZrOr are 
compared to the rates of oxidation of zirconium 
metal. 

Experimental 
Materials.-The source material for all the experi- 

mental work was Reactor Grade zirconium dioxide 
powder obtained from the Carborundum Metals Co. 
The major metallic impurities were 200 pprn Fe, 
300 pprn Si, 97 pprn Al, 130 pprn Mg, 100 pprn Ca, 
and 50 pprn Hf. The concentrations of Cu, Co, Ni, 
Pb, Mo, Ti, Mn, V, Sn, Cr, and W totalled less than 
180 ppm. The accuracies of the spectrochemical 
analyses are estimated to be f 30%. The powder 
was heated in air at  1000°C to remove excess water 
and to ensure that the metallic impurities were fully 
oxidized. Oxalic acid dihydrate and anhydrous 
oxalic acid were obtained from the Fisher Scientific 
Company, in the Fisher Certified grades. Com- 
pressed oxygen and hydrogen were obtained from 

the Matheson Company. The purities of the gases 
were specified to be 99.6% and 99.9%, respectively. 
Hydrogen-helium and hydrogen-argon mixtures 
were also obtained from the Matheson Company. 
The purities of the helium and argon used for 
these mixtures were specified to be 99.99% and 
99.98%, respectively. An analysis of the hydrogen 
content of each mixture was supplied by the Mathe- 
son Company. 

Equilibrium measurements.-The experimental 
technique for the measurement of oxygen pressures 
was similar to the method employed by Foster and 
Welch (10) in studying equilibria in FeO-MnO solid 
solutions. Known mixtures of hydrogen and water 
vapor were prepared by passing either hydrogen- 
helium or hydrogen-argon mixtures through a tube 
containing a mixture of 90% oxalic acid dihydrate- 
10% anhydrous oxalic acid in a thermostatted bath 
according to the method of Baxter and Lansing 
(11). Their equation for the water vapor pressure, 
which was checked by Bookey and Tombs (12), is 

The rate of gas flow was controlled by a modified 
Moore flow controller whi h has been described I k .  elsewhere (13). The gas mixture was passed 
through the flow controller, through a palladium- 
asbestos tube heated to 450°C to remove oxygen, 
and was then dried by passing over magnesium 
perchlorate. The gas passed through a long tube 
containing the oxalic acid mixture and then 
passed over the zirconium oxide sample placed 
inside a 1 in. diameter clear quartz tube at  the 
center of a tube furnace. The temperature of the 
sample was determined to about 2 3°C with a Pt, 
Pt-10% Rh thermocouple placed near the sample on 
the outside of the quartz tube. The water content of 
the gas was determined by passing the gas through 
a magnesium perchlorate tube. The tube was re- 
moved and weighed after each run to determine the 
water content. The quantity of gas passed through 
the system was determined with a wet test meter. 
The vapor pressure of the water, calculated from the 
ratio of the quantity of water vapor passed during 
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a run to the total quantity of gas, was generally 
within 5% of that calculated from Eq. [I]. The 
measured values were used for the calculation of 
oxygen pressures. 

About 0.7 g of the zirconium oxide powder, either 
ZrO, or ZrO,,,, was placed in a "spoon" made of 
clear quartz and was exposed to the gas at tempera- 
ture for 4-6 hr. A small iron bar sealed in the op- 
posite end of the spoon, when manipulated by a 
magnet, permitted rapid withdrawal of the sample 
from the hot zone after a run. After cooling in the 
dry gas, samples were stored in a vacuum desiccator. 

The degree of nonstoichiometry was determined 
for each sample from the weight change in the 
sample on oxidation in oxygen at 750°C. It was as- 
sumed that the stoichiometric composition, ZrO*, 
was reached. The color changed from gray to white 
during oxidation. The sample (0.3 g) was placed in 
a thin, clear quartz pan and was connected by a 
quartz wire to a coil spring, made of Nispan C alloy, 
having a sensitivity of 1.50 mm/mg. The spring 
balance was enclosed in a glass vacuum system con- 
nected to an oil diffusion pump. The displacement of 
the spring due to a weight change was measured 
with a micrometer telescope focused on a Nispan 
C hair. Before oxidation, the sample was heated 
in vacuo (-2 x lo-' mm Hg) at 400°C, in the system, 
to remove absorbed water which amounted to 0.2- 
0.3 mg/sample. The reproducibility of the measure- 
ments was estimated to be within 2 0.002 in the 
value of x in the formula ZrO,, from duplicate 
measurements on several samples and from meas- 
urements on stoichiometric ZrO*. 

Oxidation measurements.-The ZrO,., used for 
the rate studies and the equilibrium work was 
prepared by heating ZrOp powder at 800°C in 
hydrogen. The surface area of the powder was 4.2 
mX/g as determined by nitrogen adsorption using the 
B.E.T. equation (13). The density of the powder, 
measured by carbon tetrachloride displacement, was 
5.28 g/cc. 

Table I. Pressures of oxygen in equilibrium with 
nonstoichiometric zirconium dioxide 

Initial 
compo- 
sition 
O/Zr 

Equfllb- 
rium 

MmPO- 
sition 
O/Zr Oxygen 

Gas Temp, pressure. 
environment* f 3 ' C  atm x 1010 

atom 
ratio 

atom 
ratio 

49.8 (He), 1-s 900 
49.8 (He), 1-f 900 
49.8 (He), 2-f 900 
49.8(He), 2-s 900 

9.15 ( ~ j ;  1-f goo 
9.12 (He), 2-f 900 
9.15 (A), 2-f 900 
9.12(He), 2-s 900 
9.15 (A), 2-f 900 
7 H e )  1 900 
1 l H e  1 s  900 
1 7 H e  1 900 
1.17(He), 1-s 900 
1.17 (He), 2-f 900 
1.17(He), 2-f 900 
1.17 (He), 2-s 900 

49.8 (He), 1-f 1000 
49.8 (He), 1-s 1000 
49.8 (He), 2-f 1000 
49.8 (He), 2-s 1000 
9.15 (A), 1-f 1000 
9.15 (A), 1-f 1000 
9.12 (He). 1-f 1000 

9.15(A), 2-s 1000 
9.15 (A), 2-f 1000 
9.15(A). 2-f 1000 

oxidation runs were performed in the spring 2 1.17(He), 2-f 1000 140 1.991 
balance system described above. The sample was 1.17(He), 2-f 1000 140 1.992 
heated to the reaction temperature in a vacuum of 2 1.17(He), 2-f 1000 140 1.9945 

2 x lo4 mm Hg. Oxygen was then admitted into the 49.8(He), 1-f 1100 0.22 1.9885 
system. The pressure was measured by a mercury 

1.975 49.8(He), 1-s 1100 0.15 1.9895 

manometer to 2 2 mm Hg. Temperature measure- 49.8 (He), 2-s 1100 2.0 1.990 
ments were made to 3OC with a Pt, Pt-10% Rh 2 49.8 (He), 2-f 1100 2.0 1.991 

9.15 (A), 1-f 1100 thermocouple placed inside the system adjacent to t.975 9.15(A), 1100 
8.2 1.9905 

the sample. The weight changes were generally 
5.4 1.9915 

9.12(He),l-f 1100 7.4 1.992 
followed for about 3 hr. The extent of oxidation 2 9.12(He), 1-s 1100 5.6 1.993 
during a run was determined from the weight 9,15(A), 2-f 1100 43 1.9935 
change which occurred on heating the partially 2 9.15(A), 2-f 1100 42 1.996 
oxidized powder in oxygen at 750°C. 1.975 9.15(A),2-f 1100 43 1.9965 

2 9.12(He), 2-s 1100 56 1.9955 
Results and Discussion 1.975 9.12(He),2-f 1100 57 1.9965 

Equilibrium measurements.-The pressures of 2 1.16(He), I-f 1100 420 1.996 
oxygen in equilibrium with nonstoichiometric zir- i.975 1.16(He)* l-f 'loo 480 1.9975 

1.16 (He), 1-s 1100 550 
conium dioxide were calculated in the manner dis- 

1.9965 

cussed by Foster and Welch (10) using the equation 1.17(He), 2-f 1100 6500 1.9985 
1.17(He), 2-f 1100 4900 2.0025 

2 1.17(He), 2-s 1100 6100 2.000 
Padl AFO 

loglo Po, = 2 log10 - t - c21 
1.975 1.17(He), 2-f 1100 5200 1.9995 

P a  2.303 RT 

with A F ~  (callmole) = -118,000 +26,75 

is the standard free energy for the reaction 
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+ Ol(g) = 2HBO(g) .Po, Pa, and PE,O are the pres- 
sures of oxygen, hydrogen, and water vapor, re- 
spectively. Results of the measurements are shown 
in Table I. To ensure that equilibrium conditions 
were attained during the measurements, the experi- 
mental conditions were varied in several ways. 
Hydrogen-helium and hydrogen-argon mixtures 
were employed; ZrO* and ZrO,., were used as 
starting materials; rates of gas flow of 10 and 25 
cc/min were employed. Since the results obtained 
using these variations in the experimental procedure 
were approximately the same, it seems reasonable 
to assume that equilibrium was attained and that 
thermal diffusion effects (10) were minimized. Some 
experiments were attempted using a pure hydrogen- 
water vapor environment. Erroneous results were 
obtained. On the basis of weight pickup on oxida- 
tion, the compositions of the samples were closer to 
stoichiometric ZrOI than in the case of samples 
exposed to the diluted hydrogen gases. The oxidized 
powders were pink rather than white, probably 
indicating the presence of an impurity. Attempts to 
identify the impurity by chemical and spectrogra- 
phic analyses were unsuccessful. The reason for the 
erroneous results is, therefore, unknown. 

The color of the ZrOn powder changed gradually 
from white,to medium-gray as oxygen was removed 
from the structure. X-ray diffraction spectrometer 
tracings of nonstoichiometric powder samples, taken 
at room temperature, showed that the monoclinic 
structure of the stoichiometric oxide was unchanged. 
However, no attempt was made to determine if 
small changes in the lattice parameters occurred. 

An attempt was made to interpret the data in a 
manner similar to recent treatments of nonstoichiom- 
etry in such systems as MnO (14), TiO* (15), and 
UOp (16). Since the nonstoichiometry in ZrO, prob- 
ably results from the formation of anion vacancies 
(6,7), mechanisms of the following types were con- 
sidered. 

4Zr" + 20; =2AV + 0, (gas) + 4ZrQ [3] 

20' = 2AV + O2 (gas) + 4e 141 

The symbols have the meanings (AV) anion vacan- 
cies, (0') lattice anions, (Zr", Zr*) lattice cations, 
(e) electrons in the conduction band of the solid. 
These equations are representative and are not in- 
tended to exclude other possibilities. The data were 
not found to be amenable to treatments based on 
such mechanisms. It is felt, however, that the data 
are not sufficiently extensive or precise to test the 
available mechanisms adequately. From a qualita- 
tive point of view, the data appear unusual in 
several respects. The pressures of oxygen decrease 
with increasing temperature which indicates that 
the partial molar heats of solution of oxygen in the 
solid: &, are positive. Since the partial molar free 
energies of solution of oxygen, k, are large nega- 
tive terms (see Fig. I ) ,  and are related to the 
partial molar heats by the standard expression, 

%The partial molar properties are defined a8 the changes in the 
nmnertler of the svstem which occur when a mole of oxvaen is - - -- .- -- 
transferredtr&ge-gaaBphaseeattl a& pressure to a larie amount 
of the solid. The term "partial molar free energy of solution;' as 
used here. ia the negative of the term "nartial free enerm of dlaso- 

Is2 1.86 190 I .  198 2W 
O/P RATIO 

Fig. 1. Partiol molar free energies of solution of oxygen in 
za-.. 
- - - 
Fo, = Ho, - T S o ,  negative values for the partial 
molar heats would appear more probable. 

Partial molar free energies of solution of oxygen 
in ZrO,., calculated from the standard relationship, - 
For = RT In P o ,  are plotted in Fig. 1. Each plotted 
point represents an average of several values in 
Table I. The compositions at the metal-metal oxide 
phase boundaries are estimated from the data of 
Domagala and McPherson (1). The partial molar 
free energy value for the two-phase region at 
1000°C is that estimated by Kubaschewski and 
Dench (5). The partial molar free energy values at 
1100' and 900°C are estimated on 'the assumption 
that the partial molar free energy in the two-phase 
region varies with temperature in approximately 
the same manner as the free energy of formation of 
ZrOn. It is observed that the free energy curves cross 
in the nonstoichiometric region. The implication of 
this phenomenon is that the partial molar heat and 
entropy of solution each change sign in the non- 
stoichiometric region. Although this is thermody- 
namically possible, it seems unusual. The thermo- 
dynamic properties of the nonstoichiometric region, 
thus, appear to be complex and require further 
study. A factor which may effect the zirconia-oxy- 
gen equilibria is the monoclinic-tetragonal trans- 
formation which occurs in the vicinity of 80O0- 
1200°C (6,17,18). The effects of this transformation 
on the properties of the nonstoichiometric region are 
not known at present. 

Oxidation Kinetics 

Some typical rate curves for the oxidation of 
ZrO,., powder to ZrOI at an oxygen pressure, of 100 
rnrn Hg are shown in Fig. 2. The form of the rate 
curves indicates that a diffusion mechanism may be 
operative. A standard rate equation for the diffusion 
of a gas, at constant pressure, into uniform spherical 
particles (19,20) is 

elation" as used by-~ubaschewski and Dench (5). 
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0 EXPERIMENTAL PMNTS 
I I I / I I r I J I r 3  

THEORETW POINTS 

Fig. 2. Rate curves for the oxidation of 2rOl.m to Zr01 

C is the fractional completion of the reaction and 
has values from 0 to 1; a is the particle radius; t is 
the reaction time; K is a rate constant which is 
ordinarily a simple diffusion coefficient; in the case 
of the oxidation of ZrO,.,, however, K may be a 
more complex parameter. This is discussed further 
below. 

The rate data obtained on the oxidation of ZrOl.,a 
have been analyzed on the basis of Eq. [5] on the 
assumption that the powder may be approximated 
by the uniform sphere model. The experimental rate 
curves were compared to a theoretical curve of C 
vs. the parameter T = ~r'Kt/a'. The forms of the ex- 
perimental curves were found to be in good agree- 
ment with the theoretical curve in all cases. The 
value of the particle radius, a, calculated from the 
BET surface area and the density of the powder, was 
1.35 x lo4  cm. Some theoretical points, calculated 
on the basis of Eq. [5] using the K values shown 
below the curves in Fig. 2 are superimposed on the 
experimental data. The agreement is seen to be good 
except possibly toward the completion of the oxida- 
tion. The divergence at high C values may result 
from the fact that the powder has a distribution of 
sizes and shapes. As the smaller particles become 
fully oxidized, the rate of reaction decreases more 
rapidly than would occur in the case of uniform 
spheres. K values for the rate curves were calcu- 
lated by comparison with the theoretical curve. Plots 
of log K vs. reciprocal temperature are shown in 
Fig. 3 for oxygen pressures of 100 and 20 mm H$ 
The activation energy calculated from the slope of 
the log K vs. 1/T plot at an oxygen pressure of 100 
mm Hg is 58.0 kcal/mole. 

The parameter, K, would correspond to the diffu- 
sion coefficient for oxygen ions in nonstoichiometric 
zirconium dioxide, ZrO,., only if the mobility of 
oxygen ions in ZrO,. were much smaller than the 
mobility of electrons. In that case, the diffusion of 
oxygen ions would be the rate-controlling step in the 
oxidation. Measurements of the ionic transport num- 
bers in oxide films on zirconium (21) indicate that 
the mobilities of electrons and ions are comparable. 
The measured ionic transport number increased 
from 0.35 to 0.5 in the temperature range 50O0- 

\ E.510 f 2Kra l I  MOLE 

Fig. 3. Variation of the rate constant, K, with temperature 

650°C. These results indicate that both electronic 
and ionic transport processes are important factors 
in determining the rate of oxidation. The rate con- 
stant K, therefore, appears to be a complex param- 
eter containing the diffusion coefficients for the 
transport of oxygen ions and electrons. 

A few experiments were performed at an oxygen 
pressure of 20 mm Hg to determine if K varies sig- 
nificantly with pressure. On the basis of the simple 
diffusion mechanism leading to Eq. [5], the pres- 
sure dependence of K would be expected to be 
negligibly small. Equation [5] is based on the as- 
sumption that the surface of the powder becomes 
oxidized to stoichiometric ZrO* on exposure to oxy- 
gen. The value of K should be independent of 
moderate variations in pressure. The pressure de- 
pendence, noted in Fig. 3, appears to be significant 
and, hence, not in accord with the simple theory. 
It may be well to consider other factors than diffu- 
sion in explaining the oxidation of ZrO,.. The effect 
of space charge boundary layers in the vicinity of 
the oxide-gas interface may be of importance (22). 
Space charge effects have been po'stulated to be of 
primary importance in the oxidation of nickel and 
cuprous oxide (22). Experiments to determine the 
exact pressure dependence of the oxidation of non- 
stoichiometric ZrOl and the effect of the particle 
size of.the powder may be of great help in further 
elucidating the mechanism of oxidation. 

Quantitative comparison between film formation 
rates on zirconium and rates of oxidation of ZrO,.ma 
is difficult because of the uncertainty concerning the 
correct mechanism in each case. In the case of the 
oxidation of zirconium metal (6, 7, 9),  there is un- 
certainty with regard to the nature of the rate law 
(cubic or parabolic) and the activation energy 
(18-47 kcal/mole). The oxidation is further com- 
plicated by the dissolution of oxygen in the metal 
(23,24). It is evident, however, that the activation 
energy for the oxidation of ZrO,.,, 58.0 kcal/mole, 
is higher than the activation energies found for the 
oxidation of zirconium. Data obtained on the forma- 
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tion of oxide films on zirconium and the oxidation of 
ZrOl., have been examined in detail to determine if 
the two oxidation processes can be related. The com- 
parison was made by assuming similar mechanisms 
for the two processes. The fact that the oxidation of 
zirconium is a complex process involving film for- 
mation, transport of oxygen through the oxide film, 
and solution of oxygen in zirconium was taken into 
account. For the sake of brevity, the details of the 
comparison and the calculations that were made 
are not presented. The conclusion which was reached 
concerning the two processes is that the rates of 
oxide film formation on zirconium are much higher 
than would be expected from the rates of oxidation 
of nonstoichiometric zirconium dioxide. If, there- 
fore, the oxidation of ZrOl., represents, as assumed 
above, a case of oxygen transport through a bulk 
oxide phase, then the oxidation of zirconium prob- 
ably does not proceed primarily through the bulk 
oxide film. Short circuiting of some sort may occur 
to obtain the high rates of oxidation observed. Gul- 
bransen and Andrew (9) have suggested that the 
oxidation of zirconium at temperatures below 525°C 
proceeds via grain boundaries on other short-cir- 
cuiting paths. The lack of agreement between the 
rates of oxidation of zirconium and the rates of 
oxidation of ZrOl.m. a t  temperatures up to 650°C 
indicates that short circuiting may also occur in the 
oxidation of zirconium a t  temperatures above 525°C. 
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The Permeability of Aluminum to Hydrogen 
C. N. Cochran 

Alcoa Research Laboratwies, Aluminum Company of America, New Kensington, Pennsylvania 

ABSTRACT 

The permeability constant for hydrogen in aluminum at 500°C was found 
to be sensitive to surface films. The constant varied over a four hundredfold 
range in normal hydrogen atmospheres and over a thousandfold range in the 
presence of a glow discharge. These differences are attributed to the varying 

' 

ability of the respective surface films to catalyze the H. P 2H equilibrium and 
to bar the diffusion of hydrogen. Surface films having Kigh catalytic activity 
protect aluminum against attack by hydrogen generated in the reaction with 
water. 

Films of tungsten, iron, cobalt, nickel, molybdenum, chromium, and vari- 
ous halides reduced the permeability constants in the presence of the glow dis- 
charge. Etching with caustic reduced the permeability constant in normal 
unexcited hydrogen to as little as one hundredth of the value for untreated 
aluminum. A nickel-aluminum alloy formed an oxide film in water at 350'C . 
that is very impermeable to hydrogen. The permeability of 99% aluminum was 
measured at temperatures from 400" to 600'C and compared with other values 
in the literature. 

The dependence of the permeability of aluminum 
to hydrogen on heating time and surface conditions 
has been variously attributed to oxide films (1, 2), 
recrystallization of the metal (2), and rates of the 
dissociation and adsorption reactions on the surface 
(3). Surface films and alloy composition seem to 
be particularly important in controlling permeation 
by hydrogen generated in the corrosive reaction of 
water with aluminum at elevated temperatures. 
This reaction can lead to blistering of the surface 
and formation of hydrogen-filled voids within the 
metal (4) or, with liquid water above 200°C, to 
catastrophic attack of the metal (5). 

Stroup (4) found that the attack by water vapor 
could be reduced if the aluminum were heated in 
the presence of sodium, potassitlm, or ammonium 
fluoborate. Eborall and Ransley (6) noted that gas- 
sing of an aluminum-magnesium alloy at  600°C in 
16 mm pressure of water vapor was strongly re- 
tarded if the alloy was exposed initially to the 
vapors of concentrated hydrofluoric acid. Recently, 
Blackburn and Gulbransen (7) found that pre- 
treatment of high-purity aluminum in 1M HC1 at 
55°C inhibited blister formation and prevented gas- 
sing of the metal upon heating in water vapor a t  
600°C. Draley and Ruther (5) learned that the cat- 
astrophic attack of liquid water on aluminum at 
temperatures near 350°C could be reduced by addi- 
tion of 1% nickel to the aluminum. They suggested 
that the added nickel or any added metal that has a 
low hydrogen overvoltage may catalyze the forma- 
tion of hydrogen molecules at the oxide-metal inter- 
face. 

Equilibria and Reaction Rates 
The direct relationship of hydrogen solubility to 

the square root of the hydrogen pressure, as ob- 
served by Ransley and Neufeld (8), establishes that 
hydrogen dissolves in aluminum in monatomic form 
in accordance with Sievert's rule. The atoms may 
ionize to protons on dissolving in the aluminum, 
but the dissolved hydrogen will be referred to as 

atoms in this work. The observed solution and per- 
meation of hydrogen in aluminum from hydrogen 
at  1 atm pressure at  500°C results from the ex- 
tremely small equilibrium atomic hydrogen pres- 
sure of atm. Nascent hydrogen from the reac- 
tion of aluminum with water can be produced at  
pressures above this equilibrium value and cause 
increased diffusion into the metal if the equilibra- 
tion reaction with molecular hydrogen is slow. In 
the metal, this high concentration of atomic hydro- 
gen can equilibrate with molecular hydrogen at  
favorable sites (perhaps inclusions, shrinkage 
porosity, vacancies, etc.). The blisters and hydro- 
gen-filled voids that can form from this reaction 
are evidence that the pressure of molecular hydro- 
gen in these voids can reach high enough values to 
exceed the yield strength of the metal. 

The upper limiting equilibrium pressures that 
can result from reaction of water vapor with alu- 
minum to form alumina and hydrogen can be cal- 
culated from the following expressions. 

- (AF f'~~,o,-3AF f'n,o)/RT 
Pn? = Pnp e 

The equilibrium pressures given in Table I were 
calculated from these expressions. The last column 
gives the atomic hydrogen pressure in equilibrium 

Table I. Equilibrium in atmospheres hydrogen pressures 

2Alfe) tSHlO(1 atm)+ AtOa(c) t SHs(v) Hs(l atm)+ 2R 
'C  10s h, log Pa log Pn 



318 JOURNAL OF THE ELEC TROCHEMICAL SOCIETY April 1961 

with 1 atm of hydrogen. Free energy data for these 
calculations were taken from Selected Values of 
Chemical Thermodynamic Properties, Series 111, 
Tables 8 and 59, National Bureau of Standards. The 
symbols are the same as those employed in this 
reference. 

The extent to which reaction of aluminum with 
water can cause gassing and internal destruction of 
the metal is thus determined by kinetic considera- 
tions and can be controlled to a great extent by al- 
tering the nature of the surface or surface film. In 
the presence of a catalytically active surface, the 
hydrogen atoms can rapidly equilibrate with mo- 
lecular hydrogen that, under ordinary circum- 
stances, will be evolved at or below 1 atm pressure 
from the reacting surface. 

Ezperimental Approach 
The ability of various surface films on aluminum 

to catalyze the, equilibration of atomic with mo- 
lecular hydrogen and to bar hydrogen diffusion 
was determined for two conditions: (a) where an 
excess of atoms must reassociate on the surface, 
and (b )  where the atoms must be produced by dis- 
sociation of molecular hydrogen on the surface. 

The most direct means for producing condition 
(a) would be to generate the atoms by the reaction 
of water with the aluminum. However, the rate of 
the oxidation reaction declines rapidly as the oxide 
generated in the reaction forms a barrier film on 
the surface. Furthermore, it is very difficult to pre- 
vent oxide film formation during the preliminary 
outgassing operation necessary for such experi- 
ments. To circumvent these difficulties, the high 
concentration of hydrogen atoms required for con- 
dition (a) was generated in an electrical glow dis- 
charge at reduced pressure. 

Condition ( b )  was realized in an atmosphere of 
ordinary, unexcited hydrogen.' 

Apparatus 
The specimen consisted of a coil of Y4 in. OD alu- 

minum alloy tubing (16 to 20 turns, 6 in. long, 2-% 
in. to 2-% in. OD), closed at one end. It was placed 
at the center of a 12-in. long heated zone at 500°C 
in a vacuum-tight chamber. Both 1100 and 5050 
alloysg were used with wall thicknesses ranging 
from 0.041 to 0.081 cm. An aluminum alloy, X8001, 
containing 1% nickel and 0.5% iron, that showed 
exceptional resistance to corrosion by water at high 
temperatures and high pressures, was employed in 
a few tests. 

The apparatus is shown in Fig. 1. A 200-w glow 
discharge between the tubing and spark plugs in 
the two ends of the quartz tube was operated from 
a 1100 v, 2 kva transformer, fed from a 0-230-v 
adjustable autotransformer. A 500-w incandescent 

1 From the calculated partial pressure of atomic hydrogen (10-u 
atm) in equilibrium with 1 atm of hydrogen at 50OSC, and from 
the volume of the system it was calculated that the number of 
hydrogen atoms in the gris phase could not sustain the observed 
permeation rates for more than a few microseconds. Since the atoms 
could not possibly diffuse to the aluminum surface from even, 
point in the reaction chamber volume in this time, the hydrogen 
molecules must dissociate to the atoms on the surface of the alu- 
minum during the steady state as fast as they permeate the metal. 

%Nominal compositions 1100 Alloy 90% minimum A1 maximum 
limits 1% si + Fe, 0.2% CU, 0.05%'Mn, 0.10% Zn, o . i w  others: 
6050 Allov limits. 0.4% St. 0.7% Fe. 0.2% Cu. 0.1% Mn. 1.0-1.8% 
~ g .  o.I%-c~.  0.15% Zn. o.i5% others. 

Fig. 1 .  Apparatus for measuring permeability ~f aluminum 
to hydrogen. 

light bulb in the low voltage side served as ballast 
for the discharge. The hydrogen pressure, which 
was read on both a Pirani gauge and a mercury 
manometer, was held at 500 p while the glow dis- 
charge was operated. The hydrogen that permeated 
the tubing was pumped into a gas collection and 
measurement system. Temperatures were con- 
trolled to within f 10°C using a shielded thermo- 
couple located inside the coil of tubing. 

Procedure 
The tubing was degassed for at least 16 hr at 

500°C in the apparatus, or until the pressure in the 
reaction chamber was in the low micron range, and 
a pressure less than 5 x 10-"m was reached in the 
gas collection system. The tubing was tested for 
leaks by admitting either an atmosphere of com- 
mercial tank helium or commercial tank argon to 
the reaction chamber and observing any pressure 
rise inside the tubing. With a liquid-nitrogen cooled 
trap in the gas collection system, the rate of back- 
ground gas evolution was determined. Ordinarily, 
all of this gas was hydrogen, as determined by a 
hydrogen-sensitive McLeod gauge (9). Using com- 
mercial tank hydrogen, the gas collection rates at 
500 p pressure, at 1 atm pressure hydrogen, and at 
500 p pressure with the glow discharge operating 
were determined successively for at least 1 hr each. 
In most cases, the rates increased within the first 
% hr to values constant to within 210% over a 'h 
hr period. However, with samples having excep- 
tional ability to catalyze the hydrogen atom-hydro- 
gen molecule conversion, the rates in the glow dis- 
charge decreased for about the first 'h hr of meas- 
urement and reached values constant to within 
210%. Part of the fluctuation after the M hr period 
is explainable by cycling of the temperature about 
the control temperature. 

Permeability Constants and Relative Catalytic Activity 

The results are expressed as permeability con- 
stants, as listed in Table 11. For the samples tested, 
the permeability constants varied over one hun- 
dred thousandfold with the highest values being 
obtained in the glow discharge and the lowest 



Vol. 108, No. 4 PERMEABILITY OF ALUMINUM TO HYDROGEN 319 

Table II. Effect of surface films on permeability of aluminum 
alloys to hydrogen a t  5W°C 

Permeability constant 
ml cm 

X 10'0 
aec ems (mm) 11" 

0.5 mm Hs Relative 
Pretreatment 140 mm Glow catalytic 

Hz discharge activity 

None 
2 Minin5% HF, 25"-40°C 
2 Min in 2.5N HCl, 70°C 
1 Hr in air with NaBF,, 

500°C 
1 Hr in air with KBF,, 

600°C 
1 Hr in air with KBF,. 

500°C 
1 Hr in air with NH,BF,, 

.500°C! 
0.0006 i n .  Nickel plate, 

0.00005 in. copper strike 
and zinc immersion 
coating underneath 

0.00005 in. Copper strike 
and zinc immersion 
coating underneath 

0.0006 in. Cobalt plate, 
0.00005 in. copper strike 
and zinc immersion 
coating underneath 

0.0002 in. Iron plate 
0.0002 in. Chromium plate 
Above tubing with plating 

removed with scratch 
brush 

Metallized with molybde- 
num 

Metallized with tungsten 
in plasma flame 

10 Min, 20% NaOH, 25°C 
Alcoa R-5 bright dipa 

process 
X8001 Alloy (1.0% Ni, 0.5% Fe. remainder similar to 1100 alloy) 

None 6.6 1200 0.006 
In water 24 hr at 360°C 0.1 16 0.006 

5050 Alloys 

None 
2 Min in 5% HF, 25"-60°C 
2 Min in 2.5N HCl, 70'C 
120 Min, saturated NaCl, 

110°C 
1 Hr in air with NaBF,, 

500°C 
1 Hr in air with KBF,, 

500°C 
1 Hr in air with NKBF,, 

.5nn0c - - -  - 
Nickel immersion coating, 

inside and outside sur- 
faces (electroless proc- 
ess, 20 min, 200°F) 

10 Min in 20% NaOH, 
20°C 

10 Min, 20% KOH, 29"- 
45'C 

1  in, bright dip 

'1:0% St + Fe, 0.2% Cu, 0.05% Mn, 0.1% Zn, 0.15% others, 
nomlnal composition. 

%0.4% Si. 0.1% Fe. 0.2% Cu. 0.1% Mn, 1.0-1.8% Mg. 0.10% Cr. 
0.25% Zn, 0.15% others, nominal composition. 

Patented process. 

values being obtained in the atmosphere of ordin- 
ary hydrogen. 

Differences in permeability constants from sam- 
ple to sample can result not only from differences 
in the ability of the surface films to catalyze the 
hydrogen atom-molecule reaction but also from 
differences in diffusion barriers at the surfaces as 
well. These barriers can result from the surface 
treatments and from oxidation during outgassing. 
The ratio of the permeability constant in unexcited 
hydrogen to the permeability constant in the glow 
discharge offers a means for separating the barrier 
and the catalytic effects. If the barrier lowers the 
permeability constants for both cases by propor- 
tionate amounts, this ratio cancels out the barrier 
effect and expresses in a rough and perhaps non- 
linear way the catalytic action of the surface film. 
This ratio is designated the relative catalytic ac- 
tivity. 

The values found for this ratio covered a three 
hundred thousandfold range in this work. Ideally, 
this ratio should reach a maximum value of unity 
for a perfect catalyst. Actually, a value of three 
was found experimentally for a chromium plated 
1100 alloy tube. This high value may have resulted 
from oxidation between the time the permeability 
was measured in the normal atmosphere and in the 
glow discharge. This oxidation could have been 
caused by sorbed oxidizing gases that were released 
by ion bombardment when the glow discharge was 
operated. Regardless of the source of the discrep- 
ancy, a value of three is considered sufficiently 
close to unity to justify the concept of catalytic ac- 
tivity, considering the many orders of magnitude 
that this quantity covers. 

It might be expected from this catalytic mechan- 
ism that the same surface films which increase the 
permeability constant in the normal atmosphere 
should decrease the permeability constant in the 
glow discharge. This relationship, if it exists, may 
be masked in most of the results by the effect of the 
diffusion barriers at the surface. However, one in- 
dication of this dependence was obtained with the 
tube of 1100 alloy which has been chemically 
brightened by the Alcoa R-5 bright dip process. In 
this study, it had the highest permeability constant 
in the glow discharge and the lowest permeability 
constant in the normal atmosphere of hydrogen. 
Also, the surfaces which had the very highest per- 
meability constants in the normal atmosphere of 
hydrogen had low permeability constants in the 
glow discharge. 

Halide Films 
All three of the halide surface treatments that 

were shown by previous workers to reduce permea- 
tion of corrosion hydrogen were found to increase 
the catalytic activity from the values found for un- 
treated surfaces, principally by reducing the per- 
meability in the glow discharge. The most effective 
of these for 1100 alloy was heating in the presence 
of ammonium fluoborate in air for 1 hr at 500°C. 
For testing the fluoborates about 25 g of the appro- 
priate fluoborate in a quartz dish was placed with 
the sample in a preheated electric muffle furnace 
(% ft' volume) and the furnace door was closed. 
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meability of aluminum to hydrogen at  580°C varied 
strongly with the condition of the surface. Abrad- 
ing the inside and outside surfaces of their samples 
in hydrogen increased the diffusion rate manyfold. 
After abrading, these rates declined to about half 
of the initial values within M hr and to one tenth 
of the initial value within 5 hr. They attributed this 
decline to formation of barrier films on the surface. 
Their highest rates are about twenty times higher 
than the value interpolated from the measurements 
of this work. 

Russell (2) obtained similar results with a decay 
in permeability constant from 110 x lo-" to 2 x lo-'' 
ml cm/sec cm* (mm)'" after prolonged heating at 
500°C. He indicated both recrystallization and grain 
growth as well as thermally formed barrier oxide 
films as possible explanations. 

The oxidation of samples observed in both the 
Smithell-Ransley and the Russell work indicated 
the presence of water vapor in the hydrogen. Part 
of the atomic hydrogen formed in the reaction of 
the water vapor with the aluminum surface could 
have diffused through the surface and led to er- 
roneously high permeation rates for the hydrogen 
pressure employed. When the oxide reached its 
ultimate thickness (1 hr at 580°C; 16 hr at 500°C) 
(13), the rate of the oxidation reaction may have 
reached a low enough level that it did not contrib- 
ute much to the observed hydrogen permeation 
rate. However, the oxide formed by the water-metal 
reaction may have limited the permeation rate ob- 
served at  this time. 

The products of the solubilities and the diffusion 
constants measured by Eichenauer and Pebler (10) 
and also by Ransley and co-workers (8, 11) indi- 
cate that the initial rates obtained by Smithells and 

Ransley and by Russell are probably high. The data 
of Eichenauer and Pebler very closely match the 
values found in the present work. Most of the pos- 
sible errors (slow dissociation of hydrogen, slow 
permeation of an oxide barrier, slow dissolution or 
ionization steps, etc.) in assuming that the products 
of solubilities and diffusion constants are equal to 
permeability constants lead to higher values for the 
products. Most of the differences are in the other 
direction. 

Manuscript received July 1, 1960; revised manu- 
script received Nov. 21,1960. 

Any discussion of this pa er will appear in a Dis- 
cussion Section to be publisged in the December 1961 
JOURNAL. 
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Oxidation of High-Purity Aluminum and 
5052 Aluminum-Magnesium Alloy a t  Elevated Temperatures 

C. N. Cochran and W. C. Sleppy 
Alcoa Research Laboratories, Aluminum Company of Amevica, New Kensington, Pennsylvania 

ABSTRACT 

Oxidation of chemically polished high-purity aluminum in dry oxygen, 
water vapor, and moist air at temperatures from 450' to 640C0 is characterized 
by a near-linear reaction rate to a weight gain of 3 rg/~m: followed by a rate 
that decreases rapidly with further weight gain. Oxidation beyond the 5-7 
@g/cma weight gain range is very slow. Oxidation is slightly faster in the moist 
atmospheres than in dry oxygen at temperatures above 550°C. Oxidation of a 
commercial aluminum-magnesium alloy (5052) in dry oxygen and in moist 
air is much faster than for high-purity aluminum and proceeds to much higher 
weight gains. The rate does not conform to any recognized oxidation law, but it 
is more nearly parabolic than linear. The much higher weight gains obtained 
by other workers who used mechanically polished samples of both high-purity 
aluminum and aluminum-magnesium alloy are attributed to surface roughness. 
Electron diffraction examination of oxidized specimens show only eta alumina 
on the high-purity metal and magnesium oxide on the aluminum-magnesium 
alloy. 

Previous studies of the oxidation of solid alumi- 
num at elevated temperatures showed differences in 
the amount of oxide formed and in the oxidation law 
followed. Of the more comprehensive studies, Gul- 
bransen and Wysong ( I ) ,  Smeltzer (2), and Ayl- 
more, Gregg, and Jepson (3) found that weight 
gains of metallographically polished high-purity 
aluminum in oxygen exceeded the 30 sg/cm' level 
before the rate diminished sharply. Gulbransen and 
Wysong found in 2-hr tests that a parabolic law was 
obeyed from 350' to 475°C and a linear law from 
500" to 550°C. Smeltzer found that oxidation fol- 
lowed a two-step parabolic law during the early 
stages, then decreased to a lower rate after the 
weight gain had reached 30-40 pg/cm" The time 
required for completion of the initial rapid rate de- 
creased from 20 hr a t  450°C to 1 hr a t  600°C. Ayl- 
more, Gregg, and Jepson found that oxidation 
curves were parabolic after the first 2 hr  at  400°C 
but had three distinct branches a t  higher tempera- 
tures, each with a succeedingly lower rate. They 
explained their results in terms of an amorphous 
oxide which forms initially and crystallizes to eta 
alumina. 

Using chemically polished samples of high-purity 
aluminum, Hunter and Fowle (4) learned that, upon 
oxidation, eta alumina formed to a thickness of 160- 
210A (2.7-3.4 pg/cm* for an oxide density of 3.4 
g/cma) a t  temperatures above 475°C. Below 450°C, 
the oxide was amorphous and did not grow beyond 
50A. They noticed no difference between oxidation 
in air and in oxygen, but oxidation in moist air from 
125' to 275'C was slower than in dry air, although 
the same ultimate thickness was reached. Their oxide 
thickness determination was to measure the voltage 
required to cause normal current leakage through 
oxide films in a nondissolving electrolyte, and to con- 
vert this to oxide thickness by the relationship that 
1 v = 14A for barrier oxides on aluminum. 

A possible explanation for the differences in the 
references just cited was contained in the work of 
Lewis and Plumb (5, 6) on the effect of surface 
preparation on the surface roughness of aluminum. 
Using both radiochemical and electrochemical meth- 
ods of surface area determination, surface rough- 
nesses as high as twenty-five times the geometric 
area were found after some special polishing proced- 
ures. They showed that "as-rolled" metal had a 
roughness of 2.5, a carefully dry-machined surface 
had a roughness near 1.5, and a chemically polished 
surface had a roughness slightly greater than 2. 

Plumb showed that an initially rough surface be- 
comes smoother as oxidation proceeds. Oxidation of 
a surface roughened by abrasion with No. 320 aloxite 
cloth smoothed the surface from a roughness of 6 at  
an oxide thickness of 30A, to 4 a t  an oxide thickness 
of 100A, with further decrease with continued oxida- 
tion. Data for oxidation of such a surface would be 
misleading, not only with regard to the thickness of 
oxide that forms, but also to the oxidation law that 
is followed, since the area of the reacting surface 
would decrease with oxide thickness. 

Gulbransen and Wysong (1) and Aziz and Godard 
(7) reported that unpolished aluminum surfaces 
gained much less weight than mechanically polished 
ones, but did not ascribe the differences to surface 
roughness. 

Blackburn and Gulbransen (a), aware of the 
effects of surface roughness, investigated the oxida- 
tion of chemically polished 99.993% aluminum in 
water vapor, dry oxygen, moist oxygen, and moist 
hydrogen at  temperatures between 500" and 625°C. 
The oxidation rate was strongly temperature de- 
pendent and decreased markedly at  the 5-6 pg/cm2 
level. The data failed to fit any theoretical oxidation 
law. The oxidation rate in 0.1 atm water vapor was 
about twice that in 0.1 atm dry oxygen throughout 
this temperature range. The initial portions of the 
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curves were linear, except for ones obtained at tem- 
peratures below 550°C. The rate for the first 0.5 to 
1.0 pg/cmP was more rapid than for the subsequent 
gain. In comparing the results of Blackburn and 
Gulbransen with those of Smeltzer, it would appear 
that the latter's high-purity aluminum samples ac- 
tually had surface roughnesses of 8-10. 

Aylmore, Gregg, and Jepson (3) obtained lower 
amounts of oxide per unit surface area if they in- 
terrupted the oxidation with vacuum anneals at 
500°C. They explained that crystallization and sin- 
tering of the oxide continued during the vacuum 
anneal and reduced the rate of the subsequent oxida- 
tion. Possibly the metal surface may have sintered 
also during these anneals to give a more planar sur- 
face to account for the lower levels of oxidation 
after annealing. 

Using metallographically polished samples, Smelt- 
zer (9) found that oxidation of an aluminum alloy 
containing 3% magnesium was immeasurably low 
below 200°C. Above 350°C, oxidation was parabolic, 
transforming to a linear rate when the weight gain 
reached 10 pg/cma. Weight gains as high as 70 pg/cm9 
were found in 10 min at 550°C. Selective oxidation 
of magnesium in the alloy at temperatures above 
400°C formed a film of MgO and MgAIPO, that con- 
tained aluminum inclusions which imparted a black 
discoloration to the alloy surface. The oxidation 
rate was found to be less than the magnesium evap- 
oration rate at all temperatures. 

Methods and Materials 
Two measuring methods were employed in the 

present investigation. First, the weight gain during 
oxidation was determined with an automatic record- 
ing vacuum microbalance (lo), and second, the de- 
crease in pressure of oxygen was measured as the 
metal oxidized in a fixed volume (11). 

High-purity aluminum and the aluminum-mag- 
nesium alloy, 5052, were investigated. The compo- 
sition of these materials, determined spectroscopic- 
ally is given in Table I. 

Table I 

Element % 

High-purlty aluminum 
Cu 0.004 
Fe 0.001 
Si 0.003 
Mg 0.004 
zn 0.003 
Mn, Ni, Cr, 

Ti, Pb <0.001 
5051 Alloy 

The samples were usually 0.003 in. thick alumi- 
num foil, 4x2 in. for the manometric measurements, 
and 2 ~ 1 %  in. for the gravimetric measurements. 

Unless otherwise specified, the surfaces of samples 
for both methods were smoothed and freed of thick 
oxide by chemical polishing by the Alcoa R5 Bright 
Dip' process. A rinse in 50% nitric acid solution and 
several rinses in distilled water followed by drying 
in air completed the sample preparation. The oxide 
layer on the surface after this treatment is thought 
to be 20-30A thick which is equivalent to a weight 
gain of approximately 1/3 to 1/2 pg/cms. This is not 
included in the weight gains reported here. 

Gravimetric Method 
A sample was suspended from one arm of the mi- 

crobalance and evacuated to the 10- mm Hg pressure 
range for 6 hr at room temperature. With a pre- 
heated furnace pulled over the Vycor tube enclosing 
the sample, the desired temperature was reached 
within 20 min. In heating the 5052 alloy samples to 
temperature, magnesium evaporated rapidly above 
500°C. In the higher temperature experiments, this 
loss may have been great enough to affect the course 
of the oxidation curve. 

The desired atmosphere was introduced to begin 
the experiment. Regular tank-grade oxygen was 
purified by passing through a train of ascarite, heated 
platinum foil, and magnesium perchlorate. Room 
air was saturated with water vapor at 23OC by 
bubbling it through a fritted glass disk immersed 
in water. Vacuum-distilled water in a trap at 0°C 
was employed for oxidation in water vapor alone. 

Temperatures were controlled to within ' 0.5"C, 
employing a thermocouple sealed into the refrac- 
tory coil form of the furnace. The relationship be- 
tween temperatures at the couple and temperatures 
at the sample was established in blank experiments 
with thermocouples sealed inside the vacuum system 
at the inside fold of the top, middle, and bottom of 
the sample. The temperature at the top and bottom 
averaged lo and 0.5OC higher than the temperature 
at the middle position. The temperature at the con- 
trol thermocouple averaged 25OC higher than the 
average sample temperatures through the whole 
temperature range. 

Manometric Method 
The manometric apparatus is illustrated in Fig. 1. 

Two identical all-quartz cells were mounted side by 
side inside a 4 in. diameter Kanthal wire-wound 

1 Patented proceaa. 

Be, Sn, Bi < O . O O ~  Fig. 1 .  Manometric apparatus 
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furnace core. One of the cells contained an aluminum 
sample and the other cell was used to compensate 
for pressure changes resulting from changes in the 
furnace temperature. A differential oil manometer, 
tilted at an angle of 60' and filled with Octoil-S 
oil, was connected between the tubes leading to the 
cells. The cells were evacuated, outgassed, and 
brought slowly to temperature; then 200 mm of dry 
oxygen was expanded into both quartz cells simul- 
taneously through the T-bore stopcock Ss. This stop- 
cock was closed quickly and the differential pressure 
recorded at suitable time intervals for periods up to 
100 min. 

The respective temperatures of the sample and of 
the cooler zones leading to the room temperature 
portion of the system all were constant to within 
-e 1°C during the course of an experiment. The 
maximum temperature difference from either end 
of the sample to the middle of the sample never ex- 
ceeded 7°C. 

The modified mercury manometer support, illus- 
trated in Fig. 1, was used to determine if any signifi- 
cant oxidation was missed in the first second of ex- 
posure to oxygen before stopcock Ss could be closed. 
Before the start of the measurement, oxygen at a 
pressure of 350 mm was admitted from the manifold 
to the volume confined by stopcocks S,, S ,  and S,. 
Stopcock Ss was then closed. The trapped gas was 
expanded into the empty cell by opening stopcock 
Si. Stopcock Ss was then opened, allowing a similar 
amount of gas to expand into the cell containing the 
aluminum. The mercury manometer immediately 
fell to a low reading, and, since S, was already 
closed, any reaction which occurred during the first 
instant of contact of oxygen with the aluminum was 
registered on the manometer. This reaction was 
found to be negligibly low. Blank runs were made at 
temperature to establish the pressure correction 
resulting from the small difference in volume be- 
tween stopcocks Sa and Ss and the volume between 
stopcocks S, and S, 

Some experiments were conducted in which the 
reactant gas was introduced into the sample cham- 
ber at room temperature after degassing the foil or 
wire sample for several hours under high vacuum. 
The sample then was heated to the desired temper- 
ature and held for a long enough time for the low 
rate portion of the oxidation curve to be reached. 
The amount of oxidation indicated by the pressure 
difference (corrected by pressure difference devel- 
oped in a similar experiment with no aluminum 
present) was the same as when the sample was oxi- 
dized to the same low rate portion of the oxidation 
curve using the normal procedure. This proves that 
preoxidation of the aluminum before admitting the 
oxygen was negligible. 

Sample calculatioq of manometric data.-The 
weight gain of the aluminum is given in terms of the 
experimentally measured quantities by Eq. [I]. 

where 

and p is the density of the manometer fluid in g/ml; 
Po, the gas pressure in mm Hg; R, the radius of the 
manometer capillary, cm; AW, the weight of oxygen 
consumed in pg; h, the reading on the differential 
manometer, mm; Tx, the temperature of the tubing 
outside the furnace, OK; V,/T,, the volume in ml of 
sample cell at temperature T,, divided by the tem- 
perature T, in OK; Vc/T',, the volume in ml of refer- 
ence cell at temperature T, divided by the tempera- 
ture T, in OK. 

The first term in Eq. [I] arises from the consump- 
tion of oxygen by the metal specimen in the sample 
chamber. The second term is a correction for changes 
in the room temperature volume due to the rise and 
fall of oil in the manometer arms and for differences 
in the volume-temperature terms of the reaction 
and reference cells. 

In a typical experiment at 600°C, K, = 2.03, and 
Kz = 0.746. 

Surface Roughness 
The effect of surface roughness on oxidation was 

demonstrated in a number of tests (Fig. 2) in which 
the surfaces of high-purity aluminum samples were 
given various treatments before they were oxidized 
on a manually operated version of the microbalance 
used in this work. One treatment consisted of polish- 
ing the sample with 000 metallographic paper under 
a solution of paraffin in kerosene, as done in a num- 
ber of the published works on the oxidation of alum- 
inum (1-3). This resulted in weight gains which 
were about five times higher than for as-rolled ma- 
terial and about ten times higher than for the chemi- 
cally polished samples. 

It might be thought that polishing removed a film 
from the as-rolled material which prevented oxida- 
tion, and that the R-5 treatment caused a film which 
further limited oxidation. These possibilities are 
disproved by the finding that continued polishing to 

0 1 2 3 4 5 6 7  
HOURS 

Fig. 2. Effect of surface roughness on oxidation of high- 
purity aluminum foil at 525'C in 25 cm of moist air. 
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progressively finer finishes, i.e., 0000 metallographic O 

paper and a magnesium oxide polish, lowered the s: 
weight gain on oxidation to the value obtained with 2 
the R-5 treated sample. z e : = 

Oxidation of samples that had been etched with a :; solution of hydrochloric acid and copper nitrate at :: 
80°C (Alcoa U.S. Patents 2,796,334 and 2,796,335) zi 
gave weight gains about twenty times higher than z 5  
for the R-5 treated samples. Additional evidence that 3: 
these differences are produced by surface roughness 
is provided by measurement of the surface roughness I I Y C ,  YlWUIEI  

of several of these samples by the radioactive phos- Fig. 5. Oxidation of chemically polished high-purity alu- 
p~oric-c~romic acid method of ~~~i~ and plumb minum in 50 mm of air containing 1.4 mm of water vapor. 

(5). Relative roughnesses of 17-21, 1.8, and 1.0 were 
measured, respectively, for etched, as-rolled, and 
R-5 Bright Dip samples. 

The different shapes for the oxidation curves iY 
shown in Fig. 2 may result from the spacing of the : g 
individual asperities relative to the thickness of ox- 2 
ide that forms. The linearity of the initial portions of : 5 1 0  
the curves for the chemically etched surface implies : 
that the high roughness factor of these samples 3: 
(17-21) results from asperities separated by at j b  
least the thickness of the barrier film that forms g 
during oxidation. The rounding of the oxidation o,, 

curves for the samples polished with 000 paper and 
' 

TIME. MINUTES 

0000 paper indicates that the asperities that cause 
the roughness in these cases are more closely spaced f' p,"zzf ~ a ~ , h ~ ~ ~ ~ ~ ~ y  polished high-purity 'Iu- 

such that the oxide films forming on adjacent asper- 
ities meet before the barrier thickness is reached. 
This would cause a reduction in oxidizing area as Oxidation Rates 

oxidation proceeds. The results from the oxidation of high-purity 
aluminum in 150 mm of dry oxygen, as measured by 
the manometric method, are shown in Fig. 3. The 

Fig. 4. Oxidation of chemically polished high-purity alu- Fig. 7. Oxidotion of chemically polished 5052 aluminum 
minum in 50 mm of dry oxygen. alloy in 50 mm of dry oxygen. 

k 6 1 1 3  

= 

12s-c - 

results by the gravimetric method are shown for 
oxidation in 50 mm of dry oxygen in Fig. 4; for 50 
mm of air containing 1.4 mm of water vapor in Fig. 
5; and for 4.6 mm of water vapor alone in Fig. 6. 
Data were taken over a temperature range of 475"- 
640°C in all cases. 

Oxidation of 5052 alloy in dry oxygen and moist 
air was measured by the gravimetric method over a 
temperature range of 350'-550°C. The results are 
shown in Fig. 7 and 8, respectively. 

High-Purity Aluminum 
o o PO 4 0  80 80 100 120 140 The agreement between data obtained by the 

TIME, MINUTES manometric and the gravimetric methods is good. 
Fig. 3. Oxidotion of high-purity aluminum in 150 mm of dry Differences between the two were of the same order 

oxygen, manometric data. of magnitude as deviations between. identical ex- 
periments on the same system. The only appreciable 

: lo 

I 

U Y 

Y .  = L = 
2 > 0 VI . : 1.0 
W Y  - p i  

z & : : 
: b 

0 0.1 
I I 
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Fig. 8. Oxidation of chemically polished 5052 aluminum 
alloy in 50 mm of air containing 4.6 mm of water vapor. 

differences approached f 0.15 rg/cm' and occurred in 
the first 5-10 rnin of oxidation. The oxidation data 
do not follow any of the known rate formulas in any 
of the atmospheres tried. Except for a few cases at 
the lower temperatures, the initial stages of oxida- 
tion appear to be linear. Below the 1 pg/cmS weight 
gain level, the reaction accelerates and reaches a 
maximum between 1 and 2 pg/cml. The rate begins 
to decline between 3 and 4 pg/cmg. Beyond this it 
decreases rapidly to a much lower rate in the 5-7 
pg/cm' range. The oxidation rates in all three atmos- 
pheres were surprisingly similar, even though the 
pressure employed in the oxidations with water 
vapor was less than one-tenth of that employed in 
the oxidations with dry oxygen. Gulbransen and 
Wysong (1) have shown that the amount of oxida- 
tion after 2 hr in dry oxygen at 500°C was only 20% 
greater at 7.6 cm pressure than at 0.076 cm pressure. 
However, Wilkins and Wanklyn (12) have shown 
that the corrosion rate of an aluminum-nickel alloy 

' 

at 325'C increased as the fourth power of the steam 
pressure in the pressure range from 550 to 1520 psi. 
In this work, the rates in the moist atmospheres were 
slightly faster than in dry oxygen at each tempera- 
ture above 550°C. Below 55OoC, the opposite was 
true. The rates in moist air were about the same as 
in water vapor, indicating that the basic kinetic re- 
actions are not altered by the presence of oxygen 
and nitrogen. This is similar to the findings of Black- 
burn and Gulbransen (8), in which the rates in 
moisture alone and in combination with oxygen or 
hydrogen, were essentially the same. The time re- 
quired for the oxidation to reach the low rate repre- 
sented by the nearly horizontal straight line in the 
figures decreased from 4000 min at 475°C to around 
20 min at 640°C. 

5052 Alloy 

Oxidation of 5052 alloy is much faster and pro- 
ceeds to much higher weight gains than in the case 
of high-purity aluminum at any of the temperatures 
tried. The oxidation curves showed no sign of level- 
ing off in a fixed weight gain range. The slopes of the 
curves are generally less than that corresponding to 
linear oxidation and approach those for parabolic 
oxidation, particularly in moist air. The curves are 
quite irregular in shape, and data obtained at differ- 
ent temperatures overlap in many cases. Samples 
which had considerable magnesium losses during 
the 20 min period that the samples were heated to 
temperature showed less oxidation than ones in 

which there was no magnesium loss. Magnesium 
evaporation was prevented if a trace of water vapor 
at the 10- mm Hg pressure level was present in the 
balance envelope. 

The rate of magnesium evaporation from unoxi- 
dized surfaces in vacuum was much greater than 
the oxidation rate of the same metal exposed to an 
oxidizing atmosphere. The weight losses of mag- 
nesium in the 20 min heating period for the experi- 
ments at 550°C in dry oxygen were, respectively, 75 
and 145 rg/crn? compared to subsequent oxidation 
weight gains of 32 and 55 rg/cms, respectively, in 
4000 min. This bears out Smeltzer's (9) findings that 
diffusion of magnesium to the metal surface is not 
normally a rate-determining step in this oxidation. 

The temperature dependence of the oxidation rate 
of 5052 alloy found in this work is much less than 
found by Smeltzer for an aluminum -3% magnesium 
alloy. The rate of weight gain in his work is roughly 
ten times greater than in this work at 550°C. This 
factor decreases to 6 at 500°C, 3 at 450°C, 1 at 400°C, 
and % at 350°C. The large difference at higher tem- 
peratures could be explained by the same surface 
roughnesses of 8 to 10 found for Smeltzer's work 
with high-purity aluminum. The reason for the 
smaller differences at lower temperatures is not ap- 
parent unless it is associated with the additional 
components in 5052 alloy compared to the binary 
alloy used by Smeltzer. 

Nearly all of the samples oxidized in water vapor 
and moist air developed small blisters on the sur- 
face, but none were formed in dry oxygen. Black- 
burn and Gulbransen (8) found that all of their 
samples that were oxidized in water vapor blistered 
either on grain boundaries or along lines parallel to 
the rolling direction except ones partially oxidized 
in dry oxygen or pretreated in 1M HC1 solution. They 
found that the rate of oxidation of the HCI treated 
sample in water vapor at 600°C was the same as for 
untreated aluminum. By vacuum fusion they found 
only 0.8 ml/100 g of hydrogen in the oxidized HC1 
treated sample compared to 2.8 m1/100 g for an 
oxidized specimen which had not received the HC1 
treatment. In the present work, this effect of HC1 
has been verified. In addition, treatment of 5052 
alloy with the decomposition vapors of ammonium 
chloride or ammonium fluoborate prevented blister- 
ing. Treatment with aqueous solutions of lithium 
or potassium fluoride did not prevent blistering. 
Free energy relationships show that neither lithium 
nor potassium fluoride can react with any of the 
components in this metal. The mechanism by which 
these surface treatments prevent blister formation 
was shown to be catalysis of the 2H = H* equilib- 
rium at the reaction surface and formation of bar- 
rier films (13). 

The cause for faster oxidation in the presence of 
water vapor is not established, A possible explana- 
tion is that blistering may disrupt the oxide film and 
expose fresh metal surface to the oxidizing atmos- 
phere. The surface roughness would be greater after 
oxidation than before in this case. An attempt to 
measure surface roughness after oxidation by the 
method of Lewis and Plumb (5) failed when the 
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Critical pH and Critical Current Density for Passivity in Metals 

Herbert H. Uhlig 
Col.rosion Laboratory, Department of Metallurgy, Massachusetts institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Based on electrochemical mechanisms, an equation is derived for the rela- 
tion of pH to the critical current density necessary to passivate metals: i(crit.1 
= K(H+Ia where K and h are constants. Accordingly, a linear relation beween 
log i(crit.) and pH is observed for Cr, Ni and 14% Cr-Fe alloys. When passivity 
occurs by reason of dissolved oxygen, it is shown that i(crit.) usually equals 
the limiting diffusion current density for 0.. A critical pH exists above which 
passivity is stable, but not below. This critical pH decreases linearly with the 
logarithm of dissolved OD concentration. Calculated and observed values for 
the critical pH of 14% Cr-Fe alloy are in reasonable agreement. 

In absence of 0, passivity is achieved when the rate of reduction of H+ ex- 
ceeds i(crit.). Metals in this category must have Flade potentials more active 
than the hydrogen electrode in the same solution. More active Flade potentials 
accompany greater thermodynamic stability of the passive film, accounting in 
part for greater resistance to breakdown of passivity by speciflc anions. Among 
the metals in this category achieving high corrosion resistance in deaerated 
acids are Ti, Ta, Zr, and Mo. 

Some metals with a pronounced tendency to cor- 
rode nevertheless react with their environment at a 
very low rate and are said to be passive. For certain 
metals, passivity results from exposure to air or to 
an oxidizing medium; for others passivity occurs in 
almost any aqueous solution. It is characteristic of 
passive metals, as presently considered, that their 
corrosion potentials in the passive state are more 
noble than their activation or Flade potentials, the 
latter marking the potential which divides the active 
from the passive region. The Rade potential of iron, 
for example, is determined empirically as the least 
noble value of the potential arrest just before spon- 
taneous decay of passivity to the active state. 

In general, hydrogen ion activity is one of the 
variables in a given aqueous environment determin- 
ing passivity, and a critical pH exists which marks 
the boundary between stable and unstable passivity. 
This concept was first discussed by Rocha and Len- 
nartz (1 )  in connection with passivity in the Cr-Fe 
alloy system. The present paper deals with the rela- 
tion of critical pH to Flade potential and the evalua- 
tion of critical pH from a knowledge of polarization 
and potential behavior. 

Anodic Polarization Curve 
The shape of the anodic polarization curve deter- 

mined potentiostatically for a metal like iron in a 
dilute electrolyte, e.g., H,SO,, (neglecting local ac- 
tion current) is given schematically by curve EBFG 
in Fig. 1. On flow of current, the potential moves in 
the noble direction from the equilibrium potential at 
E. for Fe s Fe" + 2e to the critical potential for 
passivity B corresponding to the critical current 
density, i(crit.). The critical potential at B for iron 
approximates the Flade potential E,, but in 1N &SO, 
tends to be somewhat more active probably because 
the surface pH is slightly higher than in the bulk 
of solution. Further change of potential results in 
reduction of the steady-state current density to a 
very small value i, corresponding to the passive 
state and a low corrosion rate. The current again 
increases at a potential corresponding to evolution 
of oxygen, with some increase in corrosion of the 
electrode. This is called the transpassive region. For 
passive Cr, corrosion occurs with formation of CreO,' 
equivalent to Faraday's law before the 0, potential 
is reached, and hence increased corrosion may take 
place in the transpassive region without OI evolu- 
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Fig. 1. Cathodic and anodic polarization curves showing 
effect on passivity of dissolved oxygen. 

tion. Nickel behaves similarly forming Ni" in both 
the passive and transpassive regions. 

The Flade potential E, is related to pH of the so- 
lution in which passivity decays by 

where n for iron is unity (2), but which is reported 
to be as low as 0.5 for Fe-Cr alloys or Cr cathodically 
activated (1). The term n, however, is also approxi- 
mately unity for the latter metals when they are 
self-activated by immersing in acids of specific pH 
(3). Knowing the equation, therefore, expressing 
anodic polarization of the metal, and the initial equi- 
librium potential for the anodic reaction, one can 
evaluate the relation between i(crit.) and pH at the 
intersection of the polarization curve with the criti- 
cal potential for passivity, or the approximate Flade 
potential. The equation for anodic polarization is 
given by the sum of terms representing activation 
polarization, concentration polarization, and IR drop 
through films at the surface of the electrode. The ac- 
tual potential at the metal surface determining 
whether or not the passive film can form is inde- 
pendent of potential drop through surface films (e.g., 
FeSO,), hence the IR term should be omitted for 
oresent considerations. Assuming that the critical - 
potential at B is approximated by the Flade poten- 
tial 

E. - E, = Activation polarization 

+ Concentration polarization [2] 

Activation polarization is given by the usual Tafel 
relation RT/azF In i./i." where i." is the exchange 
current density, a is the transfer coefficient, i. is the 
current density required to polarize to potential EF, 
and z is the valence of metal ion. The term i." may 
depend on H+ activity, which can be expressed by 

ino = k (w)* C31 

where k and y are constants. Heusler (4) observed 
an hydroxyl ion dependence of i." for iron in H,SO, 
consistent with Eq. [3]. 

On the other hand, the concentration polarization 
RT i. 

term (5) is given by - In ( I  + =) where A 
zF 

is the activity of metal ion in solution away from 
the metal surface. It is equivalent to the activity 
of metal ion at the electrode surface when the metal 
is first immersed in an electrolyte initially free of 
metal ions, hence A is almost always small. The 
term k' = DnF/G(l - t , )  where D is the diffusion 
constant for metal ions, 6 is the thickness of the stag- 
nant diffusion layer adjacent the metal surface, and 
t+ is the transference number for the metal ion. At 
the high values of i. presently considered, i./k'A is 
large compared to unity, and the concentration po- 

RT i. 
larization term becomes - In - 

ZF k A  
Substituting into Eq. [2] on the condition that 

i. = i(crit.) when the polarized potential equals E,., 
it follows that 

i(crit.) = K(Ht)' C ~ I  
where 

and 

exp & ( +) (E. - E.) 

Equation [4] illustrates that the critical current 
density for any metal is greater the larger the dif- 
ference between the equilibrium potential E. and 
the standard Flade potential E,", and, depending on 
the value of A, usually increases with hydrogen ion 
activity. Stirring the solution increases i(crit.) be- 
cause 6 is made smaller which increases in turn the 
value of k'. The value of A, on the other hand, is un- 
affected by stirring. 

In accord with Eq. [4], the logarithm of critical 
current density should be approximately linear with 
pH. This relation is observed for Cr (6),  Ni ( 7 )  
and for 14% Cr-Fe alloy (3 ,8 )  as plotted in Fig. 2. 
In absence of reliable data for anodic polarization of 
iron and other transition metals, a more detailed nu- 
merical evaluation of Eq. [4] is not yet possible. 

Passivity in Presence of 0 2  

If on exposing a metal to an aqueous environment 
in which reduction of dissolved O2 is the cathodic 
reaction accompanying passivation, two general 
cases must be considered. The first concerns the 
situation for which i(crit.) is less than the limiting 
diffusion current i, for oxygen (curve A, Fig. I ) ,  
and the second concerns the situation i(crit.) = i ,  
(curve H, Fig. 1). When i, is less than i(crit.), stable 
passivity is no longer attained; instead only either 
unstable passivity (curve C) or activity (curve D)  
is possible. It is assumed that the shape of the 
cathodic polarization curve for reduction of O? is de- 
termined largely by the concentration polarization 

RT i~ 
term - In - where i. is the cathodic current 

4F a ,  - a,  
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Fig. 2. Relation of critical current density for passivity to 
pH and to limiting diffusion current for reduction of oxygen. 

density. For the first case, therefore, under condi- 
tions resulting in passivity, the polarized potential 
E' = E, at i, = i(crit.). Assuming for Eq. [ l ]  that 
n =  1, 

where E. is the equilibrium potential of the oxygen 
electrode. Because the Os potential is not truly re- 
versible, E. is only approximated by the potential 
for the following reaction: 

0.059 
E. (volts) = -1.23 + 0.059 pH - - log po, [6] 4 
Substituting Eq. 161 in Eq. [5] 

( i '?)) 
log 1 - - = 

The right-hand term for p* = 0.2 atm is equal to 
-82.5 - 68 Eno. Considering the fact that EI" for Fe, 
the Fe-Cr alloys and Cr range from -0.8 to $0.2 v, 
it is obvious that the logarithm term has so large a 
negative value that for all practical purposes when- 
ever passivity is achieved, i(crit.) = i,. This is true 
even if the actual 0, potential at E,  is several tenths 
volt more active than the assumed reversible value. 

We shall consider, therefore, the next case for 
which the limiting diffusion current equals the criti- 
cal current. 

Since i, = c it follows that 
8 

where D is the diffusion constant for O1 (2 x 10- 
cmS/sec), n  = 4, F = 96,500 coulombs/equivalent, S 
as before is the thickness of the stagnant diffusion 
layer (about 0.05 cm) and c is the concentration of 
dissolved oxygen (2.5 x 10- mole/cma for air-satu- 
rated water). At room temperature iL is calculated 
equal to 0.039 ma/cmS. Since i(crit.) = i, = K(H+)A, 
we can substitute this relation into Eq. [a]. Taking 
logarithms of both sides: 

1 DnF 
pH(crit.) = --log-c 

A KS 191 

Data of King (3) provide values for the critical cur- 
rent density at pH 3 and 7 for 14% Cr-Fe alloy giv- 
ing approximate value of A and K equal to 0.5 and 
5.5 x loa, respectively. Substituting these values into 
Eq. [9], the calculated value for pH (crit.) = 4.3. 
Alternatively, the critical pH can be evaluated 
graphically by plotting i(crit.) vs. pH and deter- 
mining the intersection with i, as is done in Fig. 2. 
For 14% Cr-Fe the critical pH, is found to be 4.3, for 
Cr it is 4.4, and for Ni it is 3.7. This means that 
in aerated acids of lower pH, passivity of these 
metals may break down, whereas at higher pH 
values passivity is self-repairing. The observed 
critical pH for 14% Cr-Fe of about 3.3, measured 
by Rocha and Lennartz (I),  is consistent with the 
calculated value. 

Although Eq. [9] may not hold quantitatively in 
the alkaline region for iron, it permits nevertheless 
certain reasonable predictions. The observed value 
of K is larger than for Cr-Fe alloys [i(crit.) = 
K(H+)' = 0.2 amp/cme in IN -0, taking into ac- 
count concentration polarization, or about 17 amp/ 
cm' in its absence (9)], hence assuming, a positive A 
as measurements indicate, pH(crit.) is moved to 
more positive values. In accord, the observed critical 
pH for iron is about 10 compared to 3.3 for 14% 
Cr-Fe. Furthermore, if i, is increased by increasing 
the partial pressure of 0, Eq. 191 indicates that the 
critical pH moves to lower values since pH(crit.) is 
proportional to log l/Os conc. In accord with this 
prediction, iron can be passivated in distilled water 
if saturated with pure Os (lo), but only in water of 
pH 10 or higher when air-saturated (11). Equation 
[9] also predicts in accord with observation that 
passivity is achieved at a lower pH if the solution is 
stirred (8 is made smaller). 

Passivity in Absence of Oz 
In absence of Oa or other cathodic depolarizers, 

H+ is reduced at cathodic areas of a corroding metal. 
If we consider only the case for which concentration 
polarization is negligible, the polarized cathodic po- 
tential E' becomes the sum of the equilibrium poten- 
tial for the hydrogen electrode and a term describ- 
ing hydrogen overvoltage. 

In line with Eq. 131, it can be assumed that i." = 
kM(H+)' .  This assumption is reasonable even though 
for small intervals of pH the exchange current den- 
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sity for the hydrogen evolution reaction is normally currents in acids with accompanying hydrogen evo- 
assumed to be independent of pH. As before, pas- lution are sufficient to reach or exceed the critical 
sivity is achieved when E' reaches E, at i. = i(crit.). current density necessary to form the passive film. 
By making use of Eq. [I], it follows that In accord with the preceding discussion, critical po- 

tentials for passivation, or Flade potentials, of these 
i(crit.1 = K ( H + ) ~ '  [ill metals must be active compared to the H, electrode 

in the same media. More active Flade potentials 
a FElo n - 1  

where K' = k' exp 
= ( )  + . 

parallel increased thermodynamic stability of the 
RT passive film as discussed bv Kine and Uhlin 13) and 

Equation [ I l l  is of the same form as Eq. [4]. Within 
the limitations of simplifying assumptions made in 
the derivations, comparison of the two equations 
leads to A = A' and K = K'. 

Equation [ll] can be rearranged in terms of a 
critical pH, above which for a given i(crit.), pas- 
sivity may break down because local action current 
falls below i(crit.), and below which passivity is 
stable. 

1 k' 
pH (crit.) = - log - a3Er' 

i(crit.1 + [12' 

The above equation does not hold for metals like Fe 
for which EF is more noble than the Hs electrode. On 
the other hand, it holds for metals like Ti, for which 
E, according to potentiostatic data falls between ap- 
proximately $0.01 and $0.25 v, H, scale, in 20% 
KSO, (12). Passivity in this case can in principle 
break down not only on raising the pH, but also and 
more often, on lowering of pH through another me- 
chanism accounted for by high anion concentrations 
in concentrated acids. For example, in HCl or HnSO,, 
loss of passivity of Ti may result from destruction of 
the passive film by C1- or SO,'. These anions, accord- 
ing to the oxide film theory of passivity, easily pene- 
trate the oxide destroying its protective qualities. 
According to the adsorbed film theory, C1- or SO,' in 
competition with OH- adsorb on the metal surface, 
simultaneously increasing the value of the exchange 
current density i. for dissolution of metal to its ions, 
compared to a characteristics low i, when oxygen 
is adsorbed [2 OH (adsorbed) -r 0 (adsorbed) + 
H,0]. In either case i(crit.) increases. However, by 
increasing the anodic current density in such en- 
vironments, for example through coupling or alloy- 
ing with a lower Hp-overvoltage metal like Pd, 
passivity is again restored, as discussed by Stern and 
Wissenberg (13) for Ti, and by Tomashov (14) for 
stainless steels. 

Other examples of metals which become passive 
in absence of dissolved 0, are tantalum, zirconium, 
and molybdenum which retain passivity in many 
air-free acids even a t  the boiling point. Local action 

demonstrated by Feller and ~ h l i g  (15) &akkg it 
more difficult for anions to displace adsorbed species 
responsible for passivity. I t  is also possible that for 
metals in this category anions such as C1- have less 
effect on the exchange current density for metal dis- 
solution than in the case of Fe or Cr. Such properties 
provide a basis for understanding the stable passiv- 
ity of these metals under extremely corrosive con- 
ditions. 
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ABSTRACT 

Electrochemical measurements of corrosion rates have been performed on 
crystal bar zirconium and Zircaloy-2 in highly oxygenated, dilute sulfuric acid 
at 167' and 208°C. The calculated rates of corrosion obtained from the small 
current polarizability measurements are roughly hyperbolic in rate-time. Some 
reproducible but unexplained observations concerning the potentials and polar- 
izabilities of the Zircaloy-2 during the first several minutes of reaction are 
also discussed. 

Corrosion measurements by weight loss methods, 
particularly when the rate is changing rapidly with 
time, are tedious and time consuming. The meas- 
urements involve the frequent removal of the sam- 
ple for weight change measurements, which often 
affect the subsequent corrosion rate upon re-expo- 
sure to the environment. The measurements at best 
yield only average rates over significantly extended 
time intervals. Furthermore, when applied to met- 
als such as zirconium and titanium, which passi- 
vate rapidly to very low rates, the measurements 
become inadequate. Methods based on manometric 
techniques and chemical analysis also do not pro- 
duce satisfactory results for many of the same 
reasons. Recently however, several investigators 
(1-5) have shown that the slope of the linear por- 
tion of the polarization curve can be related to the 
corrosion rate. Stern and Geary (6 )  and Posey (7) 
have further demonstrated that this relationship 
has some foundation in theory. The method shows 
great promise for the investigation of many corro- 
sion systems previously incapable of study. It is a 
rapid method which yields instantaneous rates: and 
very importantly, the measurements are made with 
a minimum disturbance to the system. It is a 
method capable of measuring rapid1 changes in 
rates and of determining rates too low for measure- 
ment by other techniques. It is the purpose of this 
report to demonstrate that this technique can be 
employed to study the corrosion of zirconium and 
Zircaloy-2 in oxygenated aqueous acid at  tempera- 
tures in excess of 100°C. 

Experimental 
The measurements were carried out in a titanium 

reaction cell designed to contain approximately 50 
cc of aqueous acid a t  300°C and 2000 psi. The re- 
action cell was mounted in a vertical position and 
contained five convenience ports, four at  the top 

1 The statement "instantaneous rates" has meanlng only from an 
experimental basls, i.e., the rates are calculable from a "single" 
linear-polarization measurement rather than from a difference be- 
tween two measurements such as weight-changes pressure-drops 
etc. The time duration f& the establishment of th2 overvoltage is' 
however. a function of the rate of corrosion of the zirconium and 
varies from about 1-10 sec for rates of 1W-10-0 amp/cmg to about 
10-100 sec for rates of 10-'10-8 amp/cmz. The carrodon rate of the 
metal is high and is decreasing most rapidly during the initial 
period of exposure to the high-temperature aqueous environment. 
It is also during this period that the measurements can be made 
most rapidly 

and one at  the bottom. Solution entered the cell 
through the bottom and exited from one of the top 
ports. The three other ports provided for the elec- 
trodes: a Zircaloy-2 test electrode, a platinum 
"reference" electrode, and a titanium polarizing 
electrode (which also contained a thermocouple 
well for temperature measurements). A Teflon cone 
was used to insulate these electrodes from the reac- 
lion cell. A drawing of the reaction cell and the 
insulated fittings is shown in Fig. 1. A schematic 
diagram of the high-pressure components is shown 
in Fig. 2. All the room temperature components 
were constructed of stainless steel and the high- 
temperature components of titanium. It has been 
demonstrated by numerous analyses of the solu- 
tions that with these materials of construction 
negligible amounts of corrosion products entered 
the solution. 

The Zr-2 electrodes were used in the as-received 
state. They were rod type specimens, 0.093 in. di- 
ameter and 4 in. long, only 2 in. of its length ex- 

Fig. 1 .  Reaction cell 
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Fig. 2. Equipment for electrochemical measurements at 
high temperature and pressure. 

tending beyond the Teflon mount. A more accurate 
estimate of the length was made at the termination 
of the experiment from a measurement of the cor- 
roded portion. 

Before immersion into the cell the electrodes 
were scrubbed with soap and water, rinsed thor- 
oughly with distilled water and then with acetone. 

The solutions were made from triply distilled 
water, and concentrated C.P. HBO,. Twelve liters 
of solution were prepared for each experimental 
run. 

The entire assembly was rinsed with 48-60 1 of 
distilled water prior to loading with the test solu- 
tion. The solution was aspirated into the 20-1 stain- 
less autoclave and saturated with 250 psi Oe gas 
with a Magne-Dasher.' A super-pressure of helium, 
1300 psi total pressure, was used to maintain the O2 
and steam in solution at 250°C and provided the 
pressure differential for solution flow through the 
reaction cell. Partial opening of an Autoclave En- 
gineers' valve provided the adjustment for a solu- 
tion flow rate of about 1 cc/min through the reac- 
tion cell. 

The solution was preheated to 250°C in a 3-ft 
section of 2 in. Schedule 40 titanium pipe prior to 
its entry into the reaction cell. The volume of solu- 
tion contained at this temperature is approximately 
1200 cc. Another furnace was designed in two half 
sections to fit around the titanium reaction cell and 
was mounted on tracks in the open position. This 
furnace was maintained at 210°C. With a flow rate 
of 1 cc/min and a vigorous stream of air directed 
past the reaction cell, the temperature in the reac- 
tion cell rose to a maximum of 38°C at the test 
electrode position. Conditions were deemed ready 
to commence the experiment at operating tempera- 
ture, 208"C, after approximately 1 liter of solution 
flowed through the system. Both furnace tempera- 
tures were controlled to 22°C with commercially 
available temperature controllers. 

To realize rapid attainment of temperature, the 
following sequence of operations were performed: 
the air-flow was turned off, the split furnace was 
clamped into position around the reaction cell, and 
the exit valve was fully opened. These operations 
permitted the 1200 cc of 250°C solution to flow 

3 Commercial agitator obtained from Autoclave Engineers. 

through the system at a rate of about 300 cc/min, 
and attain operating temperature, 208"C, in 1-2 
min. The solution flowed from the cell into water- 
cooled titanium tubing. After operating tempera- 
ture was attained, the solution flow rate was de- 
creased to 1 cc/min by closing the exit valve par- 
tially. At this time polarization measurements were 
performed. 

Suitable safety facilities were installed to pro- 
tect the operating personnel. These included safety 
shields, special cast-iron blast shields, rupture 
disks, and automatic relays to turn off the power to 
the system. 

The potentials were measured with a modified 
L&N Model 7664 pH meter used as a potentiome- 
ter. The signal from the L&N meter was fed into 
a 10 mv Brown recorder. The very high input im- 
pedance of the pH meter precluded any polariza- 
tion of the electrodes by the measuring circuit, 
even at the highest measured polarizability of the 
Zr-2. 

Polarizing currents from 2 x 10" to 2 x 10.' amp 
were obtained by imposing a selected voltage, from 
a bank of 22%-45 v Burgess "B" batteries con- 
nected in series, across a chosen resistance from 
10-10' ohms provided by a series of decade switches. 
The currents were measured with time by record- 
ing the voltage drop across precision resistors con- 
nected in series with the decade switches in the 
polarizing circuit. 

A typical rate-time experiment at 208°C would 
require polarizing currents of about 75 pa at the 
beginning, decreasing to 0.5 pa at the end. The cur- 
rents for the linear polarization data were adjusted 
to obtain less than 20 mv overvoltage. The amount 
an electrode may be polarized and still exhibit 
linear behavior has been determined by Stern (8) 
for various values of the Tafel constants. It is esti- 
mated, from the values of the Tafel constants ob- 
tained, that a 20 mv polarization results in less 
than a 1 mv deviation from linearity in the cur- 
rent-potential plot. 

Prior to terminating two of the experiments, the 
Tafel slope for 0, reduction on Pt was determined. 
These measurements were performed to test the 
reliability of Pt as a reference electrode. The Zr-2 
was made the reference electrode and the Pt the 
test electrode. The potential of Zr-2 us. Pt  had al- 
ready attained a steady-state value to allow these 
measurements to be performed. 

Calculations and Results 

The expression which forms the basis for the cal- 
culations is reproduced in Eq. [I]: 

b. X b. 
(d"d')n+o' 2.3 I ..,, (b. + b,) [I] 

Here, I,.,. is the corrosion rate of the electrode in 
amp/cmP, q = E-E, in volts, and b. and b. are the 
Tafel slopes (dq/d log I) for the oxidation and re- 
duction reactions. The experimentally determined 
polarization resistance is defined as (dq/dI) w,, 

where I is the net current in amp/cms flowing 
through the electrode at the measured potential E, 
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and E, is the potential at open circuit, or zero net 
current. Equation [I] is the form of the expression 
as obtained by Stern and Geary (6) and Posey (7) .  

In order to use this method," it must be demon- 
strated that the open-circuit potential results from 
the intersection of two logarithmic polarization 
curves, one anodic and one cathodic. There must be 
no significant oxidation reaction other than the 
oxidation of metal, and the sum of the Tafel slopes 
should remain constant or nearly so during the 
course of an entire reaction, or obtained as a func- 
tion of time by additional experiments. The forma- 
tion of a film should not preclude its applicability. 
Meyer (9 )  and Stern (10) recently applied these 
techniques to systems forming a passive oxide layer 
and demonstrated that logarithmic current-poten- 
tial behavior is obtained on film-covered electrodes. 

In the experiments reported, the rate-time be- 
havior for oxide film growth on two Zr-2 alloys in 
0.05F H.SO,, containing 600 ppm Oz, at 208°C has 
been determined. One alloy was obtained from 
Firth-Sterling, FS-Zr-2 and the other from West- 
inghouse, W-Zr-2. An experiment performed at 
167°C on crystal bar zirconium, in 0.05F HSO,, 
containing about 300 ppm On is also reported. The 
over-all reaction is presumed to be the oxidation of 
zirconium to zirconium dioxide, ZrOz, the anodic 
process being the oxidation of zirconium, and the 
cathodic process the reduction of On. A zirconium 

$For a more complete description of the method than presented 
in this report see Stern and Weisert (4). 

Fig. 3. Experimental current-potential plot (in 0.05F HnSO,, 
600 ppm 02, at 165'C, time 18 min) Run No. 1. 

.220 -260 -XO -340 -380 -420 -460 -YX) -YO -$SO -110 -660 
POTENTIAL. millivdli n P( 

Fig. 4. Experimental current-potential plot (in 0.05F HSO,, 
600 ppm a, 208'C, time 96 min) Run No. 9. 

alloy was chosen because it does not produce any 
soluble corrosion products which could possibly in- 
terfere with the principal reactions. The presence 
of impurities such as Fe", Cu", etc., cannot be well 
controlled in the present experimental system. NU- 
merous analyses however, put an upper limit of 
10-WM, ranging mostly around lo-" to 10-'M for the 
concentration of these constituents. With an oxygen 
concentration of 10-'M, it is expected that the rate 
of reduction of these species is negligible compared 
to the oxygen reduction rate. The concentration of 
any impurities which could lead to interfering ano- 
dic currents is most certainly insignificant in this 
highly oxygenated high-temperature environment. 

In Fig. 3-7 the current-potential behavior for the 
reduction reaction is interpreted according to an 
equation of the form 

u.Z. F 
I .  = I , ,  exp - 

RT C2l 

where a, is the transfer coefficient' of the cathodic 
process, 2. is the charge number, and I.,. is a con- 
stant. This equation is the Tafel equation written 
in exponential form, with the Tafel constant b. = 
2.3 RT/a.Z,F. If a similar expression for the anodic 
current, I., at constant film thickness, is assumed" 

&Other nomenclature In use has a as a symmetry factor Z as 
a charge number, and the product of the two, uZ, as a tiansfer 
coefficient. 

SAn expression of the form of Eq. [SI has been reported valid 
for the anodizing of zirconium at constant Rlm thickness by Adams 
and Van Rysselberghe (11). 

'?& !,& -3A - A 0  -A -A -240 -& -A do -A -7 iO 40 -LA 
POTENTIAL, rnlillrolll PI 

Fig. 5. Experimental current-potential plot (in 0.05F Hm4, 

600 ppm OP, 208°C, time 6.2 hr) Run No. 10. 

Fig. 6. Experimental current-potential plot (Zr-2 in 0.05F 
HISO,, 600 ppm &208'C, time 1 l hr) Run No. 8. 
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Fig. 7. Experimental current-potential plot (21-2 in 0.05F 
HJO,, 600 pprn 01. 165'C, time 27.9 hr) Run No. 1. 

aZs  F 
I. = 1.. . exp - 

RT 

where a. and 2. are the transfer coefficient and 
charge number for the anodic reaction, then Eq. 
[I] can be expressed in terms of these variables as 

The quantity dq/dl is determined from a plot of 1 
us. E on a linear scale, and the slope determined at 
E = E,. For larger applied currents, Eq. [2] and 
[3] determine the aZ values. However, the applica- 
tion of large anodic currents can affect the surface 
of a corroding electrode materially by forming sig- 
nificant quantities of film. Consequently, the data 
reported here have been determined for the most 
part by the method demonstrated in Fig. 3-7. Here 
the points for the anodic curve (9 )  are obtained as 
a difference between the net current and the ex- 
trapolated cathodic current." However, it has been 
consistently observed, even from the very earliest 
measurements, (after several minutes of reaction 
at temperature) that the anodic reaction is much 
more polarizable than the cathodic reaction. Con- 
sequently, an estimate of 0.1 2 0.05 for the anodic 
a.2. cannot be in great error. Numerous estimates 
obtained by extrapolating a single measurement of 
applied anodic current (of sufficient magnitude to 
be in the Tafel region) to the intersection of the 
extrapolated cathodic curve with E,, also yielded 
values of a.Z. = 0.1 2 0.05. 

It has been found that the values obtained for 
a.2. [with the exception, of the very earliest meas- 
urement at 167°C (Fig. 3) where a.Z. = 0.821 
ranged from 0.17 to 0.00, averaging about 0.1 2 
0.05, and showed no correlation with time. The 
cathodic aZ values however increased with time 
from 0.25 to 0.41. 

In order to calculate the corrosion current from 
the small current polarizabilities, a constant aver- 
age value, 0.45 & 0.1, has been assumed for the 
sum (a.Z. + a,Z,). With the possible exception of 
the first several minutes, the rates are then deter- 

*Another method of obtaining the anodic Tafel slope from the 
complete cathodxc polarization curve has been described by Stern 
and Roth IS) .  

mined to ? 20% by a series of small current polar- 
izations which determine (dq/dI)vo. 

The potentials of the corroding Zr-2 electrodes 
were measured with respect to platinum as a "ref- 
erence" electrode.' Several observations demonstrate 
that platinum is a satisfactory reference electrode 
for the purpose of these measurements. The poten- 
tial-time measurements for Zr-2 from the iame 
alloy stock are reproducible. The potential differ- 
ence between the Pt electrode and the passivated 
Ti polarizing electrode is constant for all experi- 
ments. The small current polarizability of the Pt is 
independent of time, and also the Tafel slope for 
0, reduction on Pt and the calculated exchange 
current are constant and independent of time. 

A typical potential-time plot is presented in Fig. 
8 for the FS-Zr-2 alloy. It was observed that a 
sudden increase in potential to more positive values 
occurred after the reaction had proceeded for sev- 
eral minutes. The time it took to undergo this tran- 
sition varied and was a function of the temperature 
of the reaction. The higher the temperature the 
sooner the transition occurred. The transition began 
at about -580 mv us. Pt and rose about 320 mv to 
the potential about -260 mv us. Pt. It was ob- 
served, however, that the small current polarizabil- 
ity suddenly decreased by a factor of two. This lat- 
ter observation implied either that the corrosion 
current increased or for constant corrosion current 
the sum of the aZ values increased (see Eq. 141). 
Insufficient experimental data are available to 
decide on either of these suppositions. It was 
demonstrated that Pt was not responsible for this 
sudden potential rise. Two experiments were per- 
formed without Pt in the system, using a Ti elec- 
trode as reference in place of the Pt electrode. 
(This Ti electrode was used in all the experiments 
performed as a combination polarizing electrode 
and thermocouple well.) The potential excursion 
was reproduced, and occurred at -450 mv us. Ti. 
The difference of 130 mv is precisely the measured 
difference in potential between the Ti and Pt elec- 
trodes. 

Furthermore, if during the very first minutes of 
the experiment, when the potential is at least 100 
mv below the critical potential (-580 mv us. Pt),  
sufficient anodic current is applied to polarize the 
electrode to this "critical potential" the spontane- 
ous rise in potential to about -260 mv us. Pt is 
again observed. However, when the polarizing cur- 
TA true reference electrode for high-temperature emf measure- 

ments is diRlcult to obtain. These several observations are made to 
demonstrate that Pt in thls environment serves as a satisfactorv 
fixed potential if not as a true reference. 

4 12 2 0  2 6  36 44  52 4 12 20 28 36 W 52 % 
TIME, rnln TIYE, nr 

Fig. 8. Potential-time plot 



Vol. 108, No. 4 MEASUREMENTS OF CO IRROSION RATES ON Zr 335 

rent is removed, the potential returns to the more 
negative potential compatible with the condition of 
the electrode at that time. If the polarizing current 
is maintained for a sufficient period of time, then 
the potential will remain "positive." The potential 
then steadily decreased with time to about -550 
mv us. Pt. 

A potential-time plot for the W-Zr-2 alloy is 
also presented in Fig. 8. This behavior is typical for 
metals on which an oxide film is formed, i.e., the 
potential rising to more positive values as the film 
grows in thickness. 

However, if anodic polarizations are performed 
during the first minutes of the corrosion reaction, 
as described above for the FS-Zr-2 stock, the po- 
tential excursion at the same "critical potential" 
(-580 mv us. Pt) is again observed. The amplitude 
however is only 160 a 5 mv as 'compared to 320 +- 
20 mv. When the polarizing current is removed, the 
potential again returns to the more negative poten- 
tial compatible with the electrode. For this W-Zr-2 
alloy however, the positive potential cannot be 
maintained. The potential always returns to the 
original open-circuit potential. 

At the present time no explanation for these ob- 
servations is proposed.8 Several Tafel-like polariza- 
tions have been performed on the FS-Zr-2 alloy 
during this initial period and yielded ambiguous 
results. The temperature, open-circuit potential, 
and the small current polarizabilities are all chang- 
ing rapidly with time. 

The data presented in Fig. 9 as log rate-log time 
plots have been calculated from Eq. [4] and were 
based on the assumption that the sum of the aZ 
values was constant at 0.45 2 0.10. To obtain the 
rate in amp/cm2 the total current, I, was divided 
by the area of the specimen (3.75-5.00) cmP a 0.05 
cma. Assuming the film to be ZrOl of density of 
5.5 g/cma, and the reaction Zr + O3 -r ZrO,, then 
the relation lo-' amp/cmP = 400 mpy was obtained. 
The rate data which are presented for the Firth- 
Sterling alloy do not include the measurements 
prior to the sudden potential increase. 

B A  later Dublication. which includes measurements at temper- 
atures above 250'C. will discuss these observations more fully. 

t ' ,"""I ' r " " " '  """"' " " " " 1  ' "'"4 

I 10 loo I000 10,000 
TIME,  min 

Fig. 9. Rate-time plot 

Figures 10 and 11 present the results obtained 
for the cathodic reduction of 0. on P t  in 0.05F 
H?SO,, 600 ppm Op, at 208OC. The value of the con- 
stant a,Z. is 2.1 k 0.1. This is greatly different from 
that which is observed (13) at 25'C for the electro- 
reduction of 0% on Pt in 0.05F &SO,, where a.Z. = 
0.5. 

Summary and Discussion 
The corrosion rate of a metal which forms a pas- 

sive oxide decreases as the film thickness increases. 
The measured polarization resistances were ob- 
served to increase with time, indicating an inverse 
correlation with the corrosion rate. To obtain quan- 
titative estimates of the corrosion rates a knowl- 
edge of the Tafel slopes for the anodic and cathodic 
reactions were needed. To a first approximation the 
current-potential behavior for the cathodic reaction 
was interpreted according to the Tafel kinetics. The 

Fig. 10. On overvoltage on Pt (in 0.05F H2S01, 600 pprn 
02, 208'C) Run No. 10. 

! TAFEL SLOPE : a041 / cd),:2.20 i 
10.6 

400 440 480 520 560 600 640 680 
POTENTIAL, millivoltsvs posslvotcd Zr-2 Referen~e 

Fig. 11. 01 overvoltage on Pt (in 0.05F HISO,, 600 pprn 
01, 208°C) Run No. 11. 
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Tafel slopes or the derived a,Z. values were then 
determined as a function of time and were found 
not to change greatly, increasing with time from 
0.25 to 0.41. The anodic current-potential results 
were then obtained indirectly from the complete 
cathodic polarization curves. These calculated re- 
sults also demonstrated exponential current-poten- 
tial behavior for the anodic reaction in the region 
close to the corrosion potential. The calculated 
anodic a.Z. values were observed to be small, 
a.Z. = 0.1, in agreement with measured estimates, 
and were independent of time. On the basis of these 
measurements, the range of values for the sum was 
estimated to be 0.35 < (a.Z. + a,Z.) < 0.51. Con- 
sequently a constant value of 0.45 was used to de- 
termine the corrosion rates from the measured 
polarization resistances, and the rate-time data were 
interpreted accordingly. 

The internal self-consistency of the data was 
further demonstrated by the results shown in Fig. 
7. Here the corrosion current .obtained from the 
extrapolation of the cathodic Tafel line to the cor- 
rosion potential (open-circuit potential) was in 
very satisfactory agreement .with the value ob- 
tained using Eq. [4]. Furthermore a study of the 
available data in the literature (12) shows that the 
range of experimental aZ values is limited, and that 
for a large majority of corrosion systems a simple 
measurement of the polarization resistance yields 
an estimate of the corrosion rate within a factor of 
two.' Consequently a measurement of the Tafel 
slopes as a function of time (and the values ob- 
tained are reasonable) provides more reliable esti- 
mates of the rate-time behavior. 

On this basis then it is demonstrated that when 
the data are formulated on a log (rate)-log (time) 
basis, as shown in Fig. 9, satisfactory straight lines 
are obtained. The points for the W-Zr-2 alloy fall 
on a good straight line, and the slope -0.95 is close 
to -1. One other experiment for the same alloy 
stock, but of shorter time duration (250 min), gave 
identical rate-time behavior and a slope of -1 in 
log (rate)-log (time). Such behavior implies a 
hyperbolic relationship between the rate and time, 
and since -the corrosion current is proportional to 
the rate of growth of oxide (9, lo), it further im- 
plies a logarithmic relation between thickness of 
film (x) and time. 

The behavior for the FS-Zr-2 stock deviates 
somewhat from the hyperbolic rate-time relation- 
ship, but again the rate-time correlation is more 
like to hyperbolic than other formulations of the 
data, i.e., parabolic or cubic. The slopes for many 
other experiments performed on this alloy, but of 
shorter time durations, ranged between -0.82 to 
-0.91. Stern (lo),  by a different electrochemical 
technique, also demonstrated such logarithmic oxi- 
dation kinetics for stainless steel in Fe+"/Fea (C1- 
or SO;') environments at 25°C. Meyer (9) has 
demonstrated that the rate-time behavior for crystal 
bar zirconium in oxygenated N&SO, solutions, pH 
3.5, and temperatures from 25' to 88°C is also ap- 
proximately represented by the logarithmic oxida- 
tion equation. 

SAgaln, Stem and Weiserl (4) demonstrate In further detail the 
general app1,HcablHty of the method. 

Jenks (14) obtained a correlation of the data 
obtained by Gulbransen and Andrews and others 
for zirconium and Zircaloy-2 in steam and 0, at 
temperatures from 275"-600°C on the basis of a 
modified logarithmic equation expressed as 

dx' 
-= (A-J) e-"' + J 

dt 

where x' is the total oxide formed at  time t in pg 
Oa/cma, A is the initial rate, at  x' = 0, in pg O,/cmP 
min, B is a constant, and J is a constant steady- 
state rate. 

It is not the purpose of this report to justify the 
logarithmic oxidation kinetics, but to demonstrate 
that the results obtained are reasonable, and that 
the electrochemical method can be employed suc- 
cessfully under these more severe experimental 
conditions. 

Furthermore, the values obtained for the anodic 
and cathodic aZ constants are in good agreement 
with those obtained by Meyer (9).  In the present 
study on the FS-Zr-2 alloy, however, the cathodic 
aZ was not observed to decrease but rather to in- 
crease with time. It is not unreasonable, however, to 
expect that the first several minutes of reaction at 
these elevated temperatures is equivalent to a 
period of several days reaction at  the lower tem- 
peratures (25"-88°C). This would suggest from 
Meyer's observations that both the anodic and 
cathodic aZ's decrease during this initial period 
and are then followed by the observed subsequent 
slow increase in the cathodic aZ at nearly constant 
anodic aZ. These observations are also consistent 
with the observed decrease of E, with time. 

Acknowledgment 
The author wishes to express his great apprecia- 

tion to Dr. G. H. Jenks, Dr. F. A. Posey, and Dr. 
R. E. Meyer, all of this Laboratory, for their kind 
encouragement and many helpful discussions. 

Manuscript received Aug. 29, 1960; revised manu- 
script received Dec. 12,1960. 

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

REFERENCES 
1. R. V. Skold and T. E. Larson, Corrosion, 13, 139 

(1957). 
2. E. J. Simmons, ibid., 11, 255 (1953). 
3. K. F. Bonhoeffer and W. Jena, Z. Elecktrochem., 

55,151 (1951). 
4. M. Stern and E. D. Weisert, A.S.T.M. Proceedings, 

59,1280 (1959). 
5. M. Stern and R. M. Roth, This Journal, 104, 390 . . 

(1957). 
6. M. Stern and A. L. Geary, ibid., 104,56 (1957). 
7. F. A. Posey, ibid., 106,571 (1959). 
8. M. Stern, Corrosion, 14,440t (1958). 
9. R. E. Meyer, This Journal, 106,930 (1959). 

10. M. Stern, ibid., 106,376 (1959). 
11. G. B. Adams, Jr. and P. Van Rysselberghe, ibid., 

102.502 (1955). 
12. J. O'M. ~ockr i s  and B. E. Conway, "Modern Aspects 

of Electrochemistry," pp. 220-221, Butterworths 
Scientific Publications, London, (1954). 

13. J. O'M. Bockris, National Bureau of Standards, 
Circular 524,243 (1953). 

' 14. G. H. Jenks, ORNL Report to be published. 



Anodic Polarization Behavior of Iron-Nickei Alloys in 

Sulfuric Acid Solutions 

George Economy 

Finishes Division, Alcoa Research Laboratories, Aluminum Company of America, New Kensington, Pennsylvania 

and Rudolph Speiser, F. H. Beck, and M. G. Fontana 

Department of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 

ABSTRACT 

The anodic behavior of twelve annealed iron-nickel alloys in hydrogen 
saturated H.SO, solutions at 25' 2 1'C was investigated by galvanostatic and 
potentiostatic techniques. The anodic behavior was correlated with the metal- 
lurgical structure and electrochemical environment. Particular emphasis was 
placed on the interpretation of corrosion potential, passivation current, passive 
current, and the passive-active transition. All the alloys became passive at 
noble potentials. In general, the behavior of the alloys was intermediate to the 
behavior of iron and nickel. 

The anodic behavior of pure iron and nickel has 
been a subject of scientific observation for many 
years. The passivity of iron was recognized over 
150 years ago. The numerous recent investigations 
show substantial agreement as to how these two 
metals behave anodically, but there remains con- 
siderable controversy concerning the mechanism of 
many of the anodic phenomena. It was not the in- 
tention of this investigation to resolve any of these 
controversies. The purpose was to investigate the 
iron-nickel alloys by the same methods used for 
the pure metals and examine the transition in be- 
havior with changing alloy compositions and solu- 
tion pH. 

Investigations of the electrochemical behavior of 
iron-nickel alloys have been confined principally to 
studies on hydrogen and oxygen overvoltage and 
evaluations of corrosion resistance. A study of the 
anodic behavior of iron-nickel alloys in sulfuric 
acid at  25°C was conducted by Morioka and Saki- 
yama (1). They investigated 16 alloys ranging in 
composition from 0 to 100% Ni, in 1.0 and 5.0% 
deaerated H,SO,. The potential-current curves were 
obtained by increasing and decreasing the elec- 
trolysis voltage at  a rate of 0.3 v/min. However, 
their results showed substantial variation from the 
steady-state values obtained in this investigation. 

Apparatus and Procedure 
Anodes were prepared from pure iron and nickel. 

The nickel was reagent grade shot (J. T. Baker 
Chemical Company) assaying 99.99%, and the iron 
was Ferrovac E (Crucible Steel Company) at  
99.97%. Twelve alloys covered the composition range 
0-100% Ni. The pure metal specimens were arc- 
melted three times and the alloy specimens were 
arc-melted six times for homogenization. The arc- 
melted buttons were milled into square rods about 
0.2 by 0.2 in., and 1 in. long. One end was tapped 
for connection to the cell, and the other end was 
polished through 000 paper. The specimens were 
vacuum annealed a t  1000°C for 1 hr  and furnace 
cooled to room temperature in 3 hr. The sides of the 

specimens were coated with Varno cement so that 
only the polished end (about 0.25 cm') was ex- 
posed to the solution. 

The solution used was HBO, with 0.5N KSO. as 
supporting electrolyte. The pH was adjusted by 
varying the concentration of the acid, and the solu- 
tions with their experimental pH were as follows. 

N H,SO, PH 

The polarization cell consisted of two 3% in. 
diameter Teflon disks clamped to the top and bot- 
tom of a 70 mm diameter Pyrex cylinder (3% in. 
high). The Teflon disks were perforated to accom- 
modate electrodes, reference probes and other aux- 
iliary connections. Installation of "0" ring seals at  
all joints insured an air-tight cell and allowed 
vertical adjustment of the cathode and reference 
probe. A large area platinized platinum cylindrical 
cathode provided a low polarization rkistance, and 
the proximity of the anode and cathode offered a 
low solution resistance. The Luggin tubulus used 
as a probe for the saturated calomel reference elec- 
trode was filled with a 4% agar-saturated KNOI 
gel. Convection in the vicinity of the anode was 
decreased by having the anode surface face up- 
wards. This decreased the current requirements 
and consequently aided the potentiostatic control. 
The stopcocks on the gas inlets were made of Teflon 
to avoid contamination of the solution. 

The anode-reference cell potential was measured 
by a Curtiss Wright electrometer, in which the 
0-1 v range was extended to 2 v by using a Weston 
standard cell as a bias cell. A recorder was con- 
nected to the recorder jack in the electrometer. 
Another recorder was connected across a small 
series resistor (0.1, 1.0, or 10.0 ohms) to measure 
cell current. 
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A selector switch was used to choose either con- 
stant current or constant potential. The constant 
current source consisted of a regulated d-c power 
supply (Heathkit PS-3, 0-500 v, 0-200 ma), 12 re- 
sistors, and a 12 position rotary shorting switch, 
to provide 12 current ranges from 0-200 ma down 
to 0-1 pa. The constant potential supply was a 
standard battery-potentiometer arrangement,, ex- 
cept that the external resistance was minimized 
for better potentiostatic control. A 0.5-ohm, 100-w 
potentiometer was used for potential control in the 
active region, and a 10-turn, 3-ohm, 2-w precision 
potentiometer was used in the passive region. The 
power was supplied by a 6 v, 216 amp-hr Ni-Cd 
battery. 

All measurements were conducted in a room 
maintained at 25" * 1°C. After assembly of the 
cell, hydrogen gas was bubbled through it vigor- 
ously for 15 min to deaerate and saturate the solu- 
tion with hydrogen. The hydrogen was passed 
through a Deoxo Purifier to decrease the oxygen 
content to 1 ppm. The anode was electropolished 
for 20 min at a current density of about 40 ma/cm2. 
It was necessary that the anode be active during 
the electropolishing treatment for, if a film were 
initially present, this current density could lead to 
oxygen evolution. Film reduction was accomplished 
by (a) cathodic polarization of the specimen, or 
(b) constant potential electrolysis at an active 
potential, or (c) the first treatment quickly fol- 
lowed by the second. Since the anodic reaction was 
in some cases disturbed with the reference probe 
touching the anode, a cathetometer was used to 
set the probe at a distance of 2.0 mm from the 
anode. This introduced an ohmic overpotential, and 
to correct for this, the ohmic overpotential was de- 
termined at various current densities and a cor- 
rection plot made. 

The general procedure was to use galvanostatic 
measurements when the polarization resistance was 
low, i.e., E relatively insensitive to changes in I/A, 
and potentiostatic measurements where the polari- 
zation resistance was high. The rate of hydrogen 
bubbling was reduced so as not to stir the solution, 
and the corrosion potential noted after it had 
reached a steady value. Starting at a current den- 
sity of 1 pa/cml, the current was increased by fac- 
tors of ten, noting the steady-state potential at each 
current density value. As the current density re- 
quired for oxygen evolution was neared, current 
increments were decreased to obtain a value for the 
passivation current density. On passivation, the 
anode potential took a characteristic jump in the 
noble direction. Current density was decreased in 
tenfold increments starting with 100 ma/cmS, and 
the steady-state value of the potential was recorded. 
When the potential started to drift in the active 
direction, the high-speed recorder was plugged into 
the electrometer to obtain a high-speed trace of the 
potential as the anode activated. 

The anode was activated and measurements were 
made at constant potential, reading the steady- 
state current at each potential. When the anode 
became passive, as indicated by a sudden decrease 
in current, the potential was set at + 1.200 v. At 

this potential, the time required to reach a steady- 
state current, or optimum passivity, varied with the 
acidity. Approximately 15 min were required for 
the 0.001N HBO, solution, but this increased to ap- 
proximately 2 hr for the 10.ON solution. The poten- 
tial was decreased in steps of 0.2 v and the steady- 
state passive current noted at each potential. Po- 
tential-current data for the activation (negative 
resistance) curve required a pseudogalvanostatic 
technique. The low polarization resistance of the 
active-passive transition curve indicated the use of 
a constant current method, but the regular gal- 
vanostatic source was not usable since the stable 
potential value lies on a positive resistance curve 
(either active or 0, evolution). The procedure was 
to choose an approximate current value at which 
the potential was to be determined and set the 
potential a t  some active value until the current 
increased to the desired magnitude. The potential 
was then made more noble until the current started 
to slowly decrease. By manipulating the 10-turn 
precision potentiometer, the current was made to 
increase and decrease at a slower and slower rate, 
until a steady current value was attained. To avoid 
a significant rise in pH of the 0.001N solution, the 
preceding procedure was abbreviated to the deter- 
mination of the corrosion potential, passive current 
density, activation potential, and passivation cur- 
rent density. 

Results and Discussion 
In the presentation and discussion of the results, 

it will be understood that (a) potentials are re- 
ferred to the standard hydrogen electrode (SHE), 
(b) current density is calculated on the basis of 
geometric area, and (c) the composition of an alloy 
is given in the order atomic % Fe-at. % Ni, i.e., 
80-20 alloy will signify 80 at.% Fe-20 at.% Ni 
alloy. 

Metallurgical structure.-Structures of iron- 
nickel alloys are a function of both heat treatment 
and composition. An x-ray analysis to determine 
the structures of the annealed specimens showed 
( a )  a (ferrite) up to 5 at.% Ni, (b) a + y from 10 
to 40 at.% Ni, and (c) y (austenite) from 50 to 100 
at.% Ni. These correspond to structures expected 
for annealed alloys (2). 

No significant information was obtained in a 
microscopic examination of the alloy specimens 
after electrolysis. As might be expected, there was 
a marked attack of the grain boundary for all al- 
loys, and in the two-phase alloys, there was addi- 
tional selective attack of some of the grains. The 
attack of the selected grains initiated at the grain 
boundary and proceeded inwards. Indirect evidence 
that the selective attack occurred in the ferrite 
grains of the two-phase alloys was determined 
from galvanic couples of the wholly ferritic (95-5) 
alloy and the wholly austenitic (40-60) alloy in the 
test solutions. An anodic current passed from the 
ferritic to the austenitic electrode. The current 
magnitude depended on the acidity, being about 
200 pa/cmz in the 10.ON HBO, solution, and about 
20 pa/cm2 in the 0.001N solution. 

Anodic polarization curves.-The anodic polari- 
zation curves of the twelve Fe-Ni alloys were de- 
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Fig. 1 .  Anodic polarizotion of 95 at.% Fe-5 at.% Ni alloy Fig. 3. Anodic polarizatio? of 40 at.% Fe-60 at.% Ni alloy 
at various pH. at vorious pH. 

Fig. 2. Anodic polarization of 70 at.% Fe-30 at.% Ni alloy 
at various pH. 

termined by galvanostatic and potentiostatic tech- 
niques. The curves for the 95-5, 70-30, 40-60, and 
0-100 alloys are shown in Fig. 1 to 4. These four 
compositions were chosen as representative of the 
twelve Fe-Ni alloys and adequately show the tran- 
sition behavior with changing composition. With 
respect to the general shape of the curves, there 
was no sharp effect found with either changing 
composition or changing structure. Since the pas- 
sivation reaction occurred for every alloy composi- 
tion and at every pH, all the polarization curves 
were of a general S-shape. The porous film formed 
at the limiting current density (I,) was stable over. 
a wide potential range (0.5-0.6 v) for pure iron. 
With increasing nickel, the Tafel curve for anodic 
dissolution shifted to a more noble potential, and 
the active-passive transition curve shifted to a 
more active potential, so that with pure nickel the 
I, plateau had a potential range of only 0.1-0.2 v. 
The effect of incrkasing pH was to shift the entire 
polarization curve to more active potentials. The 
irregular potential shift at noble potentials for 
nickel (Fig. 4) in 10.ON HSO, is probably caused 
by a transpassivity phenomenon similar to that of 
iron and stainless steel. If the passive nickel layer 
were oxidized to NiO,, which is unstable in acid 
solution, the current could be attributed to anodic 

Fig. 4. Anodic polarization of 0 at.% Fe-100 at.% Ni alloy 
ot various DH. 

dissolution instead of oxygen evolution. Latimer 
(3) gives 

Ni (OH)% = NiO, + 2H' + 2e 

with E o  = + 1.32, which is in the correct potential 
range. 

Corrosion potential.-The corrosion, or open-cir- 
cuit (0.c.) potential, displayed a regular depend- 
ence on both composition and pH. The variation in 
0.c. potential with composition is shown in Fig. 5. 
The y-phase alloys were about 0.20 v noble with 
respect to the ur-phase alloys. For the two-phase 
alloys, there was a regular increase in corrosion 
potential from the a-potential (minimum y area) 
to the y-potential (minimum a area), indicating 
control of the potential by the major constituent 
and polarization of the minor constituent. This is 
in fair agreement with the results of Morioka and 
Sakiyama ( I ) ,  except that they did not indicate 
the existence of a two-phase field in the range 10- 
40 at.% Ni, but showed the a-phase up to 30 at.% 
Ni and the yphase at higher Ni content. 

Since iron in HC1 acts in the same manner as a 
reversible hydrogen electrode ( d  E / d  pH = -0.059) 
in the pH range 1-4 (4-7), a similar relationship 
might be expected for the iron-nickel alloys in 
H,SO,. Data from Fig. 5 were replotted in the form 
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Fig. 5. Corrosion potential vs. composition at different pH 

Fig. 6. Corrosion potential vs. pH for each alloy 

shown in Fig. 6 to verify the anticipated 0.c.-pH 
relationship. Values for d E/d pH varied from 
-0.035 to -0.046, less than the value for a rever- 
sible hydrogen electrode, or Stern's (4) value of 
-0.056. The slopes of Fig. 6 are somewhat closer to 
the value of -0.047 found by Makrides, Komo- 
dromos, and Hackerman (7); however, the other 
two investigations were in HC1 so that substantial 
agreement is not necessarily expected. Approxi- 
mately half of the Fe-Ni alloys deviated from the 
linear relationship at very high acidities. The lit- 
erature did not indicate whether the linear rela- 
tionship should exist at negative or very low pH 
values. 

Passivation current.-No special trend in passi- 
vation current density (I,) was noted with chang- 
ing composition. However, as shown in Fig. 7, the 
I, value of each alloy went through a maximum 
with changing pH, the maximum occurring in the 
pH range 0-2. Since the highest corrosion rates re- 
ported (8-9) were the current equivalent of only 
1 ma/cma, the variation in local cell current is a 
negligible factor in explaining the maximum in I,. 
The explanation for the variation in I, with pH 
must therefore lie in the nature of the porous non- 
protective films formed at high current densities. 
These films ranged in color from gray-black for 
high iron alloys, to a greenish black for the 50-50 
alloy, to a light green for the high nickel alloys. 
The colored films disappeared when the alloy be- 
came passive. The following reactions are of pos- 
sible interest here: 

Fig. 7. Possivotion current density vs. pH for each alloy 

Fe(OH), = Fe" + 2(OH)-, K., (at 25'C) 
= 1.65 . lo-'" (10) 

Ni(OH), = Ni" + 2 (OH)-, K., (at 25°C) 
= 1.6 . lo-" (10) 

Fe" + SO,' + 7Hp0 = FeSO, 
7H,O, Solubility (at 20°C) = 0.56 m/l (11) 

Ni" + SO.' + 7H,O = NiSO. 
7&0, Solubility (at 15°C) 2.7 m/l (11) 

If the basis for I, is an adequate ionic concentra- 
tion to precipitate the hydroxide, the controlling 
factor should be 

K., = [Mi+] [OH-]" 

so that a decrease of one unit of pH would require 
a hundredfold increase in metal ion concentration 
for precipitation. Starting with the highest pH, a 
marked increase in I, was noted as pH decreased, 
the higher current value being required to achieve 
a greater metal ion concentration at the surface of 
the electrode. As the pH was reduced further, the 
metal ion concentration required was increased 
still more, but now the possibility of the precipita- 
tion of the metal sulfate must be considered. Since 
low acid concentrations favor the precipitation of 
metal hydroxide and high acid concentrations favor 
the precipitation of metal sulfate, intermediate acid 
concentrations require a higher metal ion concen- 
tration for precipitation, and consequently the I, 
value is higher. 

, Passive current.-The passive current density is 
defined as the minimum current density required to 
maintain passivity. The minimum current was 
evaluated from anodic polarization curves such as 
in Fig. 1-4. The passive current density did not 
vary significantly with changing composition. How- 
ever, a plot of passive current density vs. pH for 
each alloy indicated a rapid increase in passive 
current density with increasing acidity as shown in 
Fig. 8. The passive film is free of pores under these 
conditions so that the passive current represents 
dissolution of the passive film instead of dissolu- 
tion of the metal. However, the dissolution of the 
film is counterbalanced by film formation by the 
process which determines the Flade potential, and 
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Fig. 8. Passive current density vs. pH for each alloy 

at the steady state, the rates of dissolution and 
formation are equal. Weil (12) has reported that 
the dissolution rate of the passive layer of iron 
follows the relation 

up to a pH value of 6.0, where J I  is the passive cur- 
rent density. The current-pH data in Fig. 8 show 
that this equation is more or less followed by each 
alloy. 

Flade potential.-Flade potentials were deter- 
mined from high-speed recorder traces of the po- 
tential decay of the passive alloys. In the decay 
trace, there is a halt in the potential corresponding 
to dissolution of the passive film. Uhlig (13), fol- 
lowing the method of Flade, obtained the decay 
trace on open circuit and recorded the Flade poten- 
tial as the potential value just before the abrupt 
drop. This method was adequate for evaluation of 
Flade potentials in this study for moderate acidities. 
However, at the highest acidity, the potential decay 
was so rapid that the halt disappeared completely, 
and at the lowest acidity, the decay was so slow 
that the halt was indistinct. The rate of decay also 
depended on, the composition, the decay time in- 
creasing with increasing nickel content. To com- 
pensate for the different decay rates, small cathodic 
currents were impressed to speed up sluggish re- 
actions, and small anodic currents (but less than 
the passive current) were impressed to slow down 
the fast reactions. Prominent halts were obtained 
for the a- and two-phase alloys. The y-alloys had 
less definite halts because of the slower transition 
between the active and passive states. The decay 
traces for the y-alloys were examined visually from 
all angles to deduce "breaks" in the curve. In ex- 
treme cases, it was necessary to assume that an in- 
flection point in the decay trace was the Flade po- 
tential. Such tenuous criteria gave considerable 
scatter in the data as shown in Fig. 9. 

The Flade potential as a function of pH is shown 
for each alloy in Fig. 9. The range of the data is 
shown by the vertical dotted lines. Since the Flade 
potentials of both iron and nickel are known to 
have a 0.0591 pH dependence, the assumption was 
made that all the Fe-Ni alloys would have the 

Fig. 9. Flade potential vs. pH for each alloy 

0.0591 pH dependence. The El-pH data were ac- 
cumulated according to the equation 

to evaluate E l o ,  the standard Flade potential (E, = 
Elo at pH = O), for each alloy. The curves of Fig. 
9 were drawn through the Elo value a t  pH = 0 and 
at a slope of -0.0591. The relatively good fit with 
the data justifies the value assumed for the slope, 
and indicates that the Flade relation (E, = E," - 
0.0591 pH) is substantially followed at every com- 
position. 

The experimental standard Flade potentials (Elo) 
are plotted vs. composition in Fig. 10. The Elo 
value of + 0.59 for iron is slightly higher than the 
accepted value of + 0.58. An Elo value of + 0.45 
for nickel was computed from the E, value of + 
0.43 for nickel in 1.ON HzSO, reported by Okamoto, 
Takaishi, and Sato (14). The experimental Elo for 
nickel was + 0.49, but this value is not as reliable 
as the experimental E l 0  of iron because of the dif- 
ficulty in evaluating the decay traces for high 
nickel alloys. This difficulty in the high nickel 
range manifests itself in Fig. 10, where the 
Elo values for the 7-alloys show an erratic trend 
with changing composition. However, the median 
Elo value of + 0.47 for the y-alloys is only 0.02 v 
higher than the value for nickel reported in the 
other investigation. 

One would predict that a two-phase alloy should 
be as noble as its most active constituent, i.e., the 
El0 of the two-phase alloy should be controlled by 
the Elo of the a constituent. This behavior was fol- 

Fig. 10. Standard Flade potential vs. composition 
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lowed by the 90-10, 80-20, and 70-30 alloys. How- 
ever, the E l o  value of the 60-40 alloy did not follow 
the predicted behavior, but was apparently con- 
trolled by the E l o  of the y-phase. This effect at 40 
at.% nickel could be attributed to a small a-phase 
area, the active current of the a-phase being in- 
sufficient to activate the yphase through galvanic 
contact. The explanation of this effect could also 
lie in the change of the occupancy of the d band 
energy levels with changing composition, the pas- 
sive state corresponding to unfilled d bands, ac- 
cording to the electron configuration theory (15, 
16). In this theory, nickel is an electron acceptor, 
and at a certain critical composition of nickel, the 
alloy becomes passive because the d levels of iron 
are no longer full. The critical composition has 
been calculated to be 33.3 at.% Ni. (16). 

Transition from passive to active state.-The 
steady-state potential-current values for the pas- 
sive-active transition are shown in Fig. 1-4. In 
some cases, the potential became completely un- 
stable as the current increased from the passive 
value. This situation arose for the 95-5 alloy, (Fig. 
1) in 0.01N HSO,. The instability of the other al- 
loys ensued at current values much higher than 
the passive current, compared to the 95-5 alloy. 
The current at which instability set in tended to be 
lower with increasing pH. The criterion for stabil- 
ity during the passive-active transition was dis- 
cussed by Franck (17). Since all the stationary 
states of the electrode are given by the polarization 
curve, and all the stationary states of the external 
circuit by a "resistance line" representing the total 
external resistance, the intersection of both curves 
represents the stationary state in which the entire 
circuit (electrode and external circuit) can exist. 
Two general cases were considered by Franck, E-I 
diagrams resulting in N-shaped curves and E-I 
diagrams resulting in S-shaped curves. An analysis 
of each type of curve leads to the conclusion that 
mixed electrode states (the electrode surface has 
both active areas and passive areas in the transition 
state) on S-form curves are stable, but on N-form 
curves unstable. Since the polarization curves 
(Fig. 1-4) are of a general S-form, the stability of 
points on the passive-active transition are ex- 
plained by Franck's theory. The decreasing stabil- 
ity with increasing pH would be concerned with a 
changed "resistance line" because of the lowered 
conductivity. 

The passive-active transitions (Fig. 1-4) give 
rise to negative slopes which are in some cases 
quite linear. In a recent paper by Mueller (18), an 
equation was derived which covered the curve of 
the density of anodic dissolution current as a func- 
tion of the potential including the active and pas- 
sive states. In the active-passive transition zone, 
the differential form of Mueller's equation reduces 
to d In I / d E  = -k. Since Fig. 1-4 are also on a 
semi-logarithmic basis, this equation adequately 
describes the experimental active-passive transi- 
tion curve. 

Similar to the effect of pH on the Flade potential, 
the active-passive transition curve shifted to the 
left with increasing pH. It should be noted that the 

Flade potential obtained from a decay trace is ac- 
tive with respect to the potential at which the tran- 
sition to the active state starts. This may be seen 
from a comparison of Fig. 1-4 with Fig. 9. The 
Flade potential is seen to fall between the potential 
limits of the active-passive transition curve, and it 
is not possible to differentiate the Flade potential 
from any of the other mixed electrode states. 

Since the Flade potential is incorporated into the 
transition curve, it would be expected that the 
transition curve should shift with composition in 
much the same manner as the Flade potential. An 
examination of all the polarization curves (includ- 
ing those not presented in Fig. 1-4) indicates that 
the transitions are alike for all alloys up to 30 at.% 
Ni. Alloys with 70 at.% Ni and higher also behave 
alike, but the transition occurs at a potential 0.2 
or 0.3 v more active with respect to the lower nickel 
(up to 30 at.%) alloys. The transition for nickel 
contents between 40 and 60 at.% Ni is interesting. 
The slopes are less steep than those of alloys with 
either higher or lower nickel content, as shown in 
Fig. 3 for the 40-60 alloy. The alloys with nickel 
content between 40-60 at.% thus represent a bridge 
between iron-like and nickel-like behavior, since 
the transition from the passive to the active state 
starts at potentials characteristic of the high iron 
alloys, but ends at potentials characteristic of the 
high nickel alloys. Thus the change from ferritic 
to austenitic-type behavior between 40 and 60 at.% 
Ni does not correlate exactly with the metallurgical 
structures of the alloys. 
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An Investigation of Columbium as an Electrolytic Capacitor Metal 
A. Shtasel and H. T. Knight 

Research Department, Fansteel Metallurgical Coworation, North Chicago, Illinois 

ABSTRACT 

The anodic oxidation characteristics of columbium metal were studied in 
relation to the manufacture of both wet and solid electrolytic capacitors. Ca- 
pacitors prepared from columbium were very similar to those prepared from 
tantalum except that the working voltages of the columbium capacitors were 
about one third and the d-c leakages about double that of similar tantalum 
capacitors. Solid columbium capacitors were demonstrated to have an ad- 
vantage over solid tantalum capacitors in a severe nuclear environment. 

The anodic oxidation properties of columbium 
have been known since 1908 (1). However, attempts 
to utilize these properties in commercial capacitors 
never have been successful. This has been attributed 
to the fact that the early technology of columbium 
and its sister metal, tantalum, was such that the pro- 
duction of high-purity tantalum was favored and 
the production of an  equivalent grade of columbium 
was rather difficult. In about 1955, considerable in- 
terest in columbium was aroused due to its nuclear 
and high-temperature properties and the fact that 
it was found to be in relatively abundant supply. 
This interest prompted the development of new 
methods of refining and reduction which facilitated 
the production of high-purity columbium. In order 
to determine if the improved purity would be re- 
flected in the electrical properties of columbium ca- 
pacitors, samples from two sources and of various 
purities were investigated in this work. 

Anodic Oxidation Studies 
A comparison of the anodic oxidation properties 

of columbium and tantalum was made by two meth- 
ods. First, the capacitance of these metals was meas- 
ured as a function of the formation voltage, and then 
the rate of the formation voltage was measured at  a 
constant current density. From the former experi- 
ment, the capacitance values and the maximum 
working voltages were obtained. Differential field 
strengths were obtained from the latter experiment 
and were used in calculating the theoretical capaci- 
tance values which then were compared with the 
experimental values. Also, a comparison of the volt- 
ages of incipient graying for the various samples 
was made from these rate curves. 

Sample preparation.-The anodes used in this in- 
vestigation were prepared from a lot of commercial 
columbium powder which was made by the carbon 
reduction of columbium oxide obtained by liquid- 
liquid extraction from columbite ore. The powder 

was arbitrarily sieved to the same mesh fraction as 
the tantalum powder used to prepare the tantalum 
controls. No attempt was made to determine if this 
was the optimum blend to give the maximum ca- 
pacitance per unit weight for columbium. The sin- 
tering temperature, however, was varied from 1750" 
to 2100°C. A temperature of 2000°C for 1 hr was 
selected as the optimum sintering schedule for this 
powder. Three sources of columbium sheet were 
used. Sample No. 1 was prepared from the same 
powder used for the sintered anodes. It was rolled to 
0.010 in. with a mill finish. Sample No. 2 was ob- 
tained as an example of columbium foil of excep- 
tional purity produced by the same process as Sam- 
ple No. 1. It was reduced on a Sendzimir mill to 
0.0005 in. with a mirror finish. Sample No. 3 was 
prepared from a rod of columbium which had been 
made by the thermal decomposition of columbium 
bromide on a hot columbium wire. It was cold rolled 
without annealing to 0.005 in. and was the most duc- 
tile of the three samples. The tantalum foil used as 
a control was selected from a production lot of ca- 
pacitor grade foil as a typical example. It also was 
reduced on the Sendzimir mill to 0.0005 in. with a 
mirror finish. The samples were cut into tabs 1 in? in 
total area and were degreased with carbon tetra- 
chloride and acetone before use, but they were 
neither etched nor polished. The chemical analyses 
of these samples are given in Table I. It is seen that 
Samples No. 2 and 3 are of the same order of purity 
as the capacitor grade tantalum foil, but that Sample 
No. 1 is high in the nonmetallic elements C, 0, 
and N. 

Experimental.-Some of the forming and meas- 
uring electrolytes ordinarily used with tantalum 
were found to be unsatisfactory for columbium due, 
no doubt, to the greater chemical reactivity of co- 
lumbium. An aqueous solution of oxalic acid ac- 
tually dissolves the anodic film on columbium, and 
concentrated sulfuric acid slowly attacks the film 
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Table I. Analysis of columbium and tantalum sheet 
(Atomic per cent) 

Columbium Columbium Columbium Capacitor 
Sample Sample Sample grade 
No. 1 No. 2 No. 3 tantalum Method 

at elevated temperatures. However, several elec- 
trolytes, both aqueous and nonaqueous, were found 
to be satisfactory. 

A plot of the reciprocal capacitance us. the for- 
mation voltage for samples of columbium and tanta- 
lum foil is shown in Fig. 1. These data were obtained 
by forming (anodizing) specimens at a constant po- 
tential at 100°C in a mixture of 100 g of ammonium 
borate, 200 ml of water, and 300 ml of ethylene gly- 
col until an arbitrary low value of current was ob- 
tained. After washing, the capacitance was meas- 
ured at room temperature in 21% sulfuric acid at 
120 cps using a General Radio capacitance bridge. 
The specimens then were rewashed and reformed to 
a higher potential. This process was repeated until 
the current would not drop back to the same low 
value, which point usually was marked by a visible 
scintillation and a graying of the film. 

By this procedure, it was possible to form the tan- 
talum foil to 320 v, whereas the columbium foil 
(Sample No. 2)  could only be formed to 50 v. Both 
of these samples had been rolled to a mirror finish 
and it was assumed that they had the same surface 
area although no independent measurements of sur- 
face area were made. It is seen from Fig. 1 that 
within experimental error the capacitance per unit 
area for these two samples is identical. 

Fig. 1. Anodizotion curves of tantolum and columbium 
tabs: 1, To foil; 2, Cb somple No. 2; 3, Cb sample No. 1; 
ond 4, Cb sample No. 1 after vocuum cleon-up. 

Fig. 2. Anodization curves of tantalum and columbium sin- 
tered anodes: 1, 0.1 g Ta anode; and 2, 0.07 g Cb anode. 

Columbium Sample No. 1 was formed to a maxi- 
mum of 70 v. A somewhat higher capacitance per 
unit area was observed, which was in agreement 
with the dull finish. After this sample was formed, 
it was cleaned and heated in a vacuum at 1800°C 
for 1 hr. This treatment removed the oxide film. It 
was then reformed, this time to a maximum of 120 v 
with a marked increase in capacitance. It should be 
pointed out, however, that the d-c leakage was 
higher for all the columbium samples, including the 
thermally etched sample, than for the tantalum sam- 
ple. Attempts to increase the voltage or to decrease 
the d-c leakage of the columbium samples by known 
chemical etching or polishing techniques were not 
successful. 

This experiment was repeated using sintered 
anodes instead of sheet. The results in Fig. 2 show 
that the columbium anodes began to gray at 95 v 
which is much less than the 325 v attained by the 
tantalum anode but higher than the value achieved 
by the untreated sheet (Sample No. 1) made from 
the same powder. The curves for the two sintered 
anodes cannot be compared directly since the area 
was not measured independently. However, the ap- 
parent area can be deduced from the data of Fig. 1. 
A value of 2.15 in.' is obtained for the area of the 
columbium anode and 1.66 in.' for the tantalum 
anode. This simply reflects that the sintering condi- 
tion selected for the columbium anode did not pro- 
duce the same surface area as was obtained when 
the tantalum anode was sintered. The figure of 
merit, CE/g, for the tantalum anode is 1168 which is 
normal for electrolytic tantalum powder, but it is 
2260 for the columbium anode. The higher figure of 
merit is favorable for columbium and is a reflection 
of the favorable density ratio (16.6/8.55 = 1.99). 
However, no significant conclusion can be reached 
because other types of tantalum powder give figures 
of merit as high or higher than the value obtained 
for columbium. 

Another method for comparing the working volt- 
ages of valve metals is to examine the rate-of-for- 
mation curve. At a constant current density the rate 
of film formation for valve metals is usually linear. 
At some potential which seems to be a function of 
the surface purity of the metal, the rate changes, in- 
dicating a new mechanism which is usually a crys- 
tallization or graying of the film. In the following 
experiments illustrated in Fig. 3, the rate of forma- 
tion of the columbium foil (Sample No. 2)  was com- 
pared with that of the tantalum foil at a current 
density of 10 ma/in.". The potentials were measured 
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Fig. 3. Rate curves of the anodization of tantalum and 
columbium tabs: 1 ,  Cb sample No. 2; and 2, Ta foil. 

against a saturated calomel electrode (S.C.E.) and 
all formations were in an ethylene glycol-ammo- 
nium borate electrolyte at 100°C. The rate for the 
tantalum foil changed at 320 v whereas the rate for 
the columbium foil changed at about 125 v. The rate 
of formation also was investigated at 5 and at 20 
ma/in.'. At all three current densities, the voltage at 
which the slope changes for tantalum is approxi- 
mately three times the value for columbium al- 
though the absolute values vary, of course, with the 
current density. Using the ratio of the differential 
field strengths from Fig. 3 as a measure of thickness 
and the reported ratio of the dielectric constants of 
CblO,: Ta,O, = 1.52 (2-4), the ratio of the capac- 
itances per unit area CC~OOS/CT~ZOS was found to be 
1.07 which agrees well with the ratio of unity ob- 
served in Fig. 1. 

The rates of formation of the three columbium 
samples, with the potentials measured vs. a tanta- 
lum cathode, are illustrated in Fig. 4. The sample 
with the highest impurity content (Sample No. 1) 
changes slope at a significantly lower voltage than 
the other two samples. This is further substantiated 
by earlier observations of the authors that less pure 
samples of columbium changed slope at potentials 
as low as 50 v by this technique. These results in- 
dicate that the point of incipient graying as detected 
by the change of slope is a function of the purity of 
the columbium and that even with columbium 
which is of the same order of purity as capacitor 

Fig. 4. Rate curves of the anodization of various columbium 
tabs: 1, Cb sample No. 1 ,  2; Cb sample No. 2; and 3, Cb 
sample No. 3. 

Table 11. Electrical characteristics of wet 2.5 g-10 V columbium 
capacitors 

E.S.R.. IL (room IL 85'C. 
Anode Cathode Cm, pf D.F.. % ohms temp), @ pa 

Before Hfe test 

After life test (250 hr at 85'C) 
Cb Ag(noPt) 133 29 2.07 2.4 
Cb Ag(Pt) 253 29 1.30 2.4 
Ta Ag(no Pt) 230 43 1.30 1.0 
Ta Ag(Pt) 286 25 0.92 1.0 

grade tantalum, the graying occurs at a potential 
which is one third of the tantalum value. 

W e t  Electrolytic Capacitors 
Low voltage-high capacitance wet electrolytic 

columbium capacitors (10 v-250 p fd) were pre- 
pared and their electrical characteristics compared 
to similar tantalum units. This particular size was 
chosen since any instability in capacitance and dissi- 
pation factor is more likely to show up in this type 
of capacitor. Columbium anodes weighing 2.5 g, 
which had been sintered at 2000°C for 1 hr, were 
formed in concentrated ammonium chloride (26%) 
at 100°C to 13 v and canned in a silver case with 
concentrated lithium chloride (25%) solution as the 
fill electrolyte. The construction used was exactly 
the same as is used for Fansteel tantalum wet ca- 
pacitors. However, severe capacitance losses were 
observed on life tests due probably to polarization 
effects at the silver cathode induced by the higher 
leakage current of the columbium capacitors. By 
plating the cathode with platinum black, the prob- 
lem was overcome and the subsequent platinized 
units did not suffer any capacitance loss after life 
testing. The summary of 250-hr life tests at 85°C 
and 10 v is shown in Table I1 where each value is the 
average for 23 capacitors. In general, the 2.5-g co- 
lumbium capacitors had electrical characteristics 
very similar to the 3:7-g tantalum capacitors which 
were used as controls. The dissipation factor values 
were slightly higher for columbium than for tanta- 
lum, but they can be considered to be satisfactory. 
Smaller capacitors also were made, but higher volt- 
age capacitors were not attempted due to the higher 
d-c leakages of the columbium. It should be noted 
that with these larger anodes the ratio of the figure 
of merit, (CE/g) Cb/Ta = 1310/1000 = 1.31 is less 
favorable for columbium than was found for the 
smaller anodes previously described. 

Solid Electrolytic Columbium Capacitors 
' Anodes weighing 0.07 g were used for the in- 

vestigation of solid electrolytic columbium capaci- 
tors. These units described in Table I11 were con- 
structed with only minor modifications in the pro- 
cedure employed for the production of comparable 
tantalum solid capacitors. They were formed at 27, 
54, 85, and 95 v with the intention of operating 
them at 10, 20, 30, and 35 v. The room-temperature 
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Table I l l .  Cb solid electrolytic capacitor characteristics 

For- 
mation Rated 

voltage, v voltage. v C. pf D.F., % Ir, 25'C, pa Is. 85'C. #a 

A. Llfe test 
(0.07 g Sintered powder anode) 

1 1.8 (after 340 hr) 
1 50 (after 190 hr) 
1.5 (short) (after 24 hr) 
(short) 

B. Thermal cycling 
(0.32 g Sintered powder anode) 

25'C 85'C -55'C 25'C 

C, pf D.F., % Ir. w C,pf D.F..% I & , @  C.pl DD.F.,% I L , ~  C, pf D.F., % Ir, pa 
10.5 6.9 0.40 11.3 6.3 1.9 9.2 10 0.18 10.4 7.2 0.34 

properties of these capacitors were very similar to 
comparable tantalum capacitors although the dis- 
sipation factors and leakage currents were slightly 
higher. 

These anodes were life-tested by maintaining 
them at the test voltage at 85°C. As is seen in Table 
111, only the 10-v units were satisfactory. After 340 
hr, their leakage was still below 2 pa and the test 
was discontinued. The higher voltage solid electro- 
lytic columbium capacitors developed high leakage 
and rapid failures on life test. 

So far, it has been shown that it is possible to 
make low voltage columbium capacitors which are 
similar to tantalum capacitors, but which have no 
advantage except for a slight saving in weight. 

One possible area where columbium capacitors 
might have an advantage over tantalum capacitors 
is in a severe nuclear radiation environment. The 
activation cross section for columbium is 1.1 barns 
compared to 21.3 barns for tantalum. Also, the pos- 
sible isotopes for columbium all have a very short 
half life, a few hours, whereas for tantalum the 
half-life for the isotope formed is about 113 days. 
In other words, a tantalum capacitor subjected to 
neutron irradiation would remain very active for an 
extended period of time, while the activity from a 

Table IV. Electrical characteristics of Cb solid electrolytic 
capacitors before and after irradiation with fast neutrons 

Pre-test Post-test 

Capacb Dissipation Leakage, Capaci- Dissipation Leakage. 
tance. Irf factor. % @ tance. & factor, % pa 

With applied potential 
1. 9.5 8.8 0.027 9.3 
2. 9.0 8.0 12.0 8.8 

lout applied potential 
0.135 9.2 
0.67 9.8 
0.048 11.8 
0.022 9.8 
4.6 13.2 
0.44 13.1 
0.027 13.4 
6.3 13.0 

columbium capacitor would be relatively low; most 
of the radiation would be due to the electrolyte and 
can. 

In order to determine the influence of radiation on 
columbium capacitors, 10-v solid electrolytic colum- 
bium capacitors (0.3 g by weight) and similar tanta- 
lum capacitors were irradiated in a nuclear pile and 
tested by Bendix Aviation Corporation (5). Eight 
capacitors were subjected to a fast neutron flux of 
approximately 6 ~ 1 0 ' ~  neutrons/cma sec for a total 
integrated fast neutron flux of about 4x101"neutrons/ 
cma, while at rated voltage. An additional eight ca- 
pacitors were irradiated at the same time without 
any applied potential. The results summarized in 
Table IV indicate that neither group of columbium 
solid electrolytic capacitors suffered any degradation 
from the intense radiation. At the conclusion of the 
test, the columbium capacitors were relatively in- 
active in comparison with the tantalum capacitors of 
comparable size and electrical characteristics which 
had undergone the same test (6) .  It is therefore con- 
cluded that for certain nuclear applications colum- 
bium solid capacitors may have some advantage over 
tantalum capacitors. 

Summary 
The properties of columbium as a capacitor metal 

were investigated and compared with those of tan- 
talum. The following conclusions were reached: 

1. The capacitance per unit area of anodized foil 
was found to be approximately the same for colum- 
bium as for tantalum, but the capacitance per unit 
weight for columbium sintered anodes is double that 
of tantalum sintered anodes prepared from electro- 
lytic powder. 

2. The working voltage of sintered columbium 
electrolytic capacitors is only about one third that of 
tantalum electrolytic capacitors for presently avail- 
able materials and processing technology. 

3. The d-c leakage of the, best columbium capaci- 
tors investigated was approximately twice the leak- 
age obtained with tantalum capacitors of similar 
ratings. 

4. The dissipation factor of columbium capacitors 
is similar to that of tantalum capacitors. 

5. With the presently available columbium, it is 
possible to make low voltage columbium electrolytic 
capacitors of both the wet and solid types which are 
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similar to tantalum capacitors of the same ratings. 
6. Solid columbium electrolytic capacitors may 

offer some advantage over solid tantalum electro- 
lytic capacitors in a nuclear environment. 
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Dielectric Characteristics of Tantalum 
Anodic Films as Related to Film Structure 

Donald Mohler and Robert G. Hirst 

Transformer Division, General Electric Company, Pittsfield, Massachusetts 

ABSTRACT 

The variation of the dielectric characteristics of tantalum anodic films can- 
not be explained on the basis of bulk metal impurities alone. Very thin films 
on the metal surface influence the structural properties and leakage current 
characteristics of anodic films formed thereon. Sufficiently long exposure to 
hydrofluoric acid removes these films leaving clean metallic tantalum exposed 
and when this is anodized excellent anodic oxide films result. These anodic 
films are crystalline in structure (distorted Ta90s) as opposed to amorphous 
films previously associated with good dielectric tantalum anodic films. Elec- 
tron diffraction and spectrographic data support the above views by quanti- 
tatively identifying the metallic impurities in electrolytic grade tantalum and 
tentatively identifying the structures of the various films on tantalum foil. 

It has long been recognized that tantalum metal 
showing essentially similar chemical and physical 
properties as measured by conventional means does 
not necessarily form anodic oxide films having the 
same dielectric properties. The leakage current char- 
acteristics of tantalum anodic films are highly vari- 
able. Previous interpretation has been that metallic 
bulk and surface impurities of tantalum contribute 
to these variations. This present work indicates that 
additional factors such as very thin surface films on 
the tantalum metal substrate substantially influence 
the structure and electrical properties of the anodic 
films. 

In general "low leakage" currents are associated 
with tantalum foil which anodizes with a high de- 
gree of electrochemical efficiency. Typical current, 
measurements are 0.3-0.5 pa/cm9 at 150 v d.c. for 
foils anodized to 200 v d.c. for 1 hr. Theoretical 
weight increases based on Faraday's law are ap- 
proached on tantalum of this quality when it is as- 
sumed that the anodic film is Ta.0.. During the 
anodic formation of the film, little gassing is ob- 
served on the surface of the tantalum. The resulting 
anodic films are highly reflective, mirror-like sur- 
faces when examined microscopically and show 
bright, sharp interference colors. 

In contrast, gassing occurs on the surface of tanta- 
lum when anodizing if the quality of the metal is 

sufficiently poor to produce anodic films charac- 
terized by "high leakage" currents. High leakage 
currents in this work are considered to be greater 
than 3 pa/cma or at least 10 times higher than the 
low leakage currents referred to just previously 
when measured under the same conditions. It has 
been the opinion that dull or gray anodic oxide 
films sometimes arise from tantalum containing 
metallic impurities. Since most metals do not form 
insulating anodic films, it seems reasonable to ex- 
pect films formed on impure tantalum to be non- 
homogeneous, porous or lacking in continuity, and 
passing current easily. 

Spectrographic Analysis 
A spectrographic study of 12 p (0.0005 in.) tanta- 

lum foil formed to 200 v d.c. and subsequently de- 
graded to a powder oxide in a 500°C muffle for ease 
of sample preparation failed to distinguish between 
tantalum characterized by high or low leakage cur- 
rent anodic films. A Baird grating-type emission 
spectrograph was used fpr this quantitative work, 
and the oxide powders were "arced" between es- 
sentially pure carbon electrodes. A spectrographic 
analysis of the various tantalum samples inspected 
is shown in the Appendix. 

The elements Cr, Co, Pb, Mn, Ti, and W were not 
present in any of the tantalum samples while all 
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showed trace amounts of Cu and Zr. The content 
of Al, Ca, Mg, Mo, Ni, Cb, Si, and V varied from 
sample to sample. A close examination of the spec- 
trographic data showing the common tantalum metal 
contaminates does not disclose correlation between 
the amount and kind of metallic impurities present 
and the leakage current characteristics of tantalum 
foil anodic films. In short, the electrical character- 
istics of the anodic films formed on the tantalum 
samples seem to be independent of the small 
amounts of impurities associated with commercial 
electrolytic grade tantalum foil. These results cer- 
tainly do not imply that sufficient amounts of im- 
purities in tantalum do not affect the anodic film 
properties; however they do suggest that for such 
electrolytic grade tantalum further study of the sur- 
face of this metal both anodized and unanodized is 
in order. 

Experimental Electron Diflraction Examination of 
Tantalum Surfaces 

During the course of work on a recent government 
contract (Project 2006A) for the Signal Corps it was 
learned that high leakage quality foil could be up- 
graded to low leakage quality by cleaning the tanta- 
lum surfaces with concentrated hydrofluoric acid 
for short time intervals. Capacitors made from such 
foils were electrically stable for over 2000 hr. This 
seems to confirm the idea that the properties of 
anodic films are related to the surface condition of 
the metal prior to anodizing. One might expect that 
HF cleansing removes the thin oxide film on tan- 
talum [estimated by Torrisi (1) to be 300A or less] 
since it is known that tantalum oxides dissolve with 
ease in concentrated HF solutions. It is reasonable 
to think that this oxide film is highly variable with 
respect to structure or thickness on tantalum due to 
the drastic rolling.conditions in processing. Unless 
some treatment such as vacuum annealing is pro- 
vided after final rolling it seems only logical to con- 
clude that the oxide film is variable when sheet 
stock is reduced by Sendzimir mill to 12 p foil. It 
is improbable that the surface temperature of the 
stock being rolled is maintained constant and this 
would certainly contribute to the formation of a 
nonuniform thin oxide film. 

It was decided to study by means of electron dif- 
fraction techniques the very thin oxide film on 
tantalum as received, the effect of treating .tantalum 
with HF, and the structures of the anodic films 
formed subsequently. It was hoped that such a study 
might uncover differences between high and low 
leakage quality foils and might explain the up-grad- 
ing of poor quality tantalum by hydrofluoric acid 
treatment. 

A number of 2.54 cm x 2.54 cm x 12 p foil samples 
were cut from known high and low leakage quality 
foil stock. All foils were given a preliminary clean- 
ing in a boiling 1% ~lkan'ox solution for 15 min to 
remove surface dirt and oils. This was followed by 
rinsing in distilled water, acetone, and ether. Vari- 
ous foil samples were further cleaned by immersing 
in 40% HF for varying time intervals of up to 300 
sec and rinsed immediately after with copious quan- 

tities of distilled water. Upon drying, one-half of 
the samples were anodized in a glycol-ammonium 
pentaborate-water electrolyte to a potential of 200 
v d.c. at 95°C and held for 1 hr. All foil samples, 
both unanodized and anodized, were next examined 
using a standard General Electric electron diffrac- 
tion unit operated at 40 kv and 15 pa. The electron 
beam was reflected from the surface of the foils, and 
photographs were taken of the diffraction patterns. 
Several areas of each sample were inspected and the 
electron diffraction patterns with photographs are 
reported in the Appendix. 

The thin oxide film on all the unformed or un- 
anodized samples both high and low leakage quality 
tantalum, prior to HF treatment showed amorphous 
patterns even though the maximum thickness is es- 
timated at less than 300A. No pattern for metallic 
tantalum was observed which is in agreement with 
the results previously reported by Spauschus (2). 
Thus it appears that a very thin oxide protective 
film, similar to that found on aluminum, is also pres- 
ent on tantalum foil. Microscopic examination of the 
surface of unformed foils further substantiated this 
view by revealing weak interference colors charac- 
teristic of thin oxide coatings. 

Two crystalline diffraction patterns were associ- 
ated with unformed samples cleaned by HF regard- 
less of the film quality. The predominant pattern de- 
pends on the length of time of acid contact. With 
short cleaning times (10-120 sec) only pattern C 
was observed. From 120 to 300 sec both patterns C 
and D were observed. Pattern C became weaker and 
D stronger as the cleaning times increased. At 300 sec, 
pattern D alone was observed in some cases. The "d" 
spacings of pattern C were found to match quite 
closely the ASTM values for tantalum fluoride (TaF*) 
and tantalum oxyfluoride (TaOIF). Since TaF, and 
T a 0 9  are isomorphous, positive identification based 
on our data could not be made. These samples ex- 
hibited areas of white crystalline material when ex- 
amined microscopically. Pattern D was identified as 
the pattern arising from tantalum metal. This pattern 
was always highly oriented which is characteristic 
of a rolled metal. Microscopic examination of these 
samples showed only the parallel rolling marks and 
the surfaces were highly reflective. 

Apparently the hydrofluoric acid attacks the thin 
tantalum oxide film and forms either TaFs or TaOP 
or both on the surface. Further acid attack dissolves 
the tantalum compound and produces a clean tanta- 
lum surface. 

From the results of the diffraction patterns of the 
anodized samples shown in the Appendix it can be 
seen that none of the "electrically good" foils show 
crystalline compounds on the surface when anodized 
without previous hydrofluoric acid cleaning. On the 
other hand, "electrically poor" foils show both an 
amorphous pattern and a pattern due to some crys- 
talline component (Pattern A). Spauschus and Ver- 
milyea (3) have reported previously that the tanta- 
lum anodic film was amorphous. This is in agree- 
ment with our observations when the tantalum was 
of "low" leakage quality and not treated with HF 
prior to anodizing. However, all HF treated tanta- 



Vol. 108, No. 4 DIELECTRIC CHARACTERISTICS OF Ta FILMS 349 

lum foil in this work produced strongly crystalline 
anodic films. There was no difference in the physical 
appearance of the amorphous and crystalline films, 
both characterized by highly reflective interference 
colors without gray or dull areas. The diffraction 
pattern (Pattern A) for the crystalline material on 
the anodized samples was thought to arise from 
Ta,06. Precise matching against established ASTM 
values for T&Oa was not possible. However, the 
similarity of the pattern to TapOs suggests a distorted 
T&Os structure. Perhaps only the surface of the 
crystalline material is distorted. .The structure of 
the underlying film is indeterminable since pene- 
tration of the electron beam by reflection is some- 
thing less than 500A while the 200 v film is ap- 
proximately 4000A thick. 

All HF cleaned high and low leakage quality tan- 
talum samples show the same general diffraction 
patterns. Two crystalline species appear simultane- 
ously, one distorted TanO., the other an unidentified 
compound (Pattern B). The distorted Tacoa pattern 
appeared strongest and the unknown pattern weak- 
est for those samples cleaned with HF for 300 sec 
before anodizing. This suggests that the TanO. re- 
sults from a clean tantalum surface while the .un- 
identified compound arises from a reaction product 
of HF and tantalum which had been left on the sur- 
face. It will be recalled that short time cleaning 
leaves TaF, and/or Ta0,F on the tantalum surface. 

The previously discussed electron diffraction pat- 
terns are summarized in the following chart. 

Fig. 1 .  Leakoge current characteristics of 200 v d . ~ .  ton- 
talum anodic films as a function of immersion time in 40% 
HF prior to anodizing. a, high leakage quality tantalum foil; 
A, low leakage quality tantolum foil. 
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currents except with the most drastic cleaning treat- 
ment. Here it would appear that when clean metal- 
lic tantalum is present, anodic films are formed 
which show superior leakage current characteristics. 
These anodic films have excellent insulating prop- 
erties when measured in electrolytes. We postulate 
that a bare tantalum surface produced by HF clean- 
ing gives rise to anodic films, crystalline in nature, 
uniform in composition, and relatively defect free. 
These films produce a crystalline structure that will 
not, easily permit the passage of ions and current. 
The leakage current characteristics of 200 v anodic 
films vs. HF cleaning time are shown in Fig. 1. Note 
that there was no significant difference in leakage 
between high and low leakage quality foil after im- 
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Electron Diffraction Patterns 

Unanodized 
tantalum samples 

200 v d.c. Anodic elms 
formed on tantalum samples 

Amorphous - low leakage quality foil -, AMORPHOUS 
I 

HF \high leakage quality foil + AMORPHOUS + Distorted Ta.O. 
.1 

Tantalum Fluoride - high & low leakage quality foil-, Distorted TapO, + UNIDENTIFIED CRYSTALLINE 
I MATERIAL 

HF 
.1 

Tantalum - high & low leakage quality foil -, DISTORTED TaO. + Unidentified Crystalline Material 

Electrical Characteristics of Anodic Films 
Formed for 1 Hr 

The electrical characteristics of the anodic films 
were determined for the samples used to obtain 
the electron diffraction data. Capacity per unit area 
and power factor values for all samples were found 
to be relatively independent of the tantalum quality 
of the samples and the HF cleaning. Since there was 
no increase in capacity as a result of the HF treat- 
ment it can be presumed that the dissolving action 
of the reagent was uniformly attacking all points 
of the tantalum surface, thus not changing the orig- 
inal surface area. In short, no etch gain was ob- 
served. The leakage currents show a definite trend 
toward lower values as a function of contact time 
with the acid. Unfortunately there is no clear rela- 
tion between the diffraction patterns and leakage 

mersing for 300 sec in concentrated HF followed by 
anodizing. 

Conclusions 
1. Bulk metallic impurities in electrolytic grade 

tantalum foil do not account for the differences be- 
tween high and low leakage quality tantalum. 
2. Thin oxide films on tantalum foil in the 

as-received condition are amorphous regardless of 
metal quality and electron diffraction examination 
is unabie to distinguish between high and low leak- 
age quality tantalum. 
3. When anodized, low leakage quality tantalum 

foil, not HF treated, produces an amorphous film 
while high leakage quality foil shows both an amor- 
phous film and crystalline TazO.. On the other hand, 
after anodizing all foils cleaned with HF show crys- 
talline Ta,O. plus an unidentified crystalline ma- 
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terial. T&06 predominates for long cleaning times 
and gives good electrical characteristics. The above 
facts appear to be anomalous and from the results of 
foils not HF cleaned one might expect cleansing to 
give rise to an amorphous oxide on anodizing. Per- 
haps the thin oxide film on high leakage quality foil 
is discontinuous and porous and on anodizing pro- 
duces a porous film partly crystalline and partly 
amorphous. The thin amorphous oxide on low leak- 
age quality foil on the other hand may be a tightly 
adherent,'continuous film which on anodizing allows 
a buildup of the same amorphous type of film. HF 
cleaning of both types of foil produces a clean tan- 
talum surface which allows a buildup of a continu- 
ous crystalline film which is excellent electrically. 

4. Treating tantalum foil with HF prior to an- 
odizing improves the formation properties and the 
electrical characteristics of the anodic films. 

5. The oxide film on tantalum foil is replaced by 
a thin tantalum fluoride or oxyfluoride film after 
short interval HF cleaning. Further cleaning, 180 
sec or longer, exposed metallic tantalum. 
6. The best anodic flms were found on tantalum 

when HF was used to remove all surface films. The 
surface condition of high and low leakage quality 
tantalum was reduced to a common denominator by 
this acid treatment. Subsequent anodization pro- 
duces superior crystalline anodic films on both high 
and low leakage quality tantalum. 

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

Spectrographic Analysis 

Low leakage High leakage 
quaUty tantalum. quality tantalum, 

0.3-0.5 @/em* >3 ua/cma 
Sample No. 
Impurity 14 17 19 13 18 

Aluminum H T L T L 
Calcium L L T  T L 
Chromium NDA NDA NDA NDA NDA 
Cobalt NDA NDA NDA NDA NDA 
Comer T T T  T T 
I ~ G  L L L L H 
Lead NDA NDA NDA NDA NDA 
Magnesium H H L L H 
Manganese NDA NDA NDA NDA NDA 
Molybdenum NDA NDA NDA NDA H 
Nickel T L T  NDA H 
Nioljium NDA H NDA NDA NDA 
Silicon H T L  L L 
Titanium NDA NDA NDA NDA NDA 
Tungsten NDA NDA NDA NDA NDA 
Vanadium T T NDA T L 
Zirconium T T T T T 

Manuscript received Sept. 29, 1960. This paper was nigh-H = 0.003-0.1% impurity. 
prepared for delivery before the Chicago Meeting, May ~.",~T==O$,"~";O$~$~em&U~,"~iy~ 
1-5,1960. NDA-nondetectable, less than trace. 

Diffraction pattern photographs 

Amorphous Pattern A Patterns A & B 

Pattern C Patterns C & D Pattern D 
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Electron diffraction patterns, unanodized tantalum foil Electron diffraction patterns, tantalum foil anodized to 200 v. d.c. 

Foil 
coil Sam- 
NO. ple 

1 A 
1 B 
1 C 
1 D 
2 A 
2 B 
2 C 
2 D 
3 A 
3 B 
3 C 
3 D 
3A E 
3A F 
3A G 
3A H 
3A I 
3A J 
4 E 

' 4  F 
4 G 
4 H 
4 I 
4 J  

Tantalum HF Diffraction 
quality treat, sec pattern Remarks 

High leakage 0 Amorphous 
High leakage 10 Pattern C* 
High leakage 30 Pattern C 
High leakage 300, Pattern D 
Low leakage 0 Amorphous 
Low leakage 10 Pattern C 
Low leakage 30 Pattern C 
Low leakage 300 Pattern D 
Low leakage 0 Amorphous 
Low leakage 10 Pattern C 
Low leakage 30 Pattern C 
Low leakage 300 Pattern D 
Low leakage 0 Amorphous 
Low leakage 60 Pattern C 
Low leakage 120 Pattern C 
Lowleakage 180 C & D Stronger C 
Low leakage 240 C &D Stronger D 
Low leakage 300 C & D Stronger D 
High leakage 0 Amorphous 
High leakage 60 Pattern C 
High leakage 120 Pattern C 
High leakage 180 C & D  Stronger C 
Highleakage 240 C &D Stronger D 
Highleakage 300 C & D  Stronger D 

Foil HF 
coil Sam- Tantalum treat. Diffraction 
No. ple quality sec pattern Remarks 

1 A, Highleakage 0 PatternA 
1 Br Highleakage 10 A & B  
1 Cf Highleakage 30 A & B  
1 Dr High leakage 300 A &  B 
2 A, Low leakage 0 Amorphous 
2 Bi Low leakage 10 A & B  
2 C1 Low leakage 30 A &  B 
2 Dr Low leakage 300 A &  B 
3 A, Low leakage 0 Amorphous 
3 Bf Low leakage 10 A &  B 
3 C1 Low leakage 30 A &  B 
3 Dc Low leakage 300 A & B  
3A Ec Low leakage 0 Amorphous 
3A Ff Low leagage 60 A& B 
3A Gf Low leakage 120 A & B  
3A Hc Low leakage 180 A & B  
3A If Low leakage 240 A &  B 
3A Jr Low leakage 300 A & B  
4 Ec High leakage 0 Amorphous + A 
4 F, High leakage 60 A &  B 

. . .. . ... . . . ,... .- ,- .,-, .. 4 &+ ~ i e h  leakaee 120 A &  B 

Mechanism of Electrodeposition of Cobalt from Liquid Ammonia 
Solutions of spin-Paired ~oba l t ( l l l )  Complexes 

Evidence for a Trans Effect in Octahedral Complexes 

George W. Watt and Joe W. Vaughn 

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

ABSTRACT 

Cathode current efficiency data for the electrolysis of liquid ammonia 
solutions of certain spin-paired cobalt(II1) complexes are interpreted as sup- 
porting a previously proposed mechanism of generation of the electrochemi- 
cally active species. The possibility of a trans effect in octahedral complexes 
is discussed as such and in relation to the trans effect in square planar com- 
plexes. 

Earlier work in this laboratory (1) has shown 
that the electrodeposition of nickel from ammonia 
solutions of spin-free nickel (11) complexes is pro- 
foundly influenced by specific properties of added 
competitive ligands. Cathode current efficiency data 
were interpreted on the basis that the initial proc- 
ess involved a bimolecular ligand substitution, 

[MLIn+ + X- e [MLS-I(""+ + L [I] 

that deposition does occur from liquid ammonia 
solutions.' 

Although there is an abundance of evidence re- 
lating to the translabilizing influence of a wide 
variety of ligands in square planar complexes of 
(particularly) platinum (3, 4) ,  there are only 
limited indications that a similar effect may be 
operative in complexes that exhibit octahedral 
svmmetrv. Yatsimerskii and Pankova (5) have 

followed by a trans labilization-induced dissocia- used thermochemical data as a basis for the estab- 

tive process of the type proposed by Lyons (2). lishment of a partial "trans effect series" for oc- 
tahedral comulexes of cobalt (111). and it is note- . . .  

[MLS-I("-"+ = [ML,X-]("A'+ + L [2] worthy that their conclusions differ significantly 
from those that apparently apply to square planar 

and that gives rise to the electrochemically active complexes of (4).  More recently, Palmer 
species. Although Lyons concluded that deposition and Bas010 (6) have reported that the lability of . . 
is not to be  expected from aqueous solutions of 

lother experiments in this laboratory (G. W. Watt and J. A. 
spin-paired ("inner-orbital") complexes of the cunningham Unpublished work) show that deposition occurs 
type [CoLle+, the results reported here demonstrate readily from' aqueous solutions of spin-paired complexes of Pt, Pd, and Au. 
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hydrogen toward hydrogen exchange in substituted 
ammines of cobalt (111) depends on both the charge 
on the central metal ion and the identity and posi- 
tion of the substituent ligand(s). Vlcek and Kuta 
(7) have applied the bimolecular ligand substitu- 
tion mechanism to the explanation of the influence 
of a variety of anions upon the reduction of com- 
plexes of the type [CO(NH~)~X-Y at the dropping 
mercury electrode. Closely analogous studies by 
Maki, et al. (8) have been concerned with the 
"polarographic stability" of cobalt (111) complexes; 
these workers list the relative effects of a consider- 
able number of ligands in an order that differs in 
major respects from orders based on other criteria. 

There were several reasons for undertaking the 
work described in the present paper. First, it seemed 
worthwhile to test the previously postulated SN2 
mechanism (1) in application to a case other than 
nickel (11). Second, only a narrow range of com- 
petitive ligand properties in the case of nickel (11) 
complexes resulted in cathode current efficiencies 
that ranged from 0 to 100%; hence, this case is not 
suitable as a basis for the investigation of a wider 
variety of potentially translabilizing ligands. Third, 
if the postulated mechanism has merit, there seems 
to be no a priori reason why deposition should not 
occur from solutions of spin-paired as well as spin- 
free complexes. 

Experimental 
Materials.-The following cobalt (111) complexes 

were prepared and purified by procedures to which 
reference is made; the calculated and experimen- 
tally determined cobalt content, respectively, are 
given in parentheses in each case: Hexammine- 
cobalt (111) nitrate, (9), (17.0, 16.7) ; iodopentam- 
minecobalt (111) nitrate, (lo), (14.9, 14.4); isothio- 
cyanatopentarnminecobalt (111) nitrate, ( l l ) ,  (18.1, 
18.0) ; nitrosopentamminecobalt (111) nitrate, (12), 
(19.4, 19.0) ; aquopentamminecobalt (111) nitrate, 
1131. 117.0, 17.31 : nitritopentamminecobalt (111) ni- , ,, . . 
trate, (14), (18.8; 18.4).-x-ray diffraction data are 
given in Table I. 

Table 1. X-ray diffraction dab* 

a CuKa radiation, Ni fllter. 40 kv and 15 ma: exposure time. 1-8 
hr. relative intensities estimated visually. 

b Less intense lines not included here. 

Table II. Electrolysis of liquid ammonia solutions of 
cohlt(lll) complexes at -34. 

Cathode 
Current current 
density, Time, Added efRciency. 

Complex ma/cms hr salt % 

2.5 - 44 
3.0 - 45 
3.3 - 49 
4.0 - 51 
3.0 - 68 
3.5 - 73 
3.0 - 34 
3.0 - 36 
3.0 - 43 
3.0 - 5.8 
4.2 - 5.9 
2.8 KI 42 
2.5 KSCN 49 

Reagent grade potassium iodide was dried at 
150" and used without further purification. Reagent 
grade potassium thiocyanate was dried over mag- 
nesium perchlorate and used without further puri- 
fication. Potassium nitrite was recrystallized from 
hot water and dried at 120'. 

Equipment and procedures.-The electrolysis 
cell and the electrode holders, as well as most of 
the experimental procedures, were essentially the 
same as those described previously (1). Bright 
platinum electrodes, 5.0 x 0.90 cm, were used in all 
experiments; the circuit included a silver coulom- 
eter. Concentration polarization was minimized by 
stirring the solutions with a magnetic stirrer. 

Ezperintental data.-In experiments that em- 
ployed the cobalt(II1) salts listed above, the total 
solution volume was 100 ml, the concentration of 
the cobalt(II1) salt was 3.5-3.7 x lo%, and the 
concentration of the added potassium salt (where 
used) was 7.0-7.4 x 10%. The resulting data are 
given in Table 11. The physical character of the 
metal deposited on the cathode varied, but in a 
manner that could not be correlated with the con- 
ditions that prevailed. Thus in a series of repetitive 
runs involving the same solution composition and 
all other conditions held constant, both very bright 
and black finely divided deposits were observed. In 
all cases, however, the deposits were sufficiently 
adherent to permit direct weighing of the deposited 
metal. 

Several measurements (not included in Table 11) 
showed that cathode current efficiency does not 
vary significantly as a function of the duration of 
electrolysis, i.e., over periods of the order of 1.5- 
4.0 hr at constant current density. Similarly it was 
demonstrated that the use of cathodes cleaned by 
immersion in concentrated hydrochloric acid fol- 
lowed by washing with distilled water and heating 
to redness led to reproducible results. 



Vol. 108, No. 4 MECHANISM OF ELEC 

Discussion 

Although the magnitude of the effects produced 
by competitive ligands in the case of cobalt(II1) is 
somewhat less than that for nickel(II), the results 
given in Table I1 are clearly compatible with and 
in support of the mechanism (1) represented by 
the general Eq. [I] and 121. Thus, the enhance- 
ment of cathode current efficiency for [Co(NH,). 
I]*+ as compared with [Co(NH.),Ia+ is attributed 
to the translabilizing effect of the I- ligand. It must 
be recognized however that, in contrast to the 
nickel(I1) case, the fact that deposition occurs at 
all from solutions of [Co(NH.),]" alone must be 
attributed to a simple dissociative (SJ) process 
of the type proposed by Lyons (2). Accordingly, 
reaction [I] would be preceded by 

The data of Table I1 show that cathode current 
efficiency is dependent on current density, but that 
the effects of specific competitive ligands is clearly 
evident at current densities in the range of 0.67 +. 
0.05 ma/cma. Plots of cathode current efficiency vs. 
current density for [Co (NH.) .I* and [Co (NHs) 61]P+ 
are linear and converge at a current density of 
1.3 ma/cma. The corresponding curve for [Co 
(NHs) JNCS) 1" lies above that for [CO (NHa) dlzt 
and does not converge with the hexammine curve at 
1.3 ma/cms. An analysis of the data for [Co(NH.) 
,la+ + KSCN would seem to indicate that the elec- 
trochemically active species is the same as that 
which is operative when [CO (NHs) &(NCS) 1" alone 
is used since the efficiencies are identical within 
experimental error. The low cathode current effi- 
ciency found for [Co (NHJ s(N02) la+ is surprising in 
that this suggests that the translabilizing influence 
of the NO; ligand is less than is usually attributed 
to this ligand (see below). Nevertheless, the data 
for the three cases [CO(NH~)~]'+, [CO(NH~)~ 
(NO,)]'+, and [Co(NH.).Ia+ plus KNOn are both in- 
ternally consistent and compatible with the earlier 
interpretation (1). It is indicated however that in 
the latter instance the in situ conversion of [Co 
(NK),]"' to [CO(NH~)~(NO~) 1" must be incom- 
plete; the same is apparently true for [CO(NH~)~]" 
plus KSCN. 

For the case of [Co(NHs).IU plus I-, it is not pos- 
sible to conclude that ligand substitution occurs 
since the efficiencies found for [Co(NHI).Ia+ and 
[Co(NH3).IIa+ are essentially the same, particularly 
at high current densities. The curges for cathode 
current efficiencv vs. current densitv for these two 
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given above, the increasing order of translabilizing 
effect of the ligands studied is, 

NO; < NH, < I- < H,O < NCS- < NO 

The most nearly comparable results, also for octa- 
hedral complexes of cobalt (111) , are those of Yatsi- 
merskii (15) who has reported that NO; > N& 
and HrO > C1-. The obvious discrepancy is con- 
cerned with the status of the nitrito ligand; the 
present results suggest that this ligand is slightly 
translabilized by the NHs ligand. There is however 
an alternative and more attractive explanation of 
the relative effects of these two ligands. Vlcek (16, 
7) has interpreted certain polarographic data as 
indicating that complexes of the type [Co(N&)d(lU 
orient in a manner such that the hetero atom or 
group X is always as far as possible from the elec- 
trode surface. The complex [Co (NH,) .NOI]" how- 
ever is reported to be an exception in that it orients 
with the NO- ligand somewhat closer to the elec- 
trode. We may now consider the consequences of 
such preferential orientation in relation to the rela- 
tive translabilizing effects of the NO; and NHs 
ligands. If the trans effect of the NO; is greater 
than that of NHa, the former would translabilize 
the latter, thus providing an available bonding 
orbital for the establishment of a partially me- 
tallic bond with the cathode metal lattice (2) .  But 
owing to the above mode of orientation, the bond- 
ing orbital thus made available would project away 
from the electrode and the trans effect of the NO; 
would be cancelled effectively. Under these cir- 
cumstances reduction to metal would require rup- 
ture of the Co-NOn bond; hence the cathode current 
efficiency would be low even if the NO; ligand had 
a large trans effect. If, on the other hand, the trans 
effect of NHa exceeds that of NO;, the foregoing 
argument would still apply and the net result 
would be the conversion of [CO(N&)~NO~]~ to [Co 
(NH.).IM. Should this occur, orientation at the 
electrode surface would no longer be of importance, 
and the measured cathode current efficiency should 
be the same as for the case in which [CO(NH~)~]* 
is introduced initially. It is clear from Table I1 that 
such is not the case, and therefore it must be con- 
cluded that th6 NO; ligand probably has a greater 
trans effect than NHs but that the effect is masked 
by preferential orientation at the electrode surface.' 

It is also of interest to compare the trans effect 
sequence deduced from the present studies with 
the positions of these same ligands in series that 
relate to square planar complexes. The interrela- 
tionship given by Chatt and co-workers (4 )  is 

species show a maximum difference of about 8% at 
a current density of 0.5 ma/cm9. Allowing for the H20 <NH,<NCS---I-< NO;<NO 

possibility of incomplete conversion of the hex- 
ammine to the iodopentammine and the somewhat 
greater experimental error at lower current densi- 
ties, the available evidence is inconclusive. This 
particular aspect of the problem is currently being 
investigated by another method. 

The data listed in Table I1 are also of interest in 
connection with the relative translabilizing effects 
of ligands in octahedral complexes. Thus from the 
present data, and in the light of the interpretation 

while that resulting from the work of Hel'man and 
Karandashova (17) is 

In this connection it should be recalled that these 
two series are based not on any measurable par- 
ameter but rather result from qualitative observa- 

SFor other recent data on the unuaual translabflidng effect of 
Nor and numerous references to earlier related work. see: A. A. 
Grinberg. Ruaa. J. Inorg. Chem., 4, 883 (19591. 
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tions made during the course of synthesis. Even 
though the positions of some of the above ligands 
may be in doubt, the results reported in this paper 
indicate that, if a trans effect is indeed operative in 
octahedral complexes, the relative positions of 
ligands may be considerably different than for 
square planar complexes. It is also reasonable to 
suggest that the relative translabilizing effects of 
ligands may differ as a function of the charge on 
the central metal ion as well as on the symmetry of 
the complex. The water molecule is a case in point; 
it appears that this ligand has a greater trans effect 
in octahedral cobalt(II1) complexes than in square 
planar platinum(I1) complexes. I t  is also of inter- 
est to note that the NO ligand exhibits a very great 
effect in both of these types. 

Other experiments that bear on the views ex- 
pressed above are in progress and the results will 
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Preparation and Properties of Grown P-N Junctions of lnSb 

H. C. Gorton, A. R. Zacaroli, F. J. Reid, and C. S. Peet 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Grown p-n junctions of InSb were produced by doping high-purity n-type 
melts with zinc. The crystals were oriented such that the growth axes of the 
crystals were perpendicular to a (111) plane. The effects of anisotropic dis- 
tribution of impurities within the crystals were observed in the electrical 
properties of the diodes. The lifetime of minority carriers at high injection 
levels (forward bias) was observed. Anomalous values are attributed to 
changes in propertie's of the bulk material rather than the surface. The curves 
of current density as a function of temperature showed leakage currents to 
predominate at lower temperatures and saturation currents to predominate at 
higher temperatures. This observation was verified by current-voltage pro- 
files at appropriate temperatures. 

Crystal Growth and Junction Formation 
Single crystals of InSb were grown by the Czo- 

chralski technique from zone-refined material. The 
material was heat treated in a vacuum for 2 hr a t  
about 530°C to remove highly volatile impurities, 
such as zinc. The crystals were pulled in an  atmos- 
phere of hydrogen which had been purified by dif- 
fusion through palladium. 

To produce a junction, an n-type crystal was 
grown to a diameter of about 0.75 in. The crystal 
was then raised from the melt to which zinc was 
added in the form of ZnSb for the higher acceptor 
concentrations, and in the form of InSb containing 
about 10" zinc atoms cm4 for the lower acceptor con- 

centrations. About 10 min was allowed for the zinc 
to become evenly distributed throughout the melt 
before pulling was resumed. 

The seed crystals used to pull these crystals were 
oriented such that the growth axis of the crystal 
was perpendicular to a (111) plane. This produces 
the coring effect resulting from the anisotropic dis- 
tribution of impurities within the crystal, as re- 
ported by Allred and Willardson (I), and by Hulme 
and Mullin (2). In some high-purity crystals, where 
the impurity concentrations on either side of the 
junction were nearly equal, junctions were achieved 
only around the edge of the ingot because of the 
buildup of donor impurities near the center. 
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Table I. Carrier concentrations and mobilities near the p-n 
junctions in lnSb crystals 17 and 37 

Majority carrier Charge carrier 
concentrations. mobility at 77'K. 
at 77'K. cm-8 cma V-1 sec-1 

Diode 
No. n-side p-side n-side p-side 

Bridge-type Hall samples for determining the 
electrical characteristics of the bulk p- and n-type 
material were cut from the crystals about 2 mm 
from either side of the junction. 

In this paper, we will report on the electrical 
characteristics of one diode taken from each of two 
crystals. The electrical' characteristics of the bulk 
material on either side of the junctions are shown 
in Table I. Majority carrier concentrations on the n- 
and p-sides of the junction of the diode cut from 
crystal 17 were nearly identical, while majority car- 
rier concentrations on the two sides of the diode 
taken from crystal 37 differed by two orders of mag- 
nitude. The lower hole mobility on the p-type side 
of the junction on diode 37-Dl1 would be expected 
from the higher acceptor concentration. 

Diode Preparation 
A 4-mm thick slice of the ingot containing the 

p-n junction was diced into diodes of about 0.05 
cm' cross-sectional area. The junctions were located 
by thermally probing the diodes while immersed in 
liquid nitrogen. Electrical contact to both the p- 
and n-sides was made by alloying an electrode- 
posited film of gold with the material. Specific con- 
tact resistances on the order of 0.035 ohm cmz at 
7 7 ° K  were achieved. The diodes were etched in a 
solution of 10: 10: 7 HCI: HNO,: HAc at 95'F. Pres- 
sure contacts were made to the diodes, and they 
were sealed off under fore-pump vacuum. 

Results and Conclusions 
The lifetime of minority carriers in the diodes at 

high injection levels was obtained at 7 7 ° K  by the 
open-circuit voltage decay method (3 ,4 ) .  In this 
method, the diode is biased in the forward direction, 
the current is interrupted suddenly, and the time 
rate of decay of injected charge-carriers is observed. 

The high level lifetime at 7 7 ° K  was measured on 
the diode from crystal 17 immediately after etching 
and was observed to be 25 mp sec. After storage 
for about a month at room temperature, a much 
larger value of 150 mp sec was observed. Since the 
conductance through a diode in the low-dynamic- 
impedance portion of the forward characteristic, in 
which region the high level lifetime is observed, is 
a bulk phenomenon, surface recombination velocities 
would be relativeIy unimportant in controlling high 
level lifetime so long as the diffusion length were 
short with respect to the cross-sectional dimension 
of the diode. The diffusion lengths of the charge car- 
riers on both the n- and p-sides of the junction of 
crystal 17, as determined from the relationship L = 
( p  kT/q)lIa, are less than 10' cm, whereas the di- 
ameter of the diode is 0.2 cm. Therefore, it is as- 

sumed that the odserved change in lifetime was the 
result of some change in the bulk material, rather 
than in the surface. That the high level lifetime at 
7 7 ° K  is independent of surface conditions is further 
indicated by similar lifetime measurements made 
on the diode from crystal 37. Here the lifetime was 
obtained after markedly different surface treatments 
and was found to be relatively constant. The life- 
time was first measured after l a ~ ~ i n g  and polishing - -  - - 
the diode. It was again observed after etching the 
diode in the same manner as the one from crystal 
17. In both cases, a value of about 0.5 p sec was ob- 
tained, which is near that reported by Wertheim for 
n-type InSb below 150°K ( 5 ) .  

An expression for the temperature dependence 
of the current density through the junction, devel- 
oped from basic considerations ( 6 ) ,  is 

where j. may be considered a constant. V is the 
voltage across the junction, E ,  is the energy gap of 
the material, and q / k T  has the usual connotation. 
At a reverse bias of 0.1 v in the temperature region 
of interest, eqy1'" is small with respect to 1, and may 
be neglected, so that Eq. [I ]  becomes ja = j. e-E91'T 
for the reverse current through the junction. The 
slope of the log j, us. T" plot of the ideal diode 
equation at low reverse bias then is related to the 
band gap, E,. 

Figure 1 is a plot of the reverse current density 
with a constant impressed voltage of 0.1 v as a func- 
tion of reciprocal temperature for a representative 
diode from each of the two ingots. One run is shown 
for the diode cut from crystal 17, and three runs 
are shown for the diode cut from crystal 37 after 
different treatments of the surface. 

In Fig. 1 two curves are superimposed on the ex- 
perimental points with slopes corresponding to the 
band gap of InSb at the indicated temperatures 
(0.23 - 2.9 X lo-' T ev). A very close fit of the ex- 
perimental data to the slopes of these curves is ob- 

Fig. 1 .  Reverse current density at 0.1 v applied potential 
vs. reciprocal temperature for lnSb grown junction diodes 
37-Dl 1 and 17-D16. 
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Fig. 2. Current-voltage profiles of diode 17-Dl 6 at 70' 
and 140°K. 

served, which agrees with the mechanism invoked 
by the ideal diode equation and indicates the pre- 
dominance of minority carrier diffusion under reverse 
bias at  the indicated temperatures. At lower tem- 
peratures, the slopes of the curves again have con- 
stant values which represent relatively low activa- 
tion energies. It is suggested that these values cor- 
respond to the activation energies of the carriers 
contributing to leakage current, and are presumably 
associated with surface states in the material. If 
such were the case, it should be possible to change 
both the magnitude and the slope of that portion of 
the curve by selected surface treatment of the ma- 
terial. Such a procedure was carried out with the 
diode from crystal 37. Curves B and C were obtained 
after etching the diode, and the curve D was ob- 
tained after lapping and polishing. As was expected, 
both the magnitude and the slope of the curves were 
affected by the surface treatments. However, very 
little difference was observed in the slopes or the 
magnitudes of the curves in the saturation region. 
The greater magnitude of the saturation current in 
diode 17-Dl6 is explained, at  least qualitatively, by 
the fact that it has the lower majority carrier con- 
centration and, consequently, the higher minority 
carrier concentration of the two diodes. 

If it is indeed true that the predominant contribu- 
tion to the reverse current in the lower temperature 
region results from surface leakage, and at  higher 
temperatures from the thermal generation of mi- 
nority carriers, the different reverse current mech- 
anisms should be manifest in the current-voltage 
profiles of the junctions in the two temperature re- 
gions. Figure 2 shows a log-log plot of the current- 
voltage characteristics of diode 17-Dl6 at  70" and 
at  140°K. The reverse characteristic of the plot at  
70°K is seen to be ohmic, indicative of the predom- 
inance of surface leakage currents, whereas a degree 
of saturation is observed in the reverse character- 
istic at 140°K, which indicates the predominance of 
the thermal generation of minority carriers in the 
bulk material. The same effect was observed with 
diode 37-Dll. 

This research indicates that below a certain tem- 
perature (-llO°K for diode 17-D16, and -130°K 
for diode 37-Dll) surface leakage predominates the 
reverse current. At higher temperatures, saturation 
current is predominant. Furthermore, the temper- 
ature at  which surface leakage predominates over 
saturation current and the magnitude of the sur- 
face current vary with surface treatment. 

Manuscript received June 2, 1960; revised manuscript 
received Nov. 22, 1960. This paper was prepared for 
delivery before the Chicago Meeting, May 1-5, 1960. 
Research on this paper was supported jointly by the 
Electronics Components Lab., Wright Air Development 
Division and Battelle Memorial Institute. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1961 
JOURNAL. 
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Preparation of High-Purity Indium Arsenide 

D. Effer 

Research Department, Associated Electrical Industries (Manchester) Limited, Manchester, England 

ABSTRACT 

The purest indium arsenide so far reported has a carrier concentration of 
about 1.3.10'~lectrons/cma at room temperature. This is several times the in- 
trinsic value and it has been suggested that the limiting impurity may be 
sulfur originating in the arsenic component. Arsenic has been prepared by the 
thermal decomposition of highly purified arsine gas and has been combined 
with samples of indium purified by a variety of processes. Mass spectrographic 
analysis of the resultant ingots showed in all cases a sulfur content less than 
0.05 ppm. The purest sample had a Hall coefficient of 795 cmYcoulomb at 7I0K, 
corresponding to an electron concentration of 8.10m/cma while the Hall mo- 
bility was 75,700 cmS/v/sec. Analytical techniques failed to detect the prime 
source of the free electron concentration, but it is concluded that sulfur is not 
the dominant impurity in these samples. 

Indium arsenide has been prepared by various 
workers (1, 2) from highly purified indium and ar- 
senic. Methods of purification of these elements have 
varied considerably, but an apparent limit has been 
reached in the purity of the indium arsenide pro- 
duced. Uncompensated material containing less than 
1O1@carriers cm-' has not been reported, whereas 
the room temperature intrinsic concentration is 
probably 1.25 x 10" (3). Extensive zone refining of 
very pure samples in this laboratory has produced, 
at the most, a 3 to 1 variation from front to back 
of the ingot. Due to its segregation coefficient of 
unity in indium arsenide (4), sulfur has been re- 
garded as the probable limiting impurity. This ele- 
ment is found in combination with arsenic naturally 
in many of its ores, and it is due to the difficulty 
of removing its last traces that sulfur has been re- 
garded as primarily associated with the arsenic com- 
ponent in indium arsenide. 

This investigation is concerned with the prepara- 
tion of sulfur-free arsenic and the properties and 
analysis of indium arsenide prepared from it. The 
indium samples used.were purified by three meth- 
ods: (a) zone refining, (b)  vacuum baking at 80O0C, 
and (c) electrolysis of indium amalgam. 

Preparation of Pure Arsenic 
Two methods were investigated: (a) preparation 

and purification of arsine gas followed by thermal 
decomposition to give arsenic; (b) reduction of 
99.999% As,O, with pure hydrogen. 

Preparation of arsenic from pure ursine.-Arsine 
gas offered a convenient method for the purification 
of arsenic, as possible gaseous impurity hydrides 
formed during the preparation may be removed 
selectively by treatment with liquid and solid re- 
agents. Liquefaction and fractionation of arsine may 
also be carried out as a final purification step prior 
to thermal decomposition, 

Of the possible gaseous hydrides that may be 
produced with arsine, HIS, HSe, H2Te, SiH,, and the 
halogen hydrides may be absorbed rapidly in a solu- 
tion of caustic alkali while SnH, may be decom- 
posed by solid CaCll and P,O,. SbH, and GeH,, if 

present, may be fractionated from liquid arsine (bp 
- 6Z°C), their respective boiling points being - 17" 
and - 90°C. 

Of the methods investigated for the preparation 
of arsine in reasonably large quantities, the liquid 
amrhonia reaction of ammonium bromide on sodium 
arsenides (5) was found to yield the highest efficien- 
cies, values in excess of 60% being obtained with 
reference to the weight of sodium charged. The re- 
action is illustrated as follows 

where x is equal to 3, 5, or 7 representing polyar- 
senides that may be present if excess arsenic is used 
in the reaction. 

The apparatus used for the preparation of the 
pure arsenic and final encapsulation with indium is 
shown in Fig. 1. 

Commercial, anhydrous ammonia was condensed 
into vessel A over a few grams of sodium to dry the 
gas completely. The required amount of sodium and 
a slight excess of pure resublimed arsenic powder 
were placed in vessel B which was fitted with a 
mechanical stirrer working through a gas-tight stir- 
ring gland. The dry ammonia was condensed into B 
and maintained at - 40" to - 45OC by means of 
solid CO1 additions to alcohol contained in a Dewar 
vessel. The sodium and arsenic reacted to form a 
brick-red colored arsenide which was constantly 
stirred while powdered NH,Br was added from 
vessel D. This was connected to B by means of a 
short length of polythene tubing fitted with two 

Fig. 1 .  Preparation of pure arsenic from arsine 
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screw clips an inch apart such that small amounts 
of NH,Br could be added carefully. The evolved 
gases were collected over mercury in vessels F, G, 
and H in which pressures could be adjusted to at- 
mospheric by means of levelling bulbs such as I. 
Each volume of gas collected was washed with water 
to remove NH,, and then washed with 33% caustic 
alkali at least three times in vessels K and L. These 
were fitted with sintered glass distribution filters in 
order to disperse and wash the gas thoroughly. The 
batch washing system was designed such that each 
volume of gas produced could be washed as many 
times as necessary to remove impurity hydrides, 
particularly H,S. Due to the increasing acidic proper- 
ties of the group H,S, H,Se, and HITe the removal of 
H2S insures the absence of the other two. As each 
volume was washed, a further volume of fresh gas 
could be collected and another purified volume 
passed to the drying tube N containing fused CaCL, 
gamma AL08, and resublimed P,O.. A carrier gas 
of electrolytic hydrogen which had been passed 
through a Deoxo catalytic purifier was led in at M 
prior to the drying tube. 

The pure arsine was decomposed into arsenic and 
hydrogen by passing through a quartz tube heated 
to 600°C in furnace Q. Provision was made for the 
reversal of the gas flow through this tube by means 
of the system of taps 0, and the tube was closed by 
U tubes P and S which could be cooled in liquid ni- 
trogen to trap any undecomposed ASH$. On com- 
pletion of the reaction the arsenic was sublimed 
completely into reaction tube R. A quartz boat 
coated with carbon obtained from the pyrolytic de- 
composition of pure acetone and containing the cal- 
culated (see Preparation of InAs Samples) amount 
of indium was inserted into reaction tube R and en- 
capsulated together with the arsenic under vacuum. 

This method of preparing arsine by means of 
liquid ammonia at - 40" to - 50°C reduces the con- 
centration of SbHs (bp - 17'C) in the purified gas. 
GeH, is thus the only impurity hydride that would 
be unaffected by the various reagents. Fractional 
distillation of liquid arsine should remove this im- 
purity, but as Ge has the low segregation coefficient 
of 0.07 (2) in indium arsenide it is easily zoned out, 
and its. presence was disregarded. 

Preparation of arsenic by oxide reduction.-Pure 
arsenic was also prepared by a method initiated in 
this laboratory in which pure arsenic oxide is re- 
duced with hydrogen (6,7). The oxide used was a 
sample of 99.999% spectrographically standardized 

Table I. Results of 

material obtained from Johnson Matthey and Com- 
pany Ltd. A current analysis report from the sup- 
pliers indicated the presence of 2 ppm Na, 1 ppm 
Ca, and less than 1 ppm each of Cu and Mg. Neu- 
tron activation analysis of the oxide showed that it 
contained 23.8 ppm sulfur (Table I). 

A known weight of the oxide was charged into a 
quartz tube over which a furnace set at approxi- 
mately 800°C could travel. The tube was provided 
with ground joints at each end and a reversing 
system for the hydrogen flow so that drring the re- 
duction process the furnace and hydrogen moved in 
opposite directions. The hydrogen, of electrolytic 
purity, was further purified by passing through a 
Deoxo catalytic purifier to remove oxygen, solid 
potash pellets to remove carbon dioxide, and 7 
alumina and P,O. to remove water. A liquid air trap 
was provided as an additional precaution in the 
final stages of the process. The furnace was set to 
advance slowly over the oxide which readily vapor- 
ized in front of it, the arsenic formed by the reduc- 
tion being evenly deposited behind. With careful ad- 
justment of the furnace speed and hydrogen flow, 
water condensation could be kept to a minimum and 
the apparatus required little attention. The bulk of 
the oxide was normally reduced during the first pass 
after which the direction of the furnace and hydro- 
gen flow were reversed to deposit the arsenic at the 
other end of the tube again. After six passes the 
furnace was cooled and the arsenic encapsulated 
under vacuum with a calculated quantity of indium 
as described above. 

Sulfur estimation in arsenic.-Samples of arsenic 
produced by the two methods, along with a sample 
of arsenic oxide starting material, were analyzed 
for sulfur by the method of neutron activation at 
the Atomic Energy Research Establishment, Har- 
well. Identical samples and standards were irradi- 
ated at two positions in BEPO with a flux of ap- 
proximately 10- neutrons/cmq/sec and approxi- 
mately 1OU neutrons/cma/sec, respectively. In this 
way phosphorus activity produced from any phos- 
phorus present in the arsenic by the slow neutron 
(n, y )  reaction and that produced from sulfur by the 
fast reaction (n, p) were obtained in different pro- 
portions in the two positions. 

The results obtained are given in Table I. 
As all the samples were irradiated and analyzed 

at the same time the results are strictly comparable 
and show that, for these samples, the arsine method 
is capable of producing arsenic with a sulfur con- 

onolyses for sulfur 

Sample 
Sulfur 

ppm atomic Remarks 

Arsenic used in preparation of arsine 40 

Pure arsenic prepared by arsine 0.1 or less 
method 

AspO, used in preparation of arsenic 23.8 
by hydrogen reduction 

Arsenic obtained by Hn reduction of 1.2 
As208 . 

94 Sulfide estimation by chemical analysis 

0.2 or less Neutron actfvation analysis 

56 Neutron activation analysis 

2.8 Neutron activation analysis 
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centration at least a factor 10 times lower than the 
oxide reduction method. It must be borne in mind 
that the over-all purity of the arsenic obtained from 
the latter method is also dependent on the purity of 
the oxide starting material. 

Preparation of Pure lnalium 
Three methods were investigated. 
Zone refining.-A clean quartz boat 15 in. long 

was coated with pure carbon obtained from the 
flame of pure burning acetone and filled with 
99.999% indium (Johnson Matthey and Company 
Ltd.). The indium was baked under vacuum at 800°C 
in a quartz tube for a few minutes to remove indium 
oxide and finally encapsulated under a pressure of 
a few centimeters of hydrogen. The ingot was zone 
refined for 30 passes using the reciprocating method. 
Zones were produced by strip heaters situated below 
the ingot so as to keep the top of the capsule rela- 
tively cool. The zone width was controlled by means 
of an arrangement of water-cooled phosphor-bronze 
fingers which gripped the tube round its circumfer- 
ence on either side of each zone. 

Vacuum baking.-99.999% indium obtained from 
the Mining and Chemical Products Ltd., Alperton, 
Essex, was vacuum baked at 800°C for 48 hr in a 
quartz boat coated with pure carbon. The vacuum 
obtained was of the order of 10' mm Hg, and under 
these conditions very little indium vaporized out of 
the furnace. 

Electrolysis of indium amalgam.-Indium may be 
obtained in a high state of purity by using the prin- 
ciple of the electrolysis of indium amalgam (8). In 
this process indium is deposited on a mercury cath- 
ode from an indium anode in an electrolyte of pure 
indium trichloride solution. The indium amalgam is 
electrolyzed as the anode in a similar solution, pure 
indium being deposited on a tantalum cathode. 

The two operations were carried out in a single 
polythene rectangular cell fitted with a vertical 
partition extending downward to within ?4 in. of 
the bottom. Mercury, purified by Hulett's technique 
(9) and containing approximately 1% by weight of 
99.999% In, was poured into the cell to a level 
of about 1 in. thus forming two separate half-cells. 
A pure solution of InCl,, slightly acidified with pure 
HC1 was poured into each compartment. The InC1. 
had been prepared by the action of chlorine on pure 
indium and slowly sublimed several times before 
being dissolved in deionized water. Arrangements 
were made for the solution and amalgam in each 
cell to be mechanically stirred through dust-proof 
seals. An ingot of 99.999% indium was made the 
anode in the "impure" half-cell and a spiral of tan- 
talum wire the cathode in the "pure" compartment. 
Passage of a controlled current dissolved the indium 
anode and its impurities in the electrolyte of the 
impure cell, but only indium and more "noble" 
metals were deposited at the mercury cathode (8). 
The amalgam formed was stirred into the pure cell 
compartment where theoretically only indium as the 
basest element goes into solution and is plated out. 
The cell was run for several hours initially to reach 
the stage of equilibrium where remaining impurities 

Table II. Elements detected in indium (in ppm atomic) 
by mass spectrographic analysis 

Pure end zone Electrolyzed 
Element refined ingot indium 

Figures given in parenthesis are taken from variable results indi- 
cating surface or segregated impudties. 

in the electrolyte and mercury had plated out on to 
the cathode. 

The indium deposited in "tree" form and was eas- 
ily detached from the electrode and washed with de- 
ionized water. After drying under vacuum the 
samples were melted in a quartz boat coated with 
pure carbon. It was found advisable to bake the in- 
dium at 800°C under vacuum for a short time in 
order to remove traces of mercury present. 

Mass spectrographic analysis of indium samples.- 
Mass spectrographic analysis of mercury cell indium 
was carried out in an A.E.I. M.S. 7 mass spectrom- 
eter for the analysis of solids, the results being 
shown in Table I1 together with those obtained on a 
sample of Johnson Matthey 99.999% In which had 
been zone refined as detailed above. 

Detection limits for impurities not found are in 
the range 0.01-0.06 ppm atomic with the exception 
of the elements shown in Table 111. 

Preparation of lnAs Samples 
All indium samples were thoroughly degreased 

with acetone before being etched electrolytically as 
the anode in a very dilute solution of pure hydro- 
chloric acid obtained by the isopiestic distillation of 
concentrated hydrochloric acid. After thorough 
washing in deionized water the indium was melted in 
a boat and baked at 800°C under vacuum for several 
minutes to remove indium oxide and leave a mirror 
surface melt. On cooling, the boat and contents were 
immediately inserted into the reaction tube contain- 
ing arsenic as described above. Sufficient excess ar- 
senic was used to produce an equilibrium vapor pres- 

Table Ill. Detection limits for impurities not detected (ppm atomic) 

Au 0.1 Cd 0.2 Sr 0.1 All other elements 
Ta 1 Pd 0.1 Ge 0.1 0.01-0.06 
I 0.1 Ru 0.2 Mg 2 
Te 0.3 Mo 0.3 Be 0.2 
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Table IV. Electrical properties of indium arsenide prepared from variously purified materials 

77% 300'K 
Sample RH a Ra Rn a Ra Details of sample 

D20 795 95.5 75,700 604 37.5 22,600 AsKarsenic Hg cell In 

D21 465 133 61,900 426 54 23,000 AsB arsenic Tadanac Research grade In 

D22 441 124.4 54,900 357 61.1 21,800 ASK arsenic Pure end zone refined In ingot 

D23 484 130.1 63,000 399 62.9 25,100 ASK arsenic M.C.P. In Vac. baked 800'C 
for 24 hr 

D24 242 200 48,400 226 111 25,100 AsHs arsenic M.C.P. In as received 

G2 341 134 45,600 287 79.3 22,800 A%Os arsenic J.M. In Vac. baked 750°C for 
60 hr 

G3 514 96.8 49,800 412 56 23,000 &08 arsenic M.C.P. In Vac. baked 750°C 
for 48 hr 

G4 440 110 48,400 347 69 23,900 A%Ol arsenic M.C.P. In Vac. baked 800°C 
for 24 hr 

a = (ohm' cm) -1. 
J.M. = Johnson Matthey and Co. Ltd. 
M.C.P. = Mining and Chemical Roducts Ltd. 

sure of 1/3 of an atmosphere over the molten indium 
arsenide. Reaction and zone refining was effected in 
an R.F. coil with two side furnaces set at 580°C. 
After reaction each ingot was zone refined three 
times at a speed of 4 cm/hr. 

Polycrystalline ingots were formed using arsenic 
obtained via arsine and indium purified by each of 
the methods outlined above. To compare with the 
sample containing vacuum baked indium (D23) a 
further ingot was made from the same sample of 
indium before baking. Included also is an ingot con- 
taining a Special Research grade indium from The 
Consolidated Mining and Smelting Company of Can- 
ada (Tadanac). 

Samples made with arsenic obtained by oxide re- 
duction were all prepared with indium of 99.999% 
purity which had been baked out at approximately 
800°C under vacuum before being introduced into 
the reaction tube. 

Electrical Measurements.-Measurements of Hall 
coefficient and electrical conductivity were carried 

Table V. Mass spectrographic analysis of lnAs samples 

(Elements detected ppm atomic) 

Ele- 
ment DZO D2l D22 D2S D24 03 

out on all samples at room temperature and at 77°K. 
Results including values of the Hall mobility are 
given in Table IV. 

Mass spectrographic analysis of InAs samples.- 
The analyses were carried out in an A.E.I. M.S. 7 
mass spectrometer for the analysis of solids. Results 
are shown in Table V. 

The detection limits for elements not detected are 
in the range 0.001 to 0.06 ppm with the exception 
of the following: Ta 1; Pr  0.1; Ba 0.1; Te 0.3; Sn 0.3; 
Cd 0.3; Ge 0.1. The elements carbon and oxygen are 
not normally reported, the former because of hydro- 
carbons present from the oil diffusion pumps. How- 
ever, the total mass 32 line which includes oxygen 
and sulfur gave a total of less than 0.1 ppm for all 
samples. 

Discussion and Conclusion 
From the electrical properties at low temperatures 

given in Table IV it can be seen that for a given 
Hall coefficient samples made from arsenic prepared 
by the arsine method show a higher mobility than 
samples made by reducing arsenic oxide.  his-would 
imply a greater degree of purity in the arsenic pre- 
pared by the former method, and so far as sulfur is 
concerned this is consistent with the results of neu- 
tron activation analysis. 

Comparison of ingots D24, D23, and D20 shows a 
marked improvement in the electrical properties 
with improvement in the indium. Mass spectrometric 
analysis of indium shows that the electrolysis 
method is capable of producing much purer mater- 
ial than zone refining, but even so significant 
amounts of impurities remain. These appear to have 
been reduced by zone refining during the prepara- 
tion of the final ingot of indium arsenide, but an im- 
provement in indium purity is nevertheless required 
before intrinsic material can be obtained. 

The purity of the arsenic is, as yet, unknown, ex- 
cept for sulfur. It is reasonable to expect, however, 
that both selenium and tellurium are at a concentra- 
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tion of less than 0.1 pprn since they are more easily 
removed than sulfur in the purification procedure. 

The results of the mass spectrometer analysis dis- 
close the surprising fact that the minimum donor 
impurity content, as estimated from the room tem- 
perature values of the Hall coefficient, is greater 
than the sum total of the donor impurities found, ex- 
cluding tellurium. This is most marked in the case 
of D24 where the Hall coefficient indicates a mini- 
mum donor impurity content of 0.7 ppm. Tellurium, 
having the high mass spectrometer detection limit 
of 0.3 pprn is unlikely to be a major impurity as it 
has a segregation coefficient of 0.44 (4) in indi-urn 
arsenide. Selenium is difficult to remove by zone 
refining owing to its segregation coefficient of 0.93 
and yet is detected a t  a level of less than 0.06 pprn 
in the final ingot. These factors suggest that the 
tellurium level in the zoned ingot is probably less 
than 0.1 ppm. 

Iron (0.1 ppm) and chlorine (0.2 ppm) are the 
most noticeable impurities detected by the mass 
spectrometer. The effect of both these elements is 
uncertain although it has been shown in this lab- 
oratory that very high concentrations of chlorine can 
be tolerated in indium arsenide with little or no 
change in the measured electrical properties (10,11, 
12). 

The analysis of all samples of indium arsenide 
prepared indicates a sulfur concentration of less 
than 0.05 pprn sulfur. The accuracy of this value has 
been verified by means of standard samples of in- 
dium arsenide containing known amounts of sulfur. 
The evidence thus suggests that sulfur is not the 
dominant impurity in indium arsenide since even 
the purest sample contains 0.3 pprn of n-type impur- 
ities as determined by electrical measurement. 

The electron concentration in the purest ingot 
(D20) as calculated from the value of the Hall co- 
efficient at  300°K is approximately 10'"/cma, and 
this exceeds the calculated intrinsic electron con- 
centration by about 8.10m/cma. A donor concentra- 
tion of this order must therefore exist in this ingot, ' 
but analytical methods have so far been unable to 
identify the nature of this donor. 

A general analysis of this kind using the mass 
spectrometer will involve appreciable tolerances in 
the detection limits quoted, and these can only be 

made more specific by preparing standard compari- 
son samples for each element of major interest. 
Nevertheless it appears that all ingots are substan- 
tially uncompensated, and there is no evidence for a 
large reservoir of segregated donor impurities as 
suggested by Dixon, et al. (13). Further progress 
will depend on improving the sensitivity of the mass 
spectrometer and standardizing the instrument for 
the important donor elements. Consideration should 
also be given to the influence of stoichiometric un- 
balance on the properties of indium arsenide. 
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cussion Sectlon to be published in the December 1961 
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Use of Hall Measurements in Evaluating 

Polycrystalline Silicon 
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ABSTRACT 

Hall measurements at room temperature have been used to determine the 
average net carrier density in polycrystalline silicon. The method does not re- 
quire cutting of samples and destruction of the rods. Current contacts are made 
to the ends of a rod with strips of metal foil; Hall contacts are made with two 
titanium blades which close on the rod. Hall measurements made this way on 
single-crystal zone-refined rods agree with measurements on samples cut from 
the rods in the conventional manner. The average carrier densities measured in 
the polycrystalline rods have been correlated with the resistivities of these 
same rods after one, two, three floating zone passes. 

Measurement of Whole Ingots 
The conventional bridge-shaped samples used for 

Hall measurements require that an ingot be sawed 
up and thus partially destroyed. It would obviously 
be advantageous to make Hall'measurements on an 
ingot of semiconductor material without cutting it 
up (1). This was done with the apparatuss shown 
in Fig. 1. The holder was made of Lucite and was 
clamped between the poles of a Varian 4-in. elec- 
tromagnet. The sample (which was a round ingot) 
was placed in the V-shaped blocks of Lucite and 
rested on a knife-edge titanium blade which formed 
one Hall contact. A pivoted Lucite arm carrying the 
other titanium blade Hall contact was placed on top 
of the sample and was held down with a nonmag- 
netic (lead) weight. The pivoted arm could be 
moved laterally by an adjusting screw to align the 
top blade accurately above the lower blade; this 
adjustment eliminated the IR voltage between the 
Hall contacts, so that the measured Hall voltage was 
zero when the magnetic field was zero. Current con- 
tacts to the sample were made on the ends of the 
ingot either by ultrasonic soldering with indium, by 

1 Electronic Chemicals Division, Chemical Division, Merck & Co., 
Inc., Danville. Pa. 

r Presently engaged in private consulting. 
sThe authors are grateful to M. Knlazuk, H. Kasha, and J. Lan- 

dis for the design and construction of this apparatus. 
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copper plating, or (most conveniently) by clamping 
strips of metal foil around the circumference. Meas- 
urements were always made several inches or more 
from the current contacts so that the effective ratio 
of length to width was greater than three (2).. The 
Hall voltage was measured either with an elec- 
trometer or, preferably, with the circuit described 
by Dauphinee (3). The latter is an a-c method. 
Magnetic fields up to 10,000 gauss and currents up 
to several milliamperes were used. 

To compute the Hall coefficient with this geom- 
etry, imagine that the sample consists of a thin 
slice instead of a round rod. This slice is shown as 
the shaded portion in Fig. 2. If the thickness of 
this slice and the current flowing through it were 
known, the Hall coefficient could be computed. The 
current in the shaded slice, however, is simply the 
total current multiplied by the ratio of the cross- 
sectional areas of the slice to that of the whole rod: 

area of slice = b d 

area of rod = Y4 a ds 

Current through slice = (4b/rd) I 

where b is the thickness of the shaded slice, d the 
diameter of rod, and I the total sample current. We 
may now disregard the unshaded portions of the 
rod and think of the sample as a long, thin slice of 
thickness b, carrying current (4b/rd) I. The Hall 
coefficient is then: 

10" VVa - - 108rdVe 
R = 

4 1 H  

. . . . .- . 
FIELD HALL CONTACT BLAOE 

SAMPLE I end view ) 

HALL CONTPCT BLADE 

LUCITE BASE I Curent flow is prpmdiculor lo  the plone o l  the pope.) 

Fig. 1. Two views of the apparatus: top, side view; bottom, Fig. 2. Sample consisting of a thin slice instead of a 
end views. round rod. 
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Table I. Agreement of Hall and resistivity measurements 
on bridge-shaped samples cut from the same ingots 

Net imuuritv 
Average net concentration deter- 

impurity concentration mined by Hall measure- 
Sample determined by Hall meas- ment on a bridge- 

No. Type urement on whole rod shaped sample from rod 

where V ,  is the Hall voltage in volts, I the total 
sample current in amperes, H the magnetic field in 
gauss, and d the diameter of the sample in centi- 
meters. Hall coefficients measured in this way on 
round multicrystal, zone-refined ingots agreed with 
Hall and resistivity measurements on bridge-shaped 
samples cut from the same ingots. This agreement 
is shown in Table I; the values for the whole ingots 
are average values, so that the cut samples could 
have been taken from regions locally different from 
the average. The agreement is good when this is 
considered. 

Ingots with other cross sections, (e.g., square, 
hexagonal), can be measured if a suitable geomet- 
rical correction is made. 

Application to Polycrystalline Materials 
Polycrystalline materials present problems in re- 

sistivity measurement because the resistance across 
grain boundaries may be much larger than the re- 
sistance of the grains themselves. Resistivity meas- 
urements with d.c. or low-frequency ax. usually are 
not meaningful. Resistivity can be measured, how- 
ever, by high-frequency techniques (4,5). 

The Hall measurement can be shown to be valid 
for polycrystalline materials because the total volt- 
age between the Hall probes is the algebraic sum of 
the Hall voltages across the individual grains. Con- 
sider a sample composed of two grains a and 8, of 
resistance pn and p., as in Fig. 3. Let each grain be 
1 cm thick for convenience, and let their widths be 
A cm and B cm. If the applied electric field is E v/cm 
length of material, then the current in each grain is: 

It is assumed here that the mobility does not vary 
HALL PROBE 

I 

H ~ L L  PROBE 

Fig. 3. Sample composed of two groins 

substantially with impurity concentration; this is 
certainly true for n-type silicon below about 
10u/cma. 

The Hall voltage across each grain is: 

RA1.H A H p E  
V a A = - = -  

1 on 1 O8 

and the observed voltage between the Hall probes 
is: 

V ,  = V,, + V,. = - H p E  ( A + B )  
10' 

The observed sample current is: I = I, + I .  = 

p e E(Ana+B%) From the observed current and 
Hall voltage, we would compute a Hall coefficient 
for the sample of: 

and the average net free carrier density computed 
from these observations would be: 

It can be seen that this is in fact the tr.ue average 
carrier density in the sample. 

Thus the Hall measurement has given us a value 
for the carrier density in a polycrystalline sample 
which is exactly equal to the carrier density that 
would result if the sample were completely homog- 
enized. The argument can be extended to include 
many grains, in both series and parallel combina- 
tions. The Hall measurement is valid for d.c. and 
for low-frequency a.c. (3), and this is sometimes 
more convenient than the R-F methods. It is also 
convenient because it is applicable to ingots of any 
cross-sectional shape. 

Resistivity measurements were made on four 
polycrystalline sflicon rods by the contactless R-F 
method (4). The carrier densities computed from 
these were then compared with carrier densities ob- 
tained from d-c Hall measurements on the same 
rods. The agreement was well within the uniformity 
of the rods. 

Hall measurements on whole polycrystalline rods 
were usually taken at four or five places along the 
length of a rod, and a slight rotation of the rod 
about the long axis was made between measure- 
ments. In this way a good average carrier density 
was obtained for a rod. The observed Hall coefficient 
was unaffected by: (a) sample current, from 5 pa to 
5 ma; (b)  magnetic field strength, up to at least 5000 
gauss; (c) nature of the current (end) contacts, 
metal foil, copper plated, or soldered; (d) rotation 
of the rod about the long axis; (e) small longitudinal 
movements of the Hall electrodes at a given spot 
on the rod; and (f) surface treatment, sandblasted, 
etched, or natural. 

Evaluation of Pobcrgstalline Rods for Zone Refining 
Hall measurements were then made on several 

hundred standard production rods prior to zone re- 
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fining. The purpose of this was ( a )  to predict the re- 
sistivity of a rod after a given number of floating 
zone passes, and (b)  to predict how many passes 
would be required to produce a single-crystal rod 
with resistivity in a specified range. The advantage 
of being able to make these predictions is obvious: 
material can be programmed before zone refining to 
obtain maximum yield of single-crystal ingots in a 
desired resistivity range. 

Some results are shown in Fig. 4. The resistivity 
of the ingot after three floating zone passes is plotted 
against the average net free carrier density before 
zone refining. The length of each line corresponds to 
the resistivity variations in an ingot from seed end 
to dross end. A good correlation was expected be- 
cause low-temperature measurements on our silicon 
by Bate (6) at Battelle had shown that the back- 
ground boron concentration was always negligible, 
even in rods which contained a high concentration 
of donors. 

Discussion of Results 
From the graph of Fig. 4 it can be seen that the 

scatter of points is much greater at low concentra- 
tions of donors than at high concentrations. This is 
to be expected, because the impurities introduced by 
handling do not show up in Hall measurements, but 
do show up in the silicon after zone refining. These 
impurities are relatively unimportant when the 
natural donor level is 10" cm4, but they become sig- 
nificant when the natural donor level is 10" or less. 
Rods were handled carefully with polyethylene foil 
during measurements, and the ends were broken off 
before zone refining to reduce the handling impuri- 
ties to a minimum. 

The scatter at low concentrations is large enough 
to make accurate prediction difficult on zone-refin- 
ing any single rod. If a large group of rods were 
taken, however, the scatter would average out. The 
Hall measurement therefore represents a means of 
grading polycrystalline silicon for melting and 
crystal-pulling to an accurately preaicted resistivity. 

Some correlation was obtained between the re- 
sistivity after zone refining and the particular zone 
refiner which was used. Rods from the same zone re- 
finer showed much less scatter in final resistivity for 
a given initial carrier concentration. This is not sur- 

NATIVE 05h'OR 

11 

I 
i ' i ' i ' i ' i o  ic ' ~ o s b w ~ o o  

INITIAL CdRRER CONCENTRRION 1 z 10"l 

Fig. 4. Some results of Hall measurements 

Fig. 5. Geometry correction in cross-sectional shape 

prising, since the pressure in different refiners could 
be different, or the impurities contributed by the re- 
finers themselves could vary from one to another. 

In fact, if all the points in Figure 4 fell on a 
straight line, it would mean that the impurities in 
all of the rods zone refined out in exactly the same 
manner. In other words, the same donors would 
have to be present in the same proportions; in ad- 
dition, all zone refiners would have to be identical in 
pressure, cleanliness, etc. Both of these hypotheses 
are clearly highly improbable. For large numbers 
of samples, all of these variables are averaged out, 
and the Hall measurement is useful as a guide to 
zone refining for maximum yield in a given resis- 
tivity range or to melting and pulling single crystals 
of a given resistivity. 

Extension of the Method to Rods of Any Shape 

The method has been extended to irregularly 
shaped ingots of polycrystalline materials, such as 
gallium arsenide, on which resistivity measure- 
ments are meaningless. The geometry correction 
can be made for any cross-sectional shape, as in Fig. 
5. Let the distance between the Hall contacts be d, 
and let the cross-sectional area be a. Imagine a slice 
of thickness b; it has area b d. The current 
in this imaginary slice is then ( b  d/a) I where 
I is the total current. The Hall voltage observed is 

R(:) I H  
VH = = ( )  . The thickness of 

10" b 
the imaginary slice cancels out, as it does in the case 
of round rods. For the geometry correction we need 
only the cross-sectional area and the distance be- 
tween the Hall contacts. The latter can be measured 
with calipers for any ingot. The area can be obtained 
from the weight, density, and length; by measuring 
the volume (by displacement of water in a gradu- 
ated cylinder) and dividing by the length; by esti- 
mation from caliper measurements, etc. 

Carrier concentrations in boat-zoned polycrystal- 
line material can be obtained to one significant fig- 
ure in this manner without destruction of the ingots. 

Manuscript received April 26, 1960; revised manu- 
script received Dec. 2, 1960. This paper was prepared 
for delivery before the Columbus Meeting, Oct. 18-22, 
1959. 

Any discussion of this pa er will appear in a Dis- 
cussion Section to be publisied in the December 1961 
JOURNAL. 
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Chemical Etching of Silicon 
Ill. A Temperature Study in the Acid System 

B. Schwartzl and H. Robbins 

Semiconductor Division, Hughes Aircraft Company, Newport Beach, California 

ABSTRACT 

The etch rate of silicon in solutions of various compositions selected from 
the system HF, HNOa, HIO, and HCStO. has been investigated over the tem- 
perature range 0" to 50°C. The activation energy of the etching process has 
been found to be different in the different composition regions. In the high 
HNO, region values of about 4 kcal/mole have been observed and interpreted 
as characteristic of a diffusion governed reaction. In compositions containing 
H1O or HCJbOn diluents the activation energy increases, and two values are 
found. In the high HF region two values are also observed, one in the range of 
10-14 kcal/mole, and the other in the range of about 20 kcal/mole. The signifi- 
cance of the various values of the activation energy is discussed. 

The dissolution of silicon in solutions of nitric 
acid and hydrofluoric acid is a complicated reac- 
tion. The authors have studied the kinetics of this 
reaction at  constant telhperature (1, 2) ,  and by 
plotting the etch rates as a function of the composi- 
tion of the etchant, it was possible to propose 
qualitative explanations of the etching behavior of 
the system. However, it was not possible to fit the 
rate data into mathematical relationships that were 
valid over even limited ranges of composition of 
etchant. In part this was the result of the hetero- 
geneous nature of the reaction, which precluded 
knowledge of the actual concentrations of reactants 
and the temperature that prevailed at  the reacting 
surface. The kinetics are further obscured by the 
complicated chemistry of nitrogen which, on the 
one hand, provides several parallel paths for the 
oxidation reaction to proceed and, on the other 
hand, is subject to autocatalysis. In view of these 
complications, it was deemed desirable to subject 
the reaction to further study and, for this purpose, 
the authors have elected to investigate the' rate- 
temperature dependence of the reaction. The com- 
positions of the etching solutions selected for study 
are shown in Fig. 1. Four compositions were selected 
from the high nitric acid region where HF is known 
to be the kinetically important reagent. Three com- 
position's were selected in the high HF region 
where nitric acid concentration is known to be rate 
determining. Etchants were also selected in the 
areas rich in diluent where the curvature of the 
constant etch rate contours was indicative of a 
chanee in the rate-determining process. No etch- 

ants were selected from the region of the maximum 
etch rate because the rates there were much too 
rapid to permit the accuracy required for the de- 
termination of an "activation energy." 

Experimental Procedure 

The specimens to be etched were (loo), ( I l l ) ,  
and (110) oriented n-type silicon dice of approxi- 
mately 3 ohm-cm resistivity, and Ys x % x 0.025 
in. in size. 

The etching was performed in a cylindrical plati- 
num beaker, 1% in. in diameter and 2% in. deep. 

Fig. 1 .  Constant etch rote contours in the systems HF- 
H N a - H a  and HF-HNB-Ha-HC.H.0. obtained at 25'C. - - - ~. . - - 

,Present addreas: Bell Telephone Laboratorfea, Murray 
The indicated compositions were selected for this tempera- 

New Jeraey. ture study. 
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Twenty cubic centimeters of etchant were placed 
in the beaker, which was then stoppered and placed 
in a constant temperature bath at  the desired tem- 
perature. The solution temperature was controlled 
to within rt 0.02"C. Three dice, one from each of 
the crystal orientations mentioned above, were 
marked, measured with a micrometer, placed in a 
small basket made from open mesh platinum, and 
etched together. Agitation was provided by swirl- 
ing the basket through the solution with a com- 
bined rotational and vertical motion. At the ter- 
mination of etching the basket was rapidly trans- 
ferred to a beaker of clean water, washed, rinsed 
in acetone, and dried. The etch rate was calculated 
from the observed loss in thickness, expressed in 
mils, divided by the etching time in minutes. It had 
been previously established that the etch rates so 
calculated are independent of the etching time, i.e., 
that the decrement in thickness is directly propor- 
tional to the etching time. 

The etching solutions were put together by 
weighing out, to rt 0.01 g, the calculated amounts 
of HF, HNO,, &0, and HC2&02. A sufficient amount 
of solution was made up at one time to complete 
the full range of temperature experiments for any 
one given composition. Each test solution was dis- 
carded immediately after use, so that every experi- 
ment was run with a fresh solution. Two sets of 
experiments were performed with each etchant. In 
the first set the etch rates were determined for 
temperatures taken at  5' intervals between 0" and 
50°C. The second set was run in the same manner 
except that to each solution was added 0.1 g of 
sodium nitrite immediately before starting to etch. 
In the ensuing discussion we shall refer to these 
latter etches as "externally catalyzed." 

Experimental Results 
The data obtained by the above discussed proce- 

dure are plotted in Fig. 2 to 7. 
In the high nitric acid region (Fig. 2 and 3) the 

plots are straight lines. The curves corresponding 
to the externally catalyzed and nonexternally cata- 
lyzed etch rates coincide. We use the term exter- 
nally catalyzed to emphasize that all etch rates are 
catalyzed, since the reaction is autocatalytic. The 
curves corresponding to the etch rates of the dif- 

(1 1 I ]  ORIENTATION :: 2::: I: ,: 1:::: 
Fig. 2. Plot of log etch rate vs. 1 /T in the high HNO. re- 

gion with no odded diluent. 

I I 1  I I I ,, ,# 3 ,  3.  3 ,  3' 

00017." 

I, ( I  10) ORIENTATION 
2, ( I  1 I )  ORIENTATION 
3, (100) ORIENTATION 

Fig. 3. Influence of surface orientation on the etch rate of 
silicon in the high HNOn region with no odded diluent. 

Fig. 4. Plot of the log etch rate vs. 1 /T in the high HF 
region with no added diluent. 

ferently oriented specimens also practically coin- 
cide, although there is an indication, as shown by 
the consistency in the ordering of the curves of 
Fig. 3, that the orientation might have a slight ef- 
fect on the etch rates. 

In the high HF region (Fig. 4 )  the situation is 
considerably more complex. Within the experi- 
mental error the various crystal orientations all 
etched at  the same rate under the same conditions 
so that only one set of curves will suffice to 
represent the data. It is seen that the rate data cor- 
responding to the externally catalyzed etches lie on 
an approximately straight line of steeper slope 
than the curves corresponding to the high nitric 
acid etches. The nonexternally catalyzed etches 
yield data that seem to lie on two intersecting 
straight lines, although it is not certain that there 
actually exists a sharp point of intersection as 
drawn, rather than a curved transition region. The 
high-temperature portions of the curves run paral- 
lel with those of the externally catalyzed etches, 
whereas the low-temperature branches are con- 
siderably steeper. 

Two sets of data were taken in the water diluted 
region (Fig. 5). One is in the high nitric acid re- 
gion, and the other is in the high HF region. Only 
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Fig. 5. Plot o f  the log etch rote vs. 1 I T  in the two water 
diluted etches. 

the externally catalyzed system could be plotted. 
Without adding catalyst, the data were much too 
erratic to be meaningful. The curve in the high 
nitric acid region consists of two branches, a steep 
low-temperature branch, and a less steep high- 
temperature branch. The plot in the high HF re- 
gion consists of a single straight line of slope com- 
parable with that obtained in the low diluent high 
HF region. 

The plots for the systems containing large amounts 
of acetic acid as diluent are shown in Fig. 6 and 7. 
The results are comparable with those obtained in 
the water diluted systems, with the exception that 
the nonexternally catalyzed etch rates can be plot- 
ted in the nitric acid rich compositions. The non- 
externally catalyzed data are also shown in the HF 
rich region, but because of the large amount of 
scatter, a curve is not drawn. 

Activation Energy of a Heterogeneous Reaction 

In a chemical reaction 

aA + bB + cC . . . -+ products [I]  

the rate of the reaction may be formulated in terms 
of the mass action law as follows: 

Rate = k(A)"(B)b(C)\.  . P I  
The specific rate constant k is a function of tem- 
perature, and from the variation of k with tem- 
perature, the activation energy for the process can 
be determined. Thus, the activation energy is re- 
lated to the specific rate constant by the Arrhenius 
expression 

d In k/dT = E./RT [31 

It often happens that the reaction is too complex to 
be formulated in terms of the mass action law, and 
a value of k cannot be extracted conveniently from 
the kinetic data. In such circumstances an "activa- 

Fig. 6. Plot of the log etch rate vs. Ilf i n  the high HNO. 
region wi th acetic acid diluent. 

Fig. 7. Plot o f  the log etch rate vs. 1 I T  in the high HF 
region wi th acetic acid diluent. 

tion energy" can still be obtained from a plot of 
the log of the reaction rate itself in place of the 
specific rate constant, us. 1/T. This practice may be 
justified by rewriting Eq. [2] as follows: 

Rate = k f (A, B, C, . . .) C ~ I  
The rate is thus seen to be proportional to the spe- 
cific rate constant if the unknown function of the 
concentration of the reactants is kept constant, i.e., 
if the composition of the solution is kept constant. 
However, such a procedure must be applied with 
extreme caution, for one can never be quite sure 
that the unknown function of concentration is 
truly constant. This is especially true in the case of 
heterogeneous reactions such as the one under 
consideration here, because the concentrations of 
reactants determining the kinetics are those exist- 
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ing at the solution-solid interface, and not the 
concentrations existing in the bulk solution. This 
restriction has been generally ignored in the study 
of the kinetics of the dissolution of semiconductors. 
Such a practice can be justified in the case of a 
very slow reaction where the surface concentration 
will be essentially equal to the bulk solution con- 
centration, and in the case of a very fast reaction 
where the surface concentration is reduced prac- 
tically to zero. However, where these conditions 
are not met, consideration must be given to the 
actual surface concentrations rather than to the 
bulk concentrations. In the ensuing discussion, we 
shall attempt to interpret our results in the light 
of the above restrictions. 

Activation energy in the high HNO, region.-Let 
us now consider the results in the high HNOI re- 
gion (see Fig. 2). The plots are parallel straight 
lines whose slopes correspond to an activation 
energy of about 4 kcal/mole. The temperature de- 
pendence is weak, and typical of a diffusion gov- 
erned reaction (3). Since it is known from previous 
studies of the system (1, 2)  that only HF plays a 
kinetically important role in this composition re- 
gion, one may conclude that it is the diffusion of 
this reagent to the silicon surface that is rate de- 
termining. The authors have been led previously 
to the same conclusion by other considerations, 
namely, that the etch rates in this region of com- 
positions are practically independent of the resis- 
tivity, type, crystal orientation (see Fig. 3), and 
the addition or accumulation of catalyst in the re- 
acting solution. The work of Klein and D'Stefan 
also confirms this conclusion (4). 

The model for the reaction mechanism may be 
represented as in Fig. 8. The concentration of HF 
at the silicon surface, C., is assumed to be vanish- 
ingly small, and the concentration in the bulk solu- 
tion, Cb, remains constant as the temperature is 
varied. We are here neglecting the change in the 
density of the solution with temperature, the tem- 
perature gradient across the boundary layer result- 
ing from the dissipation of the heat of the reaction, 
and possible changes in the thickness of the bound- 
ary layer resulting from such factors as a change 
in the temperature. This is done so that an initial 
model can be drawn that enables one to attempt an 
analysis of the mechanism. The concentration 

BOUNDARY 
SILICON LAYER SOLUTION 

+A + 
Fig. 8. Simplified diffusion model for the rate-limiting proc- 

ess in the high HNOl region. 

gradient of HF across the boundary layer is there- 
fore constant, since Cb and C, are fixed. Thus, 
changes in the flow rate of HF can be produced 
only by changes in the value of the diffusion co- 
efficient of HF with temperature, and the activa- 
tion energy we have measured is that of the dif- 
fusion process as it is reflected in the value of Da, 
at different temperatures. 

Eflect of diluent on the activation energy.-Let 
us now examine the results in the adjacent area of 
compositions that contain sufficient diluent to cause 
the constant etch rate contours to turn upward 
slightly, i.e., the compositions 20% HF, 60% HNO, 
20% HsO and 20% HF, 45% HNO, 35% HCJLO,. 
Here the etching process is somewhat more com- 
plicated (see Fig. 5 and 6). The log R us. 1/T plot 
seems to consist of two intersecting straight lines. 
The lower temperature region is represented by a 
straight line corresponding to an activation energy 
of approximately 14 kcal/mole, whereas the higher 
temperature region yields a line of lower slope, 
corresponding to an activation energy of 6.5 kcal/ 
mole in the acetic acid diluent, and to 7.6 kcal/mole 
in the water diluent. 

This behavior is in accord with a two process 
reaction, the first phase being oxidation, followed 
by the second, dissolution of the oxide. To under- 
stand this behavior, consider Fig. 9. 

Since the two steps are in series, the slower one 
will always limit the over-all rate. At low tem- 
peratures, i.e., to the right of the point of inter- 
section of A-B with C-D, the higher activation 
process will limit the over-all rate. At higher tem- 
peratures, i.e., to the left of the point of intersec- 
tion, the lower activation energy process will limit 
the over-all rate. Thus the full experimentally ob- 
served curve will be B-0-C. We shall identify one 
of the activation processes with the oxidation step 
and the other with the dissolution step. Since we 
are operating in a region adjacent to the one in 
which the low activation energy process of the dif- 
fusion of HF was rate determining, and since the 
diffusion of HF is still very probably important in 
the composition region under consideration, we 
shall assign to the dissolution step the lower acti- 

I - 
T 

Fig. 9. Model relating the multiplicity of activation ener- 
gies to a transition from one rate-determining process to 
another. 
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vation energy and to the oxidation step the higher 
activation energy. This is also justifiable on the 
basis that in the high HF region of compositions, 
where the oxidation step is known to be rate de- 
termining, the value of the activation energy agrees 
quite well with the value of 14 kcal/mole that we 
have assigned to the oxidation process. 

We shall defer the consideration of the higher 
activation energy value until we discuss the high 
HF region. However, some insight into the signifi- 
cance of the lower value can be obtained from the 
consideration of Fig. 8. Consider first a composition 
in the high HNOs region, say at 20% HF, contain- 
ing no added diluent. Here we know that the re- 
action is diffusion governed with respect to HF, 
and that the concentration gradient from CD to C. 
controls the etch rate. If the composition is allowed 
to vary along a constant etch rate contour by the 
substitution of diluent for HNO. (see Fig. I ) ,  the 
etch rate and the HF concentration in the solution 
initially remain constant. However, on the con- 
tinued addition of diluent, a point is reached at 
which the contour begins to turn upward. This is 
the region now under consideration. At this point 
the etch rate can remain constant only if the HF 
concentration is increased. This condition may be 
represented by the line Cbt - C.' of Fig. 8, which is 
parallel with Cb-C, because the flow rate of HF 
and thus the concentration gradient is the same for 
both compositions. Thus, there is a finite surface 
concentration of HF. This surface concentration of 
HF is the result of the lagging of the oxidation 
step, which causes the HF to begin to experience 
difficulty in locating oxidized silicon with which to 
react. 

The lagging of the oxidation step can also be 
demonstrated by use of Fig. 9. Let line A-B cor- 
respond to the oxidation step for the etching 
composition containing no diluent. As diluent is 
added, the curve shifts progressively to A'-B', 
A"-B", etc., and the point of intersection with 
the curve C-D shifts toward higher temperatures. 
Thus, on A-B the point of intersection with C-D 
is well below room temperature, and it has not 
been observed. If the composition corresponding to 
A"-B" lies in the region where the constant rate 
contours are beginning to turn upward, the reac- 
tion has become oxidation dependent, and the point 
of intersection of A"-B" with C-D will lie at room 
temperature. Thus, we will observe both branches 
of the activation energy curve. The fact that the 
reaction below room temperature is oxidation lim- 
ited must imply that there is some unoxidized 
silicon exposed in the surface. An increase in the 
temperature tends to enhance the oxidation step 
more than the dissolution step because of the higher 
activation energy of the oxidation reaction. There- 
fore a higher concentration of oxidized silicon tends 
to be built up in the surface. An increase in the 
rate of the dissolution step is now possible, since 
C.' can decrease, causing the slope of Cs'-C.' (see 
Fig. 8) to increase. Thus, the effect of increasing 
the temperature is to increase not only the diffu- 
sion coefficient of HF, but also the concentration 
gradient, and a higher activation energy is ob- 

served (C-0" of Fig. 9) than one corresponding 
only to the variation of the diffusion coefficient 
with temperature (C-0"). This can explain the in- 
creased values of the observed activation energy 
in the region under consideration and also cautions 
that what we are now calling the activation energy 
has a somewhat different significance from what it 
had in the absence of added diluent. 

Activation energy in the high HF region.-Let 
us now turn our attention to the high HF region. 
Here, for each composition we have plotted two 
curves (see Fig. 4). The upper curve corresponds 
to the externally catalyzed system. The displace- 
ment of the two curves is not primarily the result 
of the catalytic activity of the added catalyst 
(NaNO,), but it is rather caused by the increase in 
the total amount of oxidizing substances present 
in the solution as the result of the addition of the 
nitrite. The amount of material added was 0.1 g 
in 20 cc, which amount is not negligible in the 
region of compositions where the nitric acid is low. 

There is a sharp break in the activation energy 
curves of the nonexternally catalyzed systems, 
and a weaker break in the curves corresponding 
to the externally catalyzed systems. Although this 
break indicates a transition from one reaction 
mechanism at lower temperatures to another at 
higher temperatures, the change in the reaction 
mechanism is probably not one from oxidation de- 
pendence to oxide removal dependence. The fact 
that considerably reduced HF concentrations are 
capable of sustaining reaction rates ten times those 
under consideration and the fact that the etch 
rates are susceptible to enhancement by the addi- 
tion of catalyst indicate that the etch rates on both 
branches of the activation energy curves are nitric 
acid dependent. It is also interesting to note that 
the weight ratio of HF:HNO, necessary to sustain 
a given reaction rate at a given temperature, where 
the HF concentration is taken at one end of a con- 
stant rate contour where the rates are HF dependent, 
and the HNOs concentration is taken at the other end 
of the same contour where the rates are HNO. de- 
pendent, is approximately 3.5: 1. On a molar basis this 
gives a molar ratio of HF:HNOs of 7. Considering that 
the stoichiometric ratio of HF: HNOs is at most 4.5," 
and bearing in mind that the HF dependent rates 
are the maximum possible for one of the pair of 
compositions under consideration because of the 
diffusion limitation, the diffusion coefficient of 
HNO, wbuld have to be at least 1.6 times that of 
HF at room temperature, and five times higher at 
45°C. This consideration forces us to look for a re- 
action mechanism that could yield reaction rates 
somewhat hieher than would be ex~ected from a - 
simple diffusion mechanism. 

Oxidatio'n Mechanisms 
It is the authors' belief that the change in the 

mechanism indicated by the break ill the rate-tem- 
perature curves is tied in with a change in the 
mode of attack on the silicon by. the nitric acid. It 
is therefore necessary to consider the chemistry of 

*The weight ratio given here is 48% aqueous HF : 10% aqueous 
HNOs. 

8 This is based on the formatlon of SiFp'as the reaction product, 
rather than SiF', which reauires a lower ratlo. 
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nitric acid before taking up the question of the 
reaction mechanism. 

It has been proposed (5) that oxidation by nitric 
acid actually proceeds through the intermediate 
formation of HNO, which is considered to be a 
more active oxidizing agent than HNOI. - 
2HN0, + R-* RO + K O  

+ 2NO (R is reducing agent) [5] 

The HNO, required for the oxidation is formed in 
a two-step reaction that involves the HNOn con- 
centration autocatalytically as follows (5-7) 

HNO, + HNO, e N,O, 
+ H,O (slow, rate determining)' [6] 

These reactions are reversible. The formation of 
HNO, from Eq. 161 and 1'71 proceeds from left to 
right. The kinetics of this reaction are first order 
in HNO, and HNO,, thus 

The decomposition of HNO, proceeds by the rever- 
sal of Eq. [7], followed by the hydrolysis of N,O,. 
The kinetics of this reaction are first order in N,O,. 
However, by the equilibrium of Eq. [7], the con- 
centration of NZ0, may be written as follows: 

Here the term K is the equilibrium constant for the 
reaction of Eq. [7], and PNO is the partial pressure 
of nitric oxide. The kinetics of the reverse process 
accordingly obey the expression 

It is thus seen that the formation of HNOp by this 
mechanism requires the presence of itself, and that 
the decomposition of HNO, is strongly inhibited by 
the presence of NO. 

An alternative method of formation of HNOy has 
been proposed by Briner (8) that involves a bi- 
molecular reaction between HNOs and NO. 

This reaction may be followed by reaction [7] 
above to give additional HNOn. The primary reac- 
tion [11] probably does not proceed as readily as 
the alternative Abel and Schmid mechanism, but 
it probably plays an important role in the induc- 
tion phase of the oxidation of silicon. 

In addition to the mode of oxidation by HNOo 
proposed by Abel and Schmid, one must also con- 
sider the possibility of the direct attack of that 
species on silicon, for we have experienced no dif- 
ficulty in getting reactions of silicon with nitric 
acid in etches containing an excess of K O ,  KMnO,, 
or Ce" ions, a l l  of which quantitatively remove 
nitrogen compounds of lower valence state by oxi- 
dation to HNO,. 

Mechanism of the induction reaction.-It is possi- 
ble to set up two different conditions. At low reac- 

4 We shall neglect the dlssodatlon of NzOd to NO2 In this discus- 
don. 

tion rates and in the absence of HNO, the mechan- 
ism probably involves the direct diffusion of HNO, 
to the silicon surface. The primary mode of attack 
is then via undissociated HN08. Since this process 
may lead to reduction products of HNO, which are 
themselves also potentially excellent oxidants, e.g., 
NO,, HNO, there is a probability that these may 
become involved in further reaction with the sili- 
con before they can become dissipated into the bulk 
solution. There is also a possibility for the forma- 
tion of HNO, and NO, on the silicon surface from 
the interaction of HNO, with NO according to Eq. 
[ I l l .  This latter possibility provides an alternative 
course for the reduction of HNO, that involves 
chemical species that are supposedly more reactive 
toward silicon than is HNO, itself. The various al- 
ternatives probably all make contributions to the 
over-all reaction, the rate of which becomes lim- 
ited by the rate at  which HNO, can diffuse to the 
silicon surface. 

Mechanism of the steady state.-In silicon etching 
the steady-state condition can be achieved only 
after a concentration of HNO, in excess of a thres- 
hold value has been built up in the vicinity of the 
silicon surface, either through the addition of a 
small amount of NaNO, or as a consequence of the 
attainment by the etching reaction of a sufficient rate 
to accomplish this purpose. In this steady-state 
condition the mode of attack on the silicon is prob- 
ably almost exclusively via HNO?, and the site 
where the rate-determining processes play their 
roles has probably shifted from the silicon surface 
to the boundary layer surrounding the silicon spec- 
imen, in a mechanism similar to that suggested by 
Spahn and Schmid (9). I t  must be remembered 
that the formation of HNOl by the Abel and 
Schmid mechanism is autocatalytic, and that it re- 
quires the presence of HNOI in order for the proc- 
esses of Eq. 161 and [7] to proceed. As long as the 
reaction is in the first state described above, the 
HNO, that is formed either by the reduction of 
HNO, or NO, or by the Briner mechanism, is con- 
fined to the silicon surface, and it probably reacts 
with the silicon substrate on which i t  is adsorbed, 
rather than with the HNOs in the surrounding me- 
dium. However, when the reaction attains a suffi- 
ciently high rate, the NO, which is the final reduc- 
tion product of HNOs, and which is now being 
generated in large quantities, diffuses away from 
the silicon in high concentration, and as a conse- 
quence, a high concentration of NO is built up 
within the boundary layer. The NO can now inter- 
cept HNO, that is diffusing in from the bulk solu- 
tion and, by the mechanism of Briner, produce a 
concentration of HNO? within the boundary layer. 
Once a sufficient concentration of HN02 is built up, 
this HNO* can further react with HNO, by the 
Abel and Schmid mechanism, and there then re- 
sults the autocatalytic buildup to the steady state 
as depicted in Fig. 10. 

Nitric acid diffuses from the bulk solution into 
the boundary layer. On its way to the silicon sur- 
face it is intercepted by the HNO,, and i t  thus be- 
comes depleted within the boundary layer rather 
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Fig. 10. Model of the reaction mechanism in the high HF 
region. 

than at the silicon surface. This causes an increase 
in the concentration gradient of HN03, and may re- 
sult in the enhancement of the etch rates to values 
in excess of those compatible with simple diffusion 
according to Fick's law. 

The concentration of HNO* builds up to a maxi- 
mum within the boundary layer. I t  in part diffuses 
toward the silicon surface, where its decomposition 
is inhibited by the strong concentration of NO, and 
it reacts with the silicon. In part, it diffuses toward 
the bulk solution and becomes dissipated there. 
The stoichiometry of reaction [5] requires that, as 
a boundary condition, two molecules of NO diffuse 
away from the silicon surface for every two mole- 
cules of HNOl that diffuse toward the silicon. The 
stoichiometry of reactions 161 and [7] indicates 
that the two molecules of NO can lead to the for- 
mation of 3 molecules of HNO,. Therefore, one 
molecule of HNO* must diffuse away toward the 
bulk solution. The net result as seen from the bulk 
solution is the diffusion of one molecule of HNO. 
into the boundary layer, and one molecule of HNO* 
into the bulk solution. The ultimate form of the re- 
duction product of nitric acid that is produced will 
depend only on the composition of the bulk solu- 
tions, as shown by Spahn and Schmid (9). In dilute 
HNO, solution the HNOz that enters the bulk solu- 
tion will decompose rapidly to NO and HNO, by 
the reversal of Eq. [7] and [6], so that the princi- 
pal reaction product found analytically will be NO. 
On the other hand, if the solution is concentrated 
in HNO, and poor in water, the reaction of Eq. r6] 
will proceed from left to right, and the NIO, will be 

'evolved from the solution in the form of NO,. The 
nature of the reaction product is thus not deter- 
mined by the actual surface reaction, but by sec- 
ondary reactions within the boundary layer and in 
the bulk solution. 

The establishment of the steady-state condition 
shown in Fig. 10 is contingent on several condi- 
tions, two of which are the presence of a small 
amount of HNO, and the presence of NO. However, 
the mere presence of these substances does not 
guarantee that the steady state will be attained. 
The rates of formation of HNO, and NO must be 
sufficiently large to overcome the losses resulting 

from dissipation of these products. Thus, the reac- 
tion must proceed through an induction phase in 
which the principal mechanism of attack on the 
silicon is via molecular HNO*. The product of this 
reaction may be NO,, NO, or HNO, and probably 
all three of these are present to some extent. If 
HNO, is not formed as a reduction product of 
HNO, it  can still be formed by the mechanism of 
Briner. If the rate of the induction reaction is suffi- 
ciently great, a threshold concentration of RNOl 
can be built up in the vicinity of the silicon surface, 
and since the rate of formation'of HNOl depends 
autocatalytically on the presence of itself, the rapid 
buildup of the HNO, concentration to the steady- 
state value by the mechanism of Abel and Schmid 
becomes assured. 

One might also consider the mechanism of Vet- 
ter (lo),  discussed by Cretella and Gatos ( l l ) ,  as an 
alternative route for the oxidation process. This 
mechanism involves the oxidation of silicon by NO? 
which is formed in the process of Eq. 161. However, 
the equilibrium of that reaction lies far to the left, 
and no substantial concentration of NO* can exist 
in the boundary layer. Therefore no concentration 
gradients of NOz can be set up over any reasonable 
distances, and one must consider the Vetter mech- 
anism as a surface reaction and subject to the limi- 
tations of diffusion control, where the principal dif- 
fusing species is HNO,. We therefore consider the 
Vetter mechanism as potentially making a contri- 
bution to the over-all process in the induction 
phase, but we find it difficult to explain the appar- 
ent high diffusion coefficient of HNO,, especially at 
the higher temperatures, as compared with the dif- 
fusion coefficient of HF, on this basis. 

Let us now return to a consideration of the 
curves of Fig. 4. At low temperatures the etch rates 
are low, and the principal mode.of attack is by 
molecular HNO,. The high value of the activation 
energy may result from the possibility that an in- 
crement in the etch rates resulting from an in- 
crease in the temperature is accompanied by an 
additional increase in the etch rates resulting from 
the increased involvement of the redudtion prod- 
ucts, so that the over-all sensitivity of the etch 
rates to a temperature change is increased. It may 
also be possible that the activation energy observed 
is characteristic of the formation of HNO, by the 
Briner mechanism, which should have a higher ac- 
tivation energy than the formation of HNOa by the 
Abel and Schmid mechanism. As the temperature 
is increased, a point is reached where the rate of 
production of NO and HNO, becomes sufficient to 
sustain the steady-state condition of Fig. 10, and 
the activation energy drops to the lower value. In 
view of the extreme complexity of the situation, 
involving the diffusion of three different species 
and the heat of the reaction, as'well as a complex 
series of chemical interactions and medium changes 
within the boundary layer, it is difficult to ascribe 
much significance to the value for the activation 
energy of approximately 14 kcal/mole. Cretella 
and Gatos (11) have found similar values for the 
activation energy of the oxidation of germanium 
by HN08. We are inclined to consider this as coin- 
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Fig. 11.  Summary of the activation energies as a function 
cf composition of the etchant. 

cidental, since their reported reaction rates were 
so 10.w as to preclude the probability of a diffusion 
influence, whereas the reaction rates under con- 
sideration in this research are of a different order 
of magnitude, and are definitely affected by trans- 
port phenomena. 

Summary , 

The activation energies obtained in the different 
solutions studied are summarized in Fig. 11. 

In the high HNOa region when small amounts of 
diluent are present, the reaction is a straightfor- 
ward diffusion process. The measured activation 
energy is a true activation energy, and it is asso- 
ciated with the temperature dependence of the dif- 
fusion coefficient of HF. The temperature sensitiv- 
ity of the etch rates is low, and it is not necessary 
to provide accurate temperature control in order to 
obtain reproducible etching. 

As diluent is added to etchants rich in HNOs, a 
point is reached where the observed activation en- 
ergy begins to increase, and two values, one cor- 
responding to the oxidation process and one to the 
oxide removal process, will be observed. The value 
of the activation energy will not have the same 
significance as in the previous case. The high- 
temperature value will be affected by the changing 
surface concentration of HF. The low-temperature 
value will be typical of an FINOJ dependent reac- 
tion. 

In the high HF region the reaction becomes very 
complex. At low temperatures, especially in the 
absence of added catalyst, the reaction mechanism 
probably involves the direct attack of undissociated 
HNOI on silicon, perhaps assisted by the bimolecu- 
lar reaction of HNOs and NO to form HNOs. At 
higher temperatures, or in the presence of added 
catalyst, the reaction probably takes an alternative 
course in which the attack on the silicon is by 
means of HNO*. The HNO* is formed in a complex 
series of reactions within the boundary layer sur- 
rounding the silicon surface. The reaction of HNO, 
within the boundary layer instead of at the silicon 
surface can cause the rate of diffusion of HNOt to 
be increased so that the reaction rate can attain 
values in excess of those expected from the appli- 
cation of Fick's law to a simple diffusion process. 
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Nitrobenzene to Hydrazobenzene 
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ABSTRACT 

The use of a rotating cathode in the reduction of nitrobenzene suspended in 
alkaline medium is described. Conditions of electrolysis were similar to those 
established by Dey and co-workers except that, using a rotating cathode, the 
reduction could be carried out at current densities of 15-30 amp/dma instead 
of 2 amp/dm9. Reduction proceeded quite smoothly and an almost quantitative 
yield of hydrazobenzene was obtained. A rotating mild steel disk cathode with 
a coating of lead was used along with a cylindrical diaphragm of asbestos cloth 
supported on a mild steel nickel plated cage' as the anode chamber. The best 
conditions are (i) 10-20% alkali (NaOH) as catholyte and anolyte, (ii) a de- 
polarizer ratio of (w/v) 1:4, (iii) current density of the order of 15-30 amp/ 
dm', (iv) temperature between 80"-85T, (v) addition of 1% (w/v) of PbO to 
the catholyte. Iron substrate is superior to copper or brass a's cathode, when 
deposited with lead. Addition of ZnO instead of PbO in the proportions sug- 
gested by Sugino and Sekine gave very low yields using rotating cathode. The 
paper also describes the isolation and recovery of the product and subsequent 
conversion to benzidine. Cathode potential measurements were also carried out 
and used to explain some of the results. 

The reduction of aromatic nitrocompounds in 
alkaline medium to give the corresponding hydrazo 
compounds is technically important because of the 
conversion to benzidines required for the produc- 
tion of direct cotton colors. 

The large demand for benzidine in India, which 
is met at  present by import, prompted a re-inves- 
tigation of the process. 

A systematic study of the use of a rotating cath- 
ode in the reduction of emulsion of nitrocompound 
in acid medium to.aminophenols has been reported 
(1). Later (2, 3) very high current densities were 
employed without adversely affecting the current 
efficiency. It was shown (1) that beyond a certain 
rate of rotation of the cathode there was no appre- 
ciable improvement in the yield of product. 

The use of rotating cathode has now been ex- 
tended to the reduction of nitrobenzene in alkaline 
emulsion to hydrazobenzene. The optimum condi- 
tions worked out by Dey and co-workers (4) 
formed the basis of the present study. 

Experimental 
In the laboratory scale experiments, 10% sodium 

hydroxide solution was used as catholyte and 20- 
25% solution of sodium hydroxide as anolyte. As- 
bestos cloth wound on a mild steel nickel plated 
cage (5 cm diameter and 20 cm height) was used 
as a diaphragm. A rotating disk-type iron cathode 
(total area 0.8 dm9) made by assembling 2.5 cm 
diameter iron disks (0.158 cm thick) on a 0.67 cm 
rod with cylindrical spacers of iron of 1.25 cm diam- 
eter and 1.25 cm height was used in most of the ex- 
periments unless otherwise specified. Either nickel- 
plated mild steel or nickel-plated copper was used 
as anode. Distilled C.P. grade nitrobenzene was 
employed in the reduction studies and C.P. hydro- 
chloric acid (sp gr 1.16) was employed for the 

conversion of hydrazobenzene to benzidine hydro- 
chloride. 

The cell arrangement consisted of a 1-liter Pyrex 
beaker without a spout, provided with an asbetsos 
cement sheet lid, 0.3 cm thick. The cover had the 
necessary openings for the cathode shaft, dia- 
phragm, condenser, and thermometer. A slight 
suction was maintained through the condenser to 
prevent loss of nitrobenzene through the opening 
provided for the rotating cathode. The cathode was 
attached to the lower end of the shaft of a 1/16 
H.P. motor whose speed could be controlled. The 
speed of rotation of the cathode was kept at  2000 
rpm (angular velocity being nearly 200 radians/ 
sec). Contact with the rotating shaft was made by 
a carbon brush. A depolarizer ratio of 1:4 (1 g of 
nitrobenzene to 4 ml of catholyte) was chosen. 

The iron cathode was coated with lead by elec- 
trolyzing sodium plumbite solution. It was found 
necessary to rotate the electrode during electro- 
deposition in order to be able to get an adherent 
deposit. By employing about 5 g of lead monoxide 
in 400 ml of 10% sodium hydroxide, i t  is possible 
to obtain nearly 0.028 mole of lead/dm8 of the 
cathode, when deposition is complete. 

After the lead had been deposited on the rotating 
cathode, 100 g of nitrobenzene was added to the 
hot electrolyte (85'C) and the theoretical current 
provided by a selenium rectifier passed. After 90% 
of the current was passed, xylene (100 ml) was 
added before completion of the reduction. 

The xylene layer from the electrolyte was sepa- 
rated and poured into a mixture of ice and 80 ml 
of HC1 (sp gr 1.16) and stirred for 5 hr in the cold 
after which the temperature was raised to gentle 
boiling. Solid benzidine hydrochloride which sep- 
arated on cooling was isolated and weighed. Total 
benzidine formed in the solid as well as in the clear 



374 JOURNAL OF THE ELECTROCHEMICAL SOCIETY April 1961 

Table I. Comparison of results obtained with stationary 
and rotating cathodes 

Chemical yield of 
Current benzidine,t %of theory 
density, 
arnp/dm' Rotating Stationaw 

10 87.1 13.5 
20 88.0 10.7 
10. - 44.3 
20 * - 37.6 

t Yield is calculated on nitrobenzene taken. 
An iron vessel containing 400 ml of electrolyte was used, 

spongy lead deposited being greater in these cases. 

solution was estimated by precipitation as benzi- 
dine sulfate. The yield of benzidine reported in the 
tables is a percentage of the theoretical chemical 
yield. The aniline formed was liberated by neu- 
tralizing the aqueous portion left after filtering off 
the benzidine sulfate and steam distilling. The ani- 
line in the distillate was estimated by the bromate- 
bromide procedure. The xylene layer which con- 
tained the azobenzene and any unreduced nitro- 
benzene was steam distilled. The azobenzene re- 
maining in the still was cooled, filtered, dried, and 
weighed. Nitrobenzene from the xylene layer was 
reduced with zinc and hydrochloric acid to aniline 
and estimated using bromate-bromide mixture. 

A current density of 30 amp/dma was employed 
in the experiments given in Tables I11 and IV and 
in the study of the influence of alkali strength. 

Discussion of Results 
Effect of rotating cathode.-To compare the ef- 

fect of high current densities on yields of benzidine 
using a stationary and a rotating cathode, a few 
experiments were carried out with the disk-type 
cathode under otherwise identical conditions (Table 
I) .  In the experiments employing a stationary 
cathode, an auxiliary stirrer was employed. Lead 
was deposited on both a rotating cathode and a 
stationary cathode. The advantage of rotation is 
clearly evident at  high current densities. In the 
case of stationary cathode, it may be seen that the , 

yield is better if an iron vessel is used as a con- 
tainer and cathode. The higher yields of benzidine 
in this case is probably due to greater surface of 
spongy lead exposed. 

Influence of current density.--A series of ex- 
periments were conducted to ascertain the influ- 
ence of current density on the yield of benzidine 
using rotating cathode. Current densities of the 
order of 5-30 amp/dma were used; results obtained 
are given in Table 11. The advantageous effect of 
rotation is probably due to acceleration of the dis- 

Table !I. Effect of current density on the yield of benzidine 

Current Yield of 
dendty, amp/dmz benzidine, % 

5 86.5 
10 87.1 
15 87.5 
20 88.0 
25 88.5 
30 88.2 

solution of nitrobenzene and the movement of the 
organic molecules to and from the cathode so that 
their reduction becomes preferred to hydrogen 
evolution. The hydrazobenzene at  the cathode is 
removed as fast as it is formed, and rotation raises 
the ratio of nitrobenzene to hydrazobenzene on the 

' cathode surface. This increase in surface concen- 
tration of nitrobenzene increases the range of cur- 
rent density that can be employed for reduction. 

With the cathode stationary, the hydrazobenzene 
formed is not removed rapidly; this gives a greater 
chance for its further reaction with partially re- 
duced intermediates. Thus, large quantities of azo- 
benzene were formed with the stationary cathode, 
presumably due to this. Furthermore, aniline for- 
mation was higher at the stationary than with the 
rotating cathode, and considerable quantities of 
unreduced nitrobenzene were recovered under 
stationary conditions. 

Influence of different metal oxides.-The effect 
of various metal oxides for different cathode mate- 
rials and their influence on the reduction of nitro- 
benzene to hydrazobenzene has been studied in 
detail by Sugino and Sekine (6). They carried out 
electrolytic reduction of nitrobenzene in alkaline 
emulsion and observed that cathodes of zinc, tin, 
cadmium, and lead with more than 0.07 moles of 
spongy metal per dmD of the surface were the most 
suitable for reduction (7). As base materials for 
spongy layers, common metals such as lead, iron, 
and others were found suitable. At these cathodes 
almost quantitative yields of hydrazobenzene were 
obtained at relatively high current densities with 
suitable agitation. They concluded that use of zinc 
in the form of a smooth deposit gives material 
yield and current efficiency of a higher order than 
iron and nickel. The optimum amount of added 
metals is given as at least 0.05 mole/dm3 (zinc or 
lead) on the cathode (6). 

The influence of agents like lead monoxide and 
zinc oxide using different cathodes like iron, brass, 
and copper was tried under rotating cathode con- 
ditions. With 0.028 mole of lead/dma very good 
yields (88%) of benzidine were obtained even 
though the proportion of lead employed is much 
less than that employed by Sugino and co-worker. 
When zinc oxide was used, the yield of benzidine 
was as low as 14.3%, using iron cathode base, in 
spite of using proportions of zinc higher than the 
minimum suggested by the Japanese workers (6). 
Table I11 is a summary of the proportions of lead 
and zinc used by Dey, et al. (4), by the Japanese 
workers (6), and by the present authors. 

It was found that the yield of benzidine was re- 
duced from 83.5% to 48% if the quantity of lead 
was reduced from 0.028 to 0.014 mole/dm9. In- 
creasing it above 0.028 mole/dma was of no added 
advantage since the spongy lead did not adhere. 

Table Ill. Spongy metal deposited by different investigators 

In Sugino 

Addition agents 
Dey, the present and 
et al. investigation Sekine 

Moles of lead/dm3 of cathode 0.005 0.028 0.07 
Moles of zinc/dmP of cathode 0.025 0.184 0.07 
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Table IV. Effect of cathode material on the yield of benzidine 

Cathode Yield of 
base material benzidine. O/n 

Iron 88 
Brass 10 
Copper 8.8 
Amalgamated copper* Nil 
Nickel-plated copper 58.5 

PbO equivalent to 0.028 mole/dmo added in all experiments ex- 
cept this. 

It is concluded that 0.028 mole of lead/dm2 is suf- 
ficient for obtaining good reduction of nitrobenzene 
using a rotating iron cathode. 

Effect of cathode material.-The next series of 
experiments was concerned with the influence of 
cathode material on the yield of benzidine. Dif- 
ferent cathode base materials have been tried; re- 
sults are shown in Table IV. 

In the case of nickel-plated copper, it was ob- 
served that if 10% excess current was passed, the 
yield of benzidine increased from 58.5% to 82.0%. 
But in the case of iron cathode, theoretical current 
gave a yield of 88%. Although the nickel cathode 
can give yields approaching that obtained with an 
iron cathode by passing more current, the curkent 
efficiency for hydrazobenzene formation is much 
better at the latter. As such, iron appears to be the 
best cathode base material for reduction. 

It is interesting to note how the substrate metal 
influences the yield although in all cases the surface 
was covered with the deposited lead. This is per- 
haps connected with the differences in the nature 
of lead deposits obtained with different base metals. 
A complete analysis of the products formed at 
amalgamated copper and nickel plated copper 
(Pb coated) cathodes by passing theoretical cur- 
rent is given in Table V. 

As mentioned earlier, rotating cathode enables 
the use of much higher current densities and per- 
mits reduction to proceed more rapidly to comple- 
tion, using about the theoretical quantity of cur- 
rent. In the case of a stationary electrode, Dey and 
co-workers (4, 5) employed 10% excess current, 
and in their reciprocating type of cathode, Sugino 
and Sekine (6) employed 25% excess current (us- 
ing high current densities). In his earlier study on 
electrolytic reduction, Sekine (8) advocated the 
use of 3 amp/dma at the beginning and then reduc- 
ing this to 2 amp/dm2 to obtain a yield of 81.6% 
of hydrazobenzene with a current efficiency of 
73.84%. Experiments now carried out show that 
when an iron cathode is used, only 5% more than 
the theoretical current need be passed. 

I I I . . I  
-0 5 10 15 W ?3 

STREN6TH Q ALKALI 2- 

Fig. 1 ,  Influence of alkali strength on the yield of hydra- 
zobenzene. 

Atanasiu and Dumitru (9) have studied the 
preparation of benzidine using a two-stage process 
in a cell consisting of an iron container as anode 
and a rotating iron cathode inside a porous porce- 
lain diaphragm. They reported a current efficiency 
of 93% at 200 rpm, and the over-all yield of benzi- 
dine was 88%. In the present investigation, nitro- 
benzene was reduced in a single step in yields 
quite comparable to those of Atanasiu and Dumitru. 

Influence of alkali strength.-Experiments were 
carried out to study the influence of alkali strength 
on the reduction. Sodium hydroxide of various 
concentrations ranging from 5% to 25% were tried 
and the results obtained are represented graphi- 
cally in Fig. 1. The graph clearly indicates that 
10% sodium hydroxide gives the maximum yield 
and a narrow range of approximately 8 to 12% 
alkali could be employed without seriously affect- 
ing the final yield. This is a very important obser- 
vation because the strength of alkali in the catho- 
lyte changes during electrolysis. 

Miscellaneous observations.-A cylindical cath- 
ode gave results as efficient as the disk type, but 
the latter is preferred in view of the very efficient 
agitation that was produced. 

Re-use of the alkali from the catholyte in a sub- 
sequent reduction decreased the yield of benzidine 
from 88 to 74.3% and increased yields of azoben- 
zene and aniline from 6 to 15% and 2 to 676, respec- 
tively. .This was due to the increased strength of 
alkali in the catholyte since, on' adjusting the 
strength of alkali to 10% before re-use, the yield 
of benzidine could be produced without having to 
add any fresh lead monoxide. In one experiment 
using nearly 10% excess current, the yield of ben- 
zidine increased from 88 to only 89.5%. The results 
of the large-scale experiments, re-using the same 
alkali in 8 runs with the same lead deposited cath- 
ode are given in Table VI. 

Cathode Potential Studies 

Table V. Products formed at nickel-plated copper and 
amalgamated copper cathodes 

Unre- 
Yield Yield of duced 

of benzi- azaben- Yield of nitroben- 
Cathode material dine. % zene, % aniline. % zene. % 

Amalgamated copper Nil 60 16 20 
Nickel-plated copper 

(Pb coated) 58.5 32.5 4 2.2 

Cathode potentials were measured using a 1 cm 
diameter iron cylindrical cathode with a Hg/HgO/N 
NaOH reference electrode and a calibrated Heath- 
kit vacuum tube voltmeter. Potential was meas- 
ured during deposition of lead on both stationary 
and rotating cathodes using a current of 1 amp 
(current density being 2.6 amp/dmn). Potential us. 
time during deposition is plotted in Fig. 2. It may 
be seen that the stationary cathode is polarized to 
a greater extent than the rotating cathode. Replen- 
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Table Vl. Results of large-scale preparation of benzidine t 
Catholyte: 
PbO: 
Anolyte: 
Weight of nitrobenzene 

taken 
Cathode: 

Cathode current density 
(apparent) 

Duration of electrolysis 

Xylene added: 
Temperature: 

4 1 10% NaOH 
40 g (for the first run only) 
1 1 of 30% NaOH 

1000 g 
Disk-type iron having 6 

disks of 7.5 cm diameter - -.--- ~ 

with a spacing of 3.8 cm 

30 amp/dm2 
Theoretical time for hydra- 

zobenzene formation 
1000 ml 
80"-85'C 

NO. Of 
run 

Yield of Yield of Yield of 
benzidine, azobenzene, aniline. 

% Of % Of % of 
theory theory theory 

1st 80.0 7.3 6.1 
2nd 82.4 12.7 2.1 
3rd 81.3 12.3 3.1 

80.8 11.7 3.4 

81.0 10.4 4.5 - 
8th 

The cell voltage fluctuated between 4.5-6.0 v and the energy con- 
sumption was found to be 4.1 kw-hr/lb of benzidine hydrochloride. 

ishment of lead ions in the cathode film is faster 
with rotation, thereby leading to less polarization 
and a more compact deposit than on stationary 
cathode. 

The influence of current density on cathode po- 
tential was studied for the cathode that was plated 
rotating as well as that plated stationary. Curves 
1 and 2 in Fig. 3 show the polarization under sta- 
tionary conditions of the cathode plated under 
stationary and rotating conditions. The rotating 
cathode is polarized to a greater extent because 
the deposit is less spongy. The cathode potential 
was also measured at different current densities 
after adding nitrobenzene. The potential was noted 
for each current density as the latter was increased 
stepwise at 2-min intervals. Curves 3 and 4 of Fig. 
3 show considerable lowering of the cathodic po- 
larization on addition of nitrobenzene. This effect 

- 
3 -om. 
5 7 -om. 
.I 
5 2 -em. 

E 
g -090. 

P 
t 
U -m. > 

I 
-1.10 

0 1 1 0 , ¶ 2 0 X )  

TlME M MINUTES 

April 1961 

Fig. 3. Cathode potential vs. log C.D.: curve 1, stationary 
cathode; and curve 2, rotating cathode without addition of 
nitrobenzene; curve 3, stationary cathode; and curve 4, ro- 
tating cathode with addition of nitrobenzene. 

has also been reported by Leslie and Butler (10) 
who attributed it to the reduction taking place by 
direct electron transfer. It may be seen from the 
curves that, with a stationary cathode, in presence 
of nitrobenzene, increase of current density quickly 
raises the potential of the cathode to a high nega- 
tive value corresponding to hydrogen discharge. 
This explains the low current efficiency met with 
in the case of stationary electrodes. The rotating 
cathode, however, is depolarized effectively even 
at very high current densities. 

The cathode potential was also measured through- 
out a typical experiment using a cylindical rotat- 
ing cathode in a bath containing 500 cc of 10% 
sodium hydroxide with the addition of 2 g of lead 
monoxide and 50 g of nitrobenzene and passing a 
current of 11 amp. Current density employed was 
28 amp/dms. The cathode potential remained low 
until lead deposition was over, and after 2.5 min, 
it suddenly increased at which stage nitrobenzene 
was added. The cathode potential us. time of elec- 
trolysis is graphically represented in Fig. 4. Total 
electricity passed in the whole experiment corre- 
sponds to 5% excess over the theoretics! quantity 
required for reduction of nitrobenzene to hydrazo- 
benzene. The first steep fall (A to B) in the cath- 

TlME N HOURS 

Fig. 2. Cathode potential vs. time of deposition of lead on: Fig. 4.  Cathode potential vs. duration of electrolysis using 
curve 1, stationary cathode; curve 2, rotating cathode. rotating cathode. 
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odic polarization is due presumably to depolarizing 
action of dissolved nitrobenzene. The cathode po- 
tential becomes more and more negative (B to C) 
probably due to the deposition of hydrazobenzene. 
A stationary state is probably attained in the re- 
gion C to D. When nitrobenzene concentration 
drops off, polarization increases (D to E), and 
again the potential remains steady probably cor- 
responding to reduction of azobenzene (E to F). 
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Adsorption of Hydrogen and Oxygen 
' on Electrode Surfaces 

R. F. Amlie, J. 0. Ockerman, and P. Riietshci 

The Carl F. Norberg Research Center, The Electric Storage Battery Company, Yardley, Pennsylvania 

ABSTRACT 

A microvolumetric technique was used to study the desorption of hydrogen 
and oxygen from electrodes of very large surface area during open-circuit 
decay of overvoltage. An approximately linear relation was found between 
the overvoltage at a given current and the total amount of gas desorbed after 
interruption of current. Double layer capacities, determined from charging 
curves, increased with increasing number of partially discharged adsorbed 
species. The average state of charge of the adsorbed species in the double layer 
at steady-state conditions was found to be smaller than during the transient 
build-up of overvoltage. Experimental results indicate that unexpectedly long 
time periods are required to establish steady-state adsorption configurations and 
charge distributions on solid electrodes, and that the double layer capacities 
appear to be time-dependent. Within a potential region where the same elec- 
trochemical reaction proceeds throughout (in the present case hydrogen or 
oxygen evolution) and where the Tafel-plot is linear, the capacities, as de- 
termined from charging curves, appear to be almost independent of potential. 

Recently, a microvolumetric technique has been 
described to study the desorption of hydrogen and 
oxygen gas from electrodes of very large surface 
area in acid solution (1). This technique has been 
applied in the present work to a series of different 
electrode materials in alkaline solution. The use 
of very large surface areas allows the experimental 
determination of the amount of adsorbed gas and 
permits a study of the relation between the number 
of adsorbed species and the electrode potential. 

The adsorption and desorption phenomena on 
electrode surfaces and the attainment of steady- 
state configurations and charge-distributions on 
solid-liquid interfaces may require time periods of 
considerable length. This is particularly well dem- 
onstrated with experiments using the "reversed 
pulse technique" (2). In applying this tech- 
nique, an electrode is first polarized to a steady 

state by application of a constant current or a con- 
stant potential. A constant current pulse in the 
reverse direction is then impressed suddenly to the 
electrode for a very short period of time to lower 
the electrode potential by a substantial amount. 
After this reversed current pulse, the current is 
interrupted altogether and the electrode left to 
undergo relaxation on open circuit. By following 
the electrode potential with an electrometer-input 
voltmeter of good time-response, one observes that 
the overvoltage recovers after the reversed pulse 
quickly on open circuit before it decreases more 
slowly to the steady-state open-circuit value. This 
recovery of overvoltage is an indication of the 
slowness of the rearrangement of charges in the 
double layer. The slowness of the desorption of 
reacting species is also demonstrated by the gas 
desorption rates during open-circuit decay of hy- 
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drogen or oxygen overvoltage (1). In the present 
study these slow relaxation effects have been given 
particular consideration. 

Experimental 
Adsorption of hydrogen was studied on cadmium 

and amalgamated zinc electrodes, and adsorption 
of oxygen on silver oxide and nickel hydroxide 
electrodes. The electrodes were porous plates of 
large surface area, as used in nickel-cadmium and 
silver-zinc storage batteries. All measurements 
were performed in KOH solutions containing 387 
g/liter of KOH (30% per weight or 6.9N). The 
solutions were titrated before and after the meas- 
urements. Electrode potentials were measured 
against a Hg/HgO reference electrode in the same 
solution. Most experiments were performed at 30" 
.t 0.02OC, but some charging and decay curves 
were also taken at 20" and 40°C. The experimental 
set-up included a Pyrex glass cell with attached 
capillary for microvolumetric measurements of 
evolved gas, and the associated electrical equip- 
ment which has been described previously (1). 
Equipment for automatic recording of evolved gas 
from electrodes has been developed recently by 
Conway and Bourgault (3). 

The electrodes used here were periodically 
charged at constant current and left on open cir- 
cuit, whereby build-up and decay of overvoltage 
was recorded using an electrometer-input amplifier 
and a high speed recorder. Triple distilled water 
was used for preparation of the electrolyte. It must 
be pointed out that the impurity problem was 
greatly minimized because of the large ratio be- 
tween electrode surface and electrolyte volume (in 
the order of 1000 cm9/ml electrolyte). 

Amalgamated zinc.- The spongy zinc plates 
were produced by electrochemical reduction of an 
intimate mixture of 13 parts of ZnO and 1 part 
HgO in 7% KOH at 0.3-3 ma/cm2 of geometric sur- 
face. The plates contained an embedded zinc-plated 
silver screen. Electrical connection was made by a 
zinc-plated silver wire, spot-welded to the screen. 

The formed zinc plates were inserted in 30% 
KOH and overcharged at 0.1 ma/cm2 of geometric 
surface for 72 hr. Subsequently, the charging and 
decay curves were taken. On open circuit, the zinc 
electrode reached no absolutely stable potential in 
KOH. Traces of oxygen react with zinc to form 
zinc oxide and zincate. Hydrogen is evolved in 
minute amounts at all times, due to the reaction 
between the zinc and the electrolyte. These reac- 
tions tend to build up a small zincate concentration 
in solution. Nevertheless, a fairly stable electrode 
potential of -1.443 v vs. HgO was reached after a 
decay period of about 900 sec. In all the experi- 
ments reported below for Zn, the electrode was al- 
lowed to decay to an open-circuit value of -1.450 
v vs. HgO, which is still 7 mv more negative than 
the "steady" open-circuit potential. This minimizes 
adsorption effects and possible changes of the true 
surface area, since practically no zinc was allowed 
to oxidize or dissolve. Charging curves for build 
up of hydrogen overvoltage were also started at 
-1.450 v VS. HgO. 

At the end of the experiments, the zinc electrode 
was overcharged at 0.2 ma/cm' of geometric area 
for 24 hr, rinsed thoroughly but quickly in oxygen- 
free triple-distilled water and in acetone, and dried 
in a vacuum. The electrode was then sealed in a 
Pyrex tube and outgassed a t  53°C and 1 0 - h m  Hg 
prior to BET nitrogen absorption measurements at 
-195.6"C. 

Cadmium.-The cadmium electrode consisted of 
a. highly porous nickel matrix, prepared by sinter- 
ing Ni-powder under an atmosphere of hydrogen 
around a Ni-screen, and depositing a thin coating 
of metallic cadmium of about 100 monolayers, 
throughout the porous structure. 

The formed electrode was overcharged at 10 pa/ 
cmD of geometric area for several days in 30% KOH 
prior to the hydrogen overvoltage build up and 
decay measurements. The open-circuit potential of 
a Cd electrode in 30% KOH is -0.910 v us. HgO in 
the same solution. In the experiments reported be- 
low the Cd electrode was allowed to decay to 
-0.970 v us. HgO and was then cathodized again 
at the next current rate for the recording of the 
charging curve. At the end of the experiments the 
electrode was charged over a prolonged period of 
time, and preparation for BET surface area deter- 
mination followed the procedure for the amalga- 
mated zinc electrode. 

Nickel oxyh~droside.-The electrpde was a sin- 
tered nickel plaque of 75% porosity with pore-sizes 
between 1 and 15 r.  One gram of nickel hydroxide 
was precipitated per cma throughout the porous 
structure. Electrical connection was made with a 
nickel wire which was welded to a nickel screen 
embedded in the porous electrode. The electrode 
was anodized in 30% KOH in the cell over prolonged 
periods-of time. The electrolyte was then renewed 
and the electrode charged for 24 hr a t  0.5 ma/cm2 
of geometric area, prior to the start of the build-up 
and decay experiments. The nickel hydroxide elec- 
trode has no stable open-circuit potential. The 
charged active electrode material loses oxygen ir- 
reversibly and changes into a lower oxidation state 
while the potential keeps changing to less positive 
values. In the present investigation the potential of 
0.440 v us. HgO was chosen as the endpoint of the 
oxygen overvoltage decay curves. After the elec- 
trode had reached this potential, the current was 
switched on and the charging curves recorded, 
starting at the potential of 0.440 v vs. HgO. After 
completion of the experiments the electrode was 
charged at 0.5 ma/cm2 of geometric area over 24 hr  
and then removed from the cell, washed thoroughly 
in triple-distilled water, dipped in isopropyl alco- 
hol, and dried in a vacuum. For BET surface area 
determination the electrode was degassed at 52'C 
and lo-' mm Hg for 5 hr. 

Silver oxide.-The electrode was produced by 
pressing and sintering fine silver powder (5-15p) 
around a silver screen. Connection was made by 
welding a silver wire to the silver screen. The elec- 
trodes were formed in 20% KOH and the silver 
converted substantially to Ago. 

The open-circuit potential of the AgO/Ag,O elec- 
trode in 30% KOH is 0.500 v vs. HgO. Oxygen 
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Table I. Weight, geometric area, and BET surface area of 
various electrodes tested 

Total Ratio BET sur- 
eeomet- of BET face area 
n c  area BET to geo- per unlt 

Total exposed to surface metric weight of 
electrode electro- area, electrode electrode. 

Electrode weight, g lyte, c m V 0 '  ems area mz/g 

Zinc 6.94 84.5 4.0 473 0.58 
Cadmium 7.55 64.0 13.0 2030 1.72 
Nickeloxyhy- 1.63 11.2 14.3 12,780 8.78 

droxide 
Silver oxide 71.76 230.0 6.2 270 0.09 
Lead* 70.00 54.4 15.9 2940 0.23 
Lead dioxide* 44.02 16.0 35.2 22,000 0.80 

See reference (1). 

overvoltage decay curves on open circuit were 
taken to an endpoint of 0.520 v us. HgO, which is 
20 mv above the stable open-circuit value. This 
minimized errors due to changes in surface area 
and self-discharge. Charging curves for oxygen 
overvoltage build-up were started at  0.520 v US. 
HgO. After the experiments the electrode was 
charged over prolonged periods of time at 0.520 v, 
and then removed, washed carefully in triple dis- 
tilled water, and dried in a vacuum over CaC1,. For 
BET surface area determination the electrode was 
subjected to degassing at 50°C and 10." mm Hg for 
1 hr. 

Results and Discussion 
The results of the BET surface area determina- 

tions are summarized in Table I. Listed also are the 
geometric electrode surface and . total electrode 
weight. For comparison, similar data on Pb and 
PbO, electrodes as reported earlier (1) have been 
included. This table is of interest in comparing the 
pore-structure of various porous storage battery 
electrodes. 

Charging curves at constant current are shown in 
Fig. 1 to 4. The currents refer to the total elec- 
trode. Because of the very large surface area the 
true current densities were quite small, in the 

0 1 4 6 8 1 0  
TIME - wc. 

Fig. 1 .  Build-up of hydrogen overvoltage on zinc a t  con- 
stant current in 6.9N KOH at 30°C. 

- 0 9 4 L ' " ' ' 1  
0  D 2 0 W 4 0 5 0 ~ 7 0 8 0  

TIME - set. 

Fig. 2. Build-up of hydrogen overvoltage on cadmium at 
constant current in 6.9N KOH at 25°C. 

TIME fMINUTES1 

Fig. 3. Build-up of oxygen overvoltage on nickel oxyhy- 
droxide at constant current in 6.9N KOH at 30°C. 

I I I I  I 
5 I 1.5 

TIME (MINUTES1 

Fig. 4. Build-up of oxygen overvaltage on silver oxide (Ago) 
ot constant current in 6.9N KOH at 30°C. 

order of 10-90 lo-' amp/cmn. However, hydrogen 
overvoltage on Zn, Cd, and Pb and oxygen over- 
voltage on NiO(OH), Ago, and PbOp are large and 
the listed current density values still fall into the 
Tafel region. 

The double layer capacities, as determined from 
the charging curves and BET surface areas, are 
listed in Table 11. The results for Pb and PbO, (1) 
are included for comparison. The double layer ca- 
pacities tend to increase with temperature, but 
within the variations studied are rather independ- 
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Table II. Double layer or adsorption capacities from - IW 

charging curves in the region of hydrogen and oxygen evolution 
-107  

Double 
Electrode Charging layer 
reaction Electrode rate. Temp, capacity. ,-105 

and solutron material @/cma C @d/crn* , 

Hs evolution Zinc 2.50 20 26 %laa 

6.9N KOH 30 30 
40 41 ' 

1.25 30 37 i - ' O 1  Ha evolution Zinc 
6.9N KOH 2.50 30 z 

4.75 29 k-099 

H,evolution Cadmium 0.154 15 46 
6.9N KOH 25 50 - 0 9 7  

35 55 
HI evolution Cadmium 0.154 25 50 -0% 
6.9N KOH 0.385 51 TIME - mln 

0.770 51 
Fig. 6. Decay of hydrogen overvoltage and desorption of 

Oaevolution Oxy- 0'035 30 2040 hydrogen gas on open circuit for a cadmium electrode in 6.9N 
6.9N KOH hydroxide 0.105 

0.349 
KOH at 25'C. 

Os evolution Silver oxide 0.161 30 440 
6.9N KOH 0.806 850 

4.03 1100 

Hz evolution Lead 0.0629 30 10.8 
5 M  HISO, 0.314 10.5 

1.57 10.7 

0, evolution Lead dioxide 0.0142 30 126 
5 M  HsSOh 0.0568 139 

0.284 130 

ent of the charging rate except for Ago. The ca- 
pacities in the region of oxygen evolution are 
larger than in the region of hydrogen evolution. 
The charging curves for overvoltage build-up are 
linear for Zn, Cd, and Pb in the cathodic direction 
and for PbO, in the anodic direction. Nickel oxy- 
hydroxide shows a charging curve with a sharp 
initial rise and a subsequent gradual, nonlinear 
rise with steadily increasing apparent capacity. It 
is evident that a discharge process is involved, 
probably the build-up of a layer of partially or 
completely discharged oxygen species or the for- 
mation of higher oxides. The charging curve for 
Ag is even more anomalous, showing an initial 
spike at the higher currents and a subsequent non- 
linear rise, indicating a possible nucleation phe- 
nomena for formation of a higher silver oxide (4), 
involving a Faradaic component. 

Overvoltage decay curves and gas desorption 
during decay are shown in Fig. 5 to 8. Overvoltage 

TIME - I ~ C  

Fig. 5. Decay of hydrogen overvoltage and desorption of 
hydrogen gas on open circuit for a zinc electrode in 6.9N 
KOH at 30°C. 

TlME IMINUTES) 

Fig. 7. Decay of oxygen overvoltage and desorption of 
oxygen gas on open circuit for a nickel oxyhydmxide electrode 
in 6.9N KOH at 30°C. 

TlME (MINUTES) 

Fig. 8. Decay of oxygen overvoltage and desorption of oxy- 
gen gas on open circuit for a silver oxide electrode in 6.9N 
KOH ot 30°C. 

decay becomes generally linear with the logarithm 
of time or with the logarithm of ds/dt (5), in the 
region between initial decay and approach of the 
stable open-circuit value. The slopes of the decay 
curves ds/d(log t ) ,  where 7 is the overvoltage and 
t the time, are listed in Table I11 and compared 
with the Tafel slopes obtained from steady-state 
overvoltage values. Agreement between these val- 
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Toble Il l .  Comparison of Tafel slopes dq/d(log i )  with decay 
slopes dqld(log t )  where q is the overvoltage, i the current 

density, and t the time 

Electrode Overvoltage 
reaction Electrode Tafel slope decay slope 

and electrolyte material dq/d (log i )  dq/d (log t) 

Hs evolution Zinc 
6.9N KOH 
H, evolution Cadmium 
6.9N KOH 
Hn evolution Cadmium 
6.9N KOH 

O, evolution Nickel oxy- 
6.9N KOH hydroxide 
0. evolution Silver oxide 
6.9N KOH 

H. evolution Lead 
5 M  HnSOI 

Oxygen evolu- Lead dioxide 
tion 5 M  HSO, 

0.06 to 0.07 0.05 to 0.06 
(slow) * 
0.13 to 0.14 0.13 
(fast) * (initial) * 
0.043 0.034 

0.120 
(fast) * 
0.160 0.145 
(slow) * 
0.095 0.078 

The terms "slow" and "fast" in Table 111 indicate the speed of 
taking the Tafel curve, in going from one current to the next. The 
term "initial" refers to the initial decay of overvoltage on Cd. 
not visible in Fig. 6. 

ues is close. Deviations from linearity in -the over- 
voltage decay curves may be due in part to other 
simultaneous reactions such as the spontaneous 
corrosion of metals (for Zn and Pb, e.g., under 
evolution of H,), or the decomposition of oxides 
(5, 6). 

The decay curves for silver oxide are anomalous 
and show an inflection. The voltage tends to stay at 
a definite plateau before decaying to the stable 
AgO/Ag,O potential. This may be another ,indica- 
tion for the presence of an unstable higher oxide 
(4). 

High Tafel slopes for hydrogen overvoltage can 
be due to adsorption of foreign cations or desorp- 
tion of foreign anions with increasing potential in 
the negative direction, such that the positive charge 
on the solution side of the double layer, and the 
negative charge on the metal side (and therefore 
the electrode voltage) are larger than for the same 
amount of reacting hydrogen ions or water dipoles 
but in the absence of the foreign species. High 
Tafel slopes for oxygen evolution (and decay slopes 
on the other hand) may be due to adsorption of 
foreign anions or desorption of foreign cations with 
increasing potential in the positive direction. 

The decay of oxygen overvoltage is generally 
much slower than for hydrogen overvoltage. This 
may be due to the stronger adsorption forces for 
oxygen, limiting the desorption rate. Decay of hy- 
drogen evolution on high overvoltage metals (Zn, 
Cd, Pb) is so fast that the initial portion (nonlinear 
range with logarithm of time) of the decay curve 
was not measurable with the electrometer-input 
amplifier and 34 second recorder used here. In the 
decay curves for Zn and Cd the first points re- 
corded were at -1.61 And -1.09 v vs. HgO, respec- 
tively, whereas the stable hydrogen overvoltages 
were about -1.75 and -1.21 v vs. HgO, respec- 
tively. The initial decay slope for Cd was. quite 

steep, about -0.12 as compared to the average of 
-0.07 in the later stages. With the Cd electrode it 
seems to be particularly evident that more than 
one adsorption state is present on the electrode. 

The term adsorbed species here means the 
charged reacting ions in the double layer as well 
as adsorbed partially discharged species. It must 
be pointed out that quite generally both reacting 
ions in the double layer and various adsorbed par- 
tially discharged species will be present. The latter 
contribute to the potential by the polarity of the 
surface-bond only, like adsorbed atoms on solid- 
gas interfaces may influence the work function. 

In charging up the double layer at constant cur- 
rent, the amount of purely ionic and partially dis- 
charged species built into the double layer will de- 
pend somewhat on the charging rate. In the ex- 
periments reported here, the charging .currents 
were relatively small, and sufficient time was al- 
lowed to form adsorbed discharged products. 
Nevertheless, as shown below, a smaller amount of 
partially discharged adsorbed species were ap- 
parently present during overvoltage build-up than 
at steady state for a given electrode potential. 

During overvoltage decay and corresponding 
desorption of gas one must consider that removal 
by discharge of the ionic charges in the outer part 
of the double layer will have a large influence on 
the potential because of their small specific capac- 
ity. On the other hand, removal of the inner par- 
tially discharged species will have a relatively 
small effect on voltage. The relation between over- 
voltage decay and amount of gas desorbed must 
therefore not be expected, a priori, to be a straight 
line in fast transient experiments. 

In Fig. 9 to 12 the amount of gas desorbed has 
been related to the decay in overvoltage from vari- 
ous prepolarizing currents. It is interesting to note 
that the number of partially discharged adsorbed 
hydrogen species seems to increase in the sequence 
lead<zinc<cadmium. This is also the sequence of 
the capacities as seen in Table 11. Oxygen over- 
voltage on nickel hydroxide, silver oxide, and lead 
dioxide is determined mainly by strongly adsorbed, 
partially discharged oxygen species, which desorb 
relatively slowly. 

Since one must associate each molecule of de- 
sorbed hydrogen and oxygen with 2 and 4 elec- 

RELATIVE EXCESS H, ON ELECTRDDE SURFACE - mL. 

Fig. 9. Relation between electrode potential and desorbed 
hydrogen during open circuit decay for o Zn electrode in 
6.9N KOH ot 30°C. 
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0 005 010 015 020 015 030 
RELATIVE EXCESS H, ON ELECTRODE SURFACE - mL 

Fig. 10. Relation between electrode potential and desorbed 
hydrogen during open-circuit decay for o Cd electrode in 6.9N 
KOH at 25°C. 

RELATIVE EXCESS OXYGEN ON ELECTRODE SURFACE ImLrl 

Fig. 11. Relation between electrode potential and desorbed 
oxygen during open-circuit decoy for a NiO (OH) electrode in 
6.9N KOH ot 30'C. 

I I I 
01 0 2  0 3  04 

RELATIVE EXCESS OXYGEN ON ELECTRODE SURFACE 
1mLI 

Fig. 12. Relotion between electrode potential and desorbed 
oxygen during open-circuit decoy for a Ago electrode in 
6.9N KOH at 30°C. 

expected from the theoretical lines. While this 
might in part be due to self-discharge phenomena 
of the electrodes approaching the "stable" open- 
circuit state, it must be considered that strongly 
adsorbed species will desorb last and that the aver- 
age adsorption state and charge distribution in the 
double layer are changing during decay. The de- 
viations are to be expected when the slope d V / d t  
(where V  is the voltage and t the time) is widely 
different between constant current charging and 
open circuit decay. 

Deviations of the curves from the theoretical 
straight lines also suggest that steady-state adsorp- 
tion conditions may not have been reached during 
the initial charging transient, from which the 
double layer capacities were determined. In gen- 
eral, when a comparison is made for the same elec- 
trode potential, a larger number of partially dis- 
charged, adsorbed species is present at steady state 
than after a relatively quick charging transient. In 
other words, on prolonged polarization additional 
hydrogen or oxygen is being adsorbed but without 
an associated large increase in voltage. 

Two abnormalities should be noted: (A) In the 
case of oxygen overvoltage on Ago, oxygen must 
be adsorbed in a state which justifies the expres- 
sion of a' "higher oxide." In the curves of oxygen 
overvoltage decay us. excess gas (Fig. 12), a defi- 
nite plateau is apparent at 0.585 v, corresponding 
to the potential of the "higher oxide" (4). (B) In 
the case of hydrogen overvoltage decay on cad- 
mium the initial slope between potential and excess 
hydrogen is steeper than the theoretical slope (Fig. 
10). This must be connected to the fact that the 
initial decay rate was faster than the build-up rate. 
The initial decay corresponds to a smaller specific 
capacity of the ionic charges discharging first. 

While during decay of overvoltage, nonsteady 
states may produce abnormal hysteresis effects, it 
is interesting to note that in general a nearly linear 
relation can be established between the steady- 
state overvoltage values and the total amount of 
excess (desorbed) gas. These relations are sum- 
marized in Table IV and Fig. 13. Included are val- 
ues for Pb and PbOz from reference (1). The slopes 
of these lines can be used to compare the average 
state of charge of adsorbed species during steady 

trons, respectively, one can calculate how the volt- 
age of the double layer capacitor should be de- 
creased by the electricity associated with the de- 
sorbing gas. If one uses values of the double layer 
capacitor, as determined from the charging curves, 
one obtains the straight lines shown in Fig. 9 to 
12. The initial decay of overvoltage usually follows 
these predicted lines rather closely. However, de- 
viations are observed in most cases during the later 
stages of decay such that more gas is desorbed than 

HI EVOLUTION 

21 Pb 

0 
0 0.5 I 15 0 ,  2 4 6 

HYDRWEN ATOMS [unit; l0*/cdl OXYGEN ATOMS (un#? 10~/cm*l 

O2 EVOLUTION J 

Fig. 13. Steady-state overvoltage volues as a function of 
total amount of desorbed gas atoms per BET cm2 after in- 
terruptlon of current. 
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Table  IV .  Steady-state overvoltage values, h u e  current densities, and total  amount of gas desorbed 
during subsequent over-voltage decay (excess gas) 

Electrode 
reaction electrolyte 

temperature Electrode material 

H2 evolution Zinc 
6.9N KOH 30°C 

H2 evolution Cadmium 
6.9N KOH 25°C 

0, evolution Nickel oxyhydroxide 
6.9N KOH 30°C 

0, evolution Silver oxide 
6.9N KOH 30°C 

Hz evolution Lead 
5M &SOI 30°C 

0, evolution Lead dioxide 
5M HSO, 30'C 

state, as compared with the adsorption state during 
initial (transient) overvoltage build-up. In gen- 
eral, the average charge of the adsorbed species at  
steady state is smaller than the average charge 
during transient overvoltage build-up. 

The relation between the total number of atoms 
desorbed per BET surface area during overvoltage 
decay and steady-state overvoltage is of interest 
with regard to the theory of electrostatic interac- 
tion in the double layer. An approximately linear 
relation between "surface coverage" and voltage 
has been postulated on theoretical grounds (7). If 
the number, and therefore the charge, of the react- 
ing species on the solution side of the double layer 
is proportional to the voltage, the electrostatic in- 
teraction energy per particle with average charge 
Z,e, is given by 

"Stable" 
open-circuit 
potentlal us. 
Hr or 01, v 

-0.511 
us. He 

+0.023 
us. H. 

+0.142 

us. 0, 

+0.202 
us. On 

-0.372 
us. HI 

$0.487 
us. 0, 

where q is the charge and V the potential differ- 
ence of the double layer (7). This term must then 
be added to the chemical energy to obtain the total 
energy, determining the Boltzmann probability 
exp{-[ (Z,e. V/2) + e]/KT} for reacting particles 
in the double layer. This then corresponds to the 
exponential term in the Volmer equation. 

Table I1 and Fig. 13 show that electrodes with 
small double layer capacities have high overvoltage 
values, and vice versa. Small double layer capaci- 
ties correspond to small amounts of partially dis- 
charged adsorbed species. Also, the rate of decay 

Over- 
voltage above 
"stable" O.C. 
potential. v 

True current 
density, 
pa/cm2 

Total desorbed 
hydrogen 
or oxygen 

atoms per cmz 
of true (BET) 
area, x 1014 

0.97 
1.29 
1.95 

0.574 
0.657 
1.08 

1.96 
4.50 
6.59 

0.623 
2.05 
2.98 

0.33 
0.72 
1.3 

1.24 
1.61 
2.12 

of overvoltage and Tafel slope decrease with in- 
creasing relative amount of partially discharged 
adsorbed species. These findings are in agreement 
with the prediction (8) that overvoltage decreases 
with increasing adsorption energy. 
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Kinetics of Hydrogen Evolution a t  Zero Hydrogen 

Partial Pressure 

Sigmund Schuldiner 

United States Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Polarization curves for the hydrogen evolution reaction on platinum and 
rhodium were determined in 1M HSO, solution stirred rapidly with helium. 
Here the partial pressure of hydrogen gas above the solution was virtually 
equal to zero. Experimental results indicated that for both metals the rate- 
determining step in the lowest current density range was primarily the elec- 
trochemical desorption of hydrogen atoms. As the current density increased the 
rate-determining step changed to one that was primarily controlled by atomic 
combination. Kinetic equations were derived and the calculated relationships 
compared favorably with the experimental results. 

When the partial pressure of hydrogen on an 
inert hydrogen electrode, e.g., Pt/H, is dropped to 
zero, the reversible 2H' + 2e- = Hn reaction no 
longer occurs on the metal surface. If under these 
conditions the noble metal electrode is cathodized, 
hydrogen will be evolved, and if the hydrogen par- 
tial pressure above the solution is maintained vir- 
tually equal to zero, by sweeping out the evolved 
hydrogen with an i n e ~ t  gas, as fast as it is formed, 
the rate of the reverse ionization reaction will ef- 
fectively be equal to zero. Breiter and Clamroth 
(1) used this fact to study the hydrogen evolution 
rate-determining steps on P t  and Au electrodes. 
In this investigation this technique, with rigorous 
control of electrode cleanliness and precision of 
potential measurements, was used to determine the 
rate-controlling steps on Pt and Rh electrodes. 

Experimental Methods and Results 
The Teflon cell and experimental method were 

about the same as previously used (2, 3). One 
change was in the use of a hydrogen-filled palla- 
dium tube anode (4) so that the oxidation reaction 
taking place a t  this electrode was the ionization of 
atomic hydrogen diffusing through the wall of the 
palladium tube. Also both an aPd-H/H+ electrode 
(5) and a L&N miniature glass electrode were used 
as reference electrodes. Both the P t  (99.99%) and 
Rh (99.5+%) electrodes were small spheres at  the 
end of a short length of wire and each had an ap- 
parent area of 0.10 cma. The solution was always 
1 M  HSO, stirred with helium flowing through the 
cell at  a rate greater than 200 ml/min. Potential 
measurements were independent of further in- 
creases in the helium flow rate. 

A particular run was carried out in the following 
way. After pre-electrolytic cleaning of the solution 
in a hydrogen atmosphere and activation of the 
electrodes by alternate anodic and cathodic polari- 
zation, purified hydrogen gas flowed through the 
cell until all the electrodes in the cell came to their 
equilibrium potentials. The potential of the aPd- 
H/H+ reference electrode referred to that of a 
P t / K  electrode was + 0.049 + 0.001 v. The poten- 
tial of the miniature glass electrode referred to a 
Pt/Hs electrode was + 0.650 + 0.002 v. The poten- 

tial of each of these reference electrodes was 
checked carefully before and after each run and 
although the potential could vary, from day to day, 
within the limits shown, the check for any particu- 
lar run was within 0.0005 v. After the equilibrium 
potential of each electrode in the cell was deter- 
mined, the hydrogen flow through the cell was re- 
placed with a flow of purified helium. A slow flow 
of hydrogen was maintained only in the interior of 
the palladium tube anode. The open-circuit poten- 
tial change on the Pt or Rh electrode was followed 
on a L&N pH indicator connected to a Sargent Re- 
corder. After about 10 hr, the potential of either a 
Pt or Rh electrode became fairly steady at  a value 
of about 0.75 v us. the aPd-H/H+ electrode. This 
potential was probably influenced by minute 
amounts of oxygen in the cell. Upon cathodic po- 
larization the potential became increasingly less 
positive and in the current density ranges shown in 
Fig. 1 and 2 gave the polarization behavior shown. 
Potential us. current density relations were deter- 
mined for both increasing and decreasing current 
values. On a given day at  least three runs up and 
down the polarization curve were made and the 
potential values normally did not deviate from one 
another by more than a millivolt. The experimental 

Pt IN IM HISO, 
HELIUM FLOW I 

Fig. 1. Log cathodic current density vs. potential, for 
platinum: o, experimental values; - -, calculated values 
for fast combination step, i-*; - . - calculated values for 
fast electrochemical desorption step, 2i4. 
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cal desorption step depends on the coverage to the 
a04 first power. Considering that the discharge step is 

in virtual equilibrium and that a Langmuir adsorp- 
003 tion isotherm applies to the active adsorbed hydro- 

- 002 gen atoms, 

2 00, i ,  = k ,  (H+) (1 - e) exp (- UEF/RT) [DI 
: 00 i, = k, e exp [ (1 - a) EF/RT] [El 

-001 and, 

-002 
e/( i  - e) = K, (H*) exp (- EFIRT) [F] 

-003 where 0 is the fraction of available surface covered 
with active atomic hydrogen and E is the measured 

-40 -35 -30 -25 - 
LOG WPARENT CUIRENT DENSITY IAKM? 

- potential us. the normal hydrogen electrode, F is 
the Faraday, R the gas constant, and T the absolute 

~ i ~ .  2. L~~ cathodic densiv vs. for rhodium: temperature. The H' concentration in the double 
o, experimental values; horizontal shaded area, calculated layer in pure acid solution can be considered to be 
region for fast combination step iL*, 0.03 d8, 60.1; vertical constant, as was shown by Frumkin (10, 11). The 
shaded area; calculated region for fast electrochemical de- fraction of available surface covered with active 
sorption step, 2i-., 0.03 48. 60.1. hydrogen at zero potential is defined as OO. Hence, 

results shown as circles in Fig. 1 and 2 represent at = '9 K1 (H+) = and 

the average values for at least 10 determinations O/(l-0) =[B./(l-@.)]exp(-EF/RT) [I] 
on several different days. For most runs the aPd- 

Fast discharge followed by slow combination.- H/H+ reference electrode was used because the If this mechanism is to be the only one 
small potential difference between this reference operative then the total cathodic current density 
and the working cathode allowed an accurate read- will be equal to i,. This is because the hydrogen 
ing of the potential on an expanded calibrated re- partial pressure being virtually equal to zero under 
corder scale to better than 0.5 mv. Polarization the experimental conditions used, the molecular 
curves were also checked with the miniature glass atomization step i, will be negligible. Then 
electrode. All potentials given in the figures and in 
the remainder of this paper are referred to the i., = k-, ff [GI 
normal hydrogen electrode (NHE) . When E = 0, 0 = 0. and i, is defined as i ..,,, then 

Although solution IR values were determined by i.o,2 = k, e.', and 
the interrupter method (6) and the polarization i-* = i-o,z @I#.' [%I 
values shown in Fig. 1 and 2 were corrected for this Using Eq. [I] 
error, polarization of the electrodes was carried i-a = _o,l 

- ( - exp (- 2EF/RT) 
out with a constant current supply and current 
values were determined with a Hewlett-Packard solving E ~ .  for 0, 

131 

d-c microammeter. The temperature was 26" 2 
1 "C. 0. exp (- EF/RT) e =  

(1 - 0.) + 0. exp(- EF/RT) 
C ~ I  

Derivation of Kinetic Equations 
since diffusion effects are minimized, one can Fast discharge followed by slow electrochemical 

visualize that the hydrogen evolution des0rption.-If this mechanism is the only one con- 

may consist of the following steps: sidered to be operative, then since only one half of 
the current flow is used in the electrochemical de- 

-1 sorption step, the total cathodic current density 
H+ + e- e H (discharge step) [A] will be equal to Zi,. In this case also the dissocia- 

1 tion ionization reaction b is effectively equal to zero. 

-2 Then 

2H = H, (combination step) [B] 2i, = 2k.a(H+)B exp(- aEF/RT) [HI 
2 At E = 0, 0 = 8. 

-3 2i_.,, = 2k, (HI) 0. 111 
H+ + H + e- e Hn (electrochemical desorption step) 

3 ICl 2i, = 2i..,. (#/Be) exp (- aEF/RT) [J] 

Using the relationship given in Eq. [I] 
where H+ represents hydronium ions in the double 
layer and H hydrogen atoms adsorbed on the elec- 2i-. = 2i-0,a[(1 - 0)/(1- O,)] exp [-(I + a)EF/RT] 
trode surface. Experimental data (2, 3, 6-8) indi- 
cate that on Pt and Rh the rate-controlling step is where has the value given in E ~ .  ~41.  

c51 

the combination of adsorbed hydrogen atoms to 
molecules. There is a possibility, however, that Calculation of Polarization Curves 
when the surface coverage of active adsorbed hy- 
drogen atoms (2, 9) is very low the electrochemi- Assuming that either of the atomic desorption 

cal desorption step may predominate, since the rate Steps is the Of desOrbing 
of the combination step is dependent on the square polarization curves for Pt and Rh Were calculated 
of the coverage, whereas the parallel electrochemi- using Eq. P I ,  C41, and [5l. The nwasured ~olar i -  
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zation values for Pt  shown in Fig. 1 (circles) indi- 
cated that two straight lines could be drawn 
through them. The higher Tafel slope of 0.040 indi- 
cated that the electrochemical desorption step was 
predominant in this region whereas the lower 
Tafel slope of 0.031 indicated that the combination 
step dominated at the higher current density val- 
ues. By extrapolating the 0.040 slope through zero 
potential a 2i-.., value of -1.077 X 10" amp/cma was 
obtained. The 0.031 slope intersects the zero poten- 
tial at an i-.,, value of -1.5 x 10" amp/cme. These 
values are only approximate because neither of 
these slopes is due purely to one mechanism or the 
other. It has also been shown by previous work (3) 
that at these current density values the fraction of 
available electrode surface covered with active 
hydrogen is very small (< 0.001). Hence, for both 
the electrochemical desorption and combination 
steps, the 6. values at E = 0 will be negligible com- 
pared to unity. Hence the (1 - 6.) term in Eq. 131 
and [5] will reduce to unity and Eq. [4] reduces to 

8. exp (- EF/RT) 
6 =  

1 + 6. exp (- EF/RT) 
CK1 

Using the approximate values for 2i_.,l and i-.,, ob- 
tained from Fig. 1 and assuming that rr = 0.5, 2i, 
and iL were calculated for given values of E. The 
calculated curves are shown as broken lines in Fig. 
1. 

The measured polarization values for Rh shown 
in Fig. 2 (circles) cannot be divided accurately into 
two separate Tafel lines as in the case of Pt. The 
reason for this can be seen readily when one real- 
izes that for Rh the amount of available surface 
covered with active hydrogen at E = 0 is much 
greater than for the case of Pt, and there no longer 
is a linear relationship between E and log(-i). 
Results from this laboratory (2) indicate that 0.03 
< 8. < 0.1 at the current density (- 1.24 X lo-' 
amp/cmz) found by interpolation for E = 0. Such an 
estimate can be made from the published values 
because in the current density region where the 
back reaction is negligible, 6 values are largely in- 
dependent of hydrogen partial pressure and are 
primarily dependent on current density (2, 3). It 
should also be noted that the definition of 6. used 
in this paper is different from that normally used 
in conjunction with a hydrogen equilibrium elec- 
trode. This is because when the partial pressure of 
hydrogen is reduced to zero, an equilibrium H,/H+ 
electrode no longer exists. Therefore, 6. (also i-.,, 
and i..,*) is defined here in terms of the measured 
potential being equal to zero and not the current 
density being equal to zero. In this case, the term 
overvoltage is no longer applicable since it is nor- 
mally defined as 7 = E - E.,, where E., is the 
equilibrium potential. 

Using the E = 0 approximate current density 
value of -1.24 x 10a amp/cmg and 6. values of both 
0.03 and 0.1, the curves shown bounding the shaded 
areas in Fig. 2 are obtained. 

Discussion 
Owing to the relatively small number of active 

hydrogen atoms adsorbed on the Pt  surface in the 

current density range used, the interpretation of 
the experimental results shown in Fig. 1 and their 
comparison with the calculated curves are rather 
simple and straightforward. These results clearly 
indicate that the desorption of hydrogen atoms 
from the Pt surface by the combination and elec- 
trochemical steps are indeed occurring in parallel. 
In the lower current density range, electrochemical 
desorption predominates, and in the higher current 
density range the combination step predominates. 

The dashed line marked Pn2 = 1 atm, shown in 
both figures, shows the experimental results ob- 
tained for both Pt  (3) and Rh (2) at this hydrogen 
pressure. The closeness of this curve with the Pt 
and Rh values at the higher current densities con- 
firms that the surface coverage with active hydro- 
gen is largely independent of the hydrogen partial 
pressure. The difference in slope between the val- 
ues at 1 atm and at zero hydrogen partial pressure 
is due to the effects of both the electrochemical de- 
sorption in the hydrogen-free solution and the 
presence of some back reaction in the hydrogen- 
saturated solution (3). 

The polarization of Rh is much more complex 
because the surface coverage with active atomic 
hydrogen is significant compared to unity. How- 
ever, even in this case it is apparent from the data 
shown in Fig. 2 that the same situation prevails as 
in the case of Pt. Both atomic desorption steps are 
evidently operating in parallel, and in the lower 
current density range the electrochemical desorp- 
tion predominates, whereas at higher current dens- 
ities the combination step is more important. Here 
it should be noted that neither the i, nor 2i, curves 
are straight lines, and even though one may be able 
to draw one or two fairly good straight lines 
through the experimental points this is undoubt- 
edly owing to the combined influence of the two 
mechanisms rather than symptomatic of any one 
particular mechanism. 

The fact that the crossover from electrochemical 
desorption to combination occurs at a significantly 
lower current density for Pt  than for Rh indicates 
that the rate constant for the combination reaction 
is higher for Pt. This is most likely owing to a 
lower heat adsorption of hydrogen atoms on the Pt  
surface. Thus, even though the number of active 
hydrogen atoms at any given current density is 
higher for Rh, their mobility is evidently lower. 

Even though the total number of hydrogen atoms 
associated with the surface may be high, Bockris 
and Potter (9) and the author (2) pointed out that 
only a small fraction of these hydrogen atoms may 
be active. This means that the active hydrogen 
atoms are those hydrogen atoms on the surface 
which are in rapid equilibrium with hydrogen ions 
in solution. Under zero current conditions the ac- 
tive hydrogen atoms are also in rapid equilibrium 
with the hydrogen gas above the solution. When 
the partial pressure is reduced to zero, the number 
of active hydrogen atoms on the surface at zero 
current density is also equal to zero. On cathodic 
polarization the number of active hydrogen atoms 
increases because they are not now in equilibrium 
with the hydrogen partial pressure. For these elec- 
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trode systems, one is dealing not simply with a as showing that the rate-controlling step was the 
noble metal/hydrogen-atom system, but rather diffusion of molecular hydrogen away from the 
with a (noble metal-associated hydrogen)/active electrode surface. The results given in this paper 
hydrogen-atom system. The heat of adsorption of show that this diffusion-controlling mechanism is 
hydrogen atoms on the noble-metal-associated not likely since a change to the 0.040 slope could 
hydrogen electrode should be much lower than not be explained by such a diffusion-controlled 
that found for small amounts of hydrogen on these step. 
metals in gas phase measurements (12 ) .  Manuscript received Sept. 6, 1960; revised manu- 

A calculation of the activation energy for the re- script received Dec. 7, 1960. This paper was prepared 
action and the heat of adsorption of active hydro- for delivery before the Indianapolis Meeting, April 30- 
gen on Rh was made possible by using the value of May 31 lg61. 

K, = 0.0009 for the Langmuir constant found in a Any discussion of this paper will appear in a Dis- 
previous paper (2). using the relationship of par- cussion Section to be published in the December 1961 

JOURNAL. 
sons (13)  K, = exp (-AG'/RT) = 0.0009 where REFERENCES 
JG" is the standard free energy change for the re- 1. M. Breiter and R. Clamroth, Z. Elektrochem., 58, 
action H, + 2M = 2H - M, the standard states be- 493 (1954). 
ing 1 atm of gaseous H1 and 8 = I,$ for adsorbed 2. S. Schuldiner, This Journal, 107,452 (1960). 
atoms, one obtains AGO = 4.2 kcal/mole. 3. S. Schuldiner, ibid., 106,891 (1959). 

The heat of adsorption q of Hp was calculated 4. S. Schuldiner, ibid., 440 

using the of ~ ~ ~ ~ ~ ~ l l  (14 ) ,  assuming both 5. S. Schuldiner, G. W. Castellan, and J. P. Hoar% 
J. Chem. Phys., 28,16 (1958). 

a mobile and immobile layer, For either case, q was 6. S. Schuldiner, 99, 488 (1952). 
equal to about 10.5 kcal/mole. This compares with S. Schuldiner, ibid., 101, 426 (1954). 
the 28 kcal/mO1e by Beeck 8. J. O'M. Bockris, I. A. Ammar, and A. K. M. S. Huq, 
(12)  for a small fraction of surface coverage. This 3. Phys. Chem., 61,879 (1957). 
indicates that the hydrogen which is tightly bonded 9. J. O'M. Bockris and E. C. Potter, ibid., 20, 614 
to the Rh surface effectively reduces the heat of (1952). 
adsorption of active hydrogen. 10. A. N. Frumkin, 3. Phys. Chem. (USSR), 9, 629 

(1937). The results for P t  given in Fig. 1 show the effects l l .  A. N. Frumkin, Acts Physicochim., 6, 502 (1937). 
of both the desorption and 'Om- 12. 0. Beeck, Discussion Faraday Soc., 8,118 (1950). 
bination steps and diverge from the and 13. R. Parsons, Trans. Faraday SOF., 54,1053 (1958). 
conclusions of Breiter and Clamroth ( 1 ) .  These 14. B. M. W. Trapnell, "Chemisorption," Butterworths 
investigators interpreted their results for active P t  Scientific Publications, London (1955). 

Effect of the Helmholtz-Gouy Double Layer on the A-C 
Impedance of the CopperlCopper Oxide Electrode in Aqueous 

Solution 

G. R. Hoeyl 
Division of Applied Chemistry, National Research Council, Ottawa, Ontario, Canada 

ABSTRACT 

The a-c impedance of the copper/copper oxide/metal capacitor is compared 
with the a-c impedance of the copper/copper oxide electrode in aqueous solu- 
tion in the frequency range 40 cps to 50 kcps. The copper/copper oxide elec- 
trodes were formed by the oxidation of copper at 1068°C. Frequency dispersion 
of the parallel resistance and capacitance of the oxide capacitor is attributed to 
relaxation processes involving positive holes. The impedance of the copper/ 
copper oxide electrode in aqueous solution is in quantitative agreement with 
the impedance of the dry copper oxide capacitor at f > 5 kcps. At lower fre- 
quencies the former exhibits a frequency dispersion due to Maxwell-Wagner- 
type two layer dielectric polarization; the two layer dielectric being the oxide 
and the Helmholtz-Gouy double layer. The equivalent RC circuits of the oxide 
capacitor and the oxide electrode are discussed. 

In studies of the a-c impedance of the filmed elec- found dispersion of capacitance and resistance has 
trodes tantalum/tantalum oxide ( I ) ,  zirconium/ been interpreted in terms of oxide film properties; 
zirconium oxide ( I ) ,  uranium/uranium oxide (2 )  , the impedance of the Helmholtz-Gouy double layer 
and passivated nickel (3 ) ,  the experimentally was either assumed to have a value independent of 

film properties or to have a value for thick films 
Present address: Canadian Industries Limited. Central Research . negligibly small to that ,,f the oxide. ~h~ Laboratory, McMasterville, Quebec, Canada. 
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Fig. I .  A-C impedance bridge A T.,,a" 

p;esent paper on the frequency dispersion of the 
a-c impedance of the copper/copper oxide elec- 
trode in aqueous solution establishes that for a 
thick compact copper oxide scale on copper these 
assumptions are invalid at f < 5 kcps. This conclu- 
sion is drawn from a comparison of the a-c impe- 
dance of the copper/copper oxide metal capacitor 
with that of the copper/copper oxide electrode in 
aqueous solution. The copper/copper oxide elec- 
trode is analogous to a two-layer dielectric of oxide 
and water and as will be shown exhibits a Max- 
well-Wagner-type frequency dispersion of the a-c 
impedance (4, 5). Maxwell-Wagner dielectric po- 
larization is not peculiar to the copper/copper oxide 
electrode and would occur at all two-layer dielec- 
trics in a frequency range which is dependent on 
the particular two-layer strucure. 

Experimental 

The Schering type a-c impedance bridge used in 
this study is illustrated in Fig. 1. The detector G is 
a Tektronix type 545 oscilloscope with a 53/54 E 
differential input preamplifier (input impedance = 
10 Mn) and the oscillator is a Hewlett-Packard 
Model 202B low-frequency oscillator. C. is a Gen- 
eral Radio decade capacitor type No. 219-K (1 fiF 
max) and R. is an a-c-d-c L&N decade resistance 
No. 4755 (10 Kn max). C, and C, are Astron capac- 
itors the ratio of which was varied by switching in 
or out a number of capacitors in series and parallel. 
The bridge was balanced for a particular C,/C, 
ratio by varying C. and R. to give a minimum Y 
deflection on the oscilloscope. The capacitance ratio 
CJC, from 40 cps to 50 kcps was determined by us- 
ing standard resistances and capacitors in the cell 
arm of the bridge. All components of the bridge 
including the cell were shielded. The shields were 
grounded. The input to the bridge from the oscilla- 
tor was variable from 5 to 1 mv. The impedance 
measurements were made on the cell without ap- 
plied d-c. The parallel capacitance (C,) and parallel 
resistance (R,) of the cell are given by the equa- 
tions: 

c, = (C,/C*) C, C11 

The accuracy of the impedance bridge is 5% over 
the ranges: frequency range, 40 cps to 50 kcps; ca- 
pacitance range, 10d to 50 fiF: and resistance range, 

Fig. 2. Electrolytic cell 

The cell, Fig. 2, consisted of three compartments 
between which ion diffusion was minimized by 
capillary connections. The impedance measure- 
ments were made on the main compartment which 
contains the Cu/Cu20 wire electrode and the co- 
axial platinized platinum electrode. A Pt working 
electrode which was not used for this study and a 
Ag/AgCl/O.lN KC1 reference electrode are con- 
tained in the other two compartments. The runs 
were carried out in a closed system with water 
bubbler outlets in an atmosphere of nitrogen puri- 
fied by the method of Meyer and Ronge (6). A 
buffer solution, 0.1M NaJ-IPO, and 0.02M NaHSO, . 
H,O (pH = 7.4) was used and when required was 
purified by preelectrolysis and siphoned from a 
reservoir into the cell under nitrogen pressure. The 
potential of the Cu/Cu,O electrode was recorded 
on a Speedomax recorder. 

The Cu/Cu,O electrodes were formed by the 
oxidation of commercially pure copper wire (0.27 
cm diameter) at 1068°C for 3 min in dry air. By 
spectrographic analysis the impurities in the Cu 
were < 0.01% and the impurities in the copper 
oxide scale were < 0.05%. It was necessary to 
place a glass cap on the end of the electrode using 
Apiezon wax since spalling off of the oxide gen- 
erally occurred at the end of the Cu wire on cooling 
after the high temperature oxidation. A W. Edwards 
and Co. Model 12EA/317 coating unit was used to 
coat some of the electrodes with films of silver 
(ca. 2000A of Ag). Masking of the electrode for this 
purpose was accomplished by spaghetti tubing. A 
diagram of a coated electrode is shown in Fig. 3. 

Oxide thicknesses were determined by weight 
measurements before and after removal of oxide 
by immersion in 1/1 conc HCl with 2% rhodine 
which inhibits the reaction of acid with Cu; this 
solution does not react significantly with Cu in the 
10 min required to remove the oxide. 

Gu WIRE 

10 n to 50 ~ 6 .  Fig. 3. Cu/Cu.O/ capacitor 
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Fig. 4. Metallographic cross section of Cu/ChO electrode; 
etched. Magnification 250X before reduction for publication. 

Results 
A metallographic cross section of the oxide scale 

after etching is shown in Fig. 4. The scale thickness 
determined from the micrograph, 4 x 1 0 - h m ,  
agrees well with the scale thickness of 4.4 x 10" 
cm determined by weight measurements. By x-ray 
diffraction, the scale is predominantly Cu,O (ca. 
90%) containing outer layers of CuO and an un- 
identified copper oxide as the remainder in about 
equal amounts. 

The capacitance per unit length of a cylindrical 
oxide capacitor (pF cm-') is given by the equation: 

where c is the dielectric constant, d is the oxide 
scale thickness, and r is the radius of the copper 
wire. For the case of d < r Eq. [3] approximates 
to the equation for the parallel plate capacitor, i.e. 

C = r . 104/3.595 s d C ~ I  
where C is the capacitance per unit area (pF em-'). 
Equation [4] holds to within 3% for the oxide 
thicknesses studied. The calculated value of the 
capacitance from Eq. [4] C. based on a dielectric 
constant of 10.5 (7), is given for three film thick- 
nesses (d) in Table I. Ca the value of the capaci- 
tance obtained by the extrapolation of the C, vs. 
l/f curves to infinite frequency and the apparent 
dielectric constant rs obtained from Cb are also 
tabulated. 

In Fig. 5, C, and R, are plotted us. log, f for a 
Cu/Cu,O electrode (scale thickness = 6.5 X lo-" cm) 
immersed in Hg and for the same electrode coated 
with Ag, i.e., the Cu/CuaO/Ag capacitor. In Fig. 6 

Table I. Dielectric constant of the copper oxide scale 

6.5 1.5 10.0 (a) 70 
9.0 (b) 63 

4.1 2.3 11.0 (a) 50 
11.0 (c) 50 

4.4 2.5 11.0 (a) 46 
11.5 (c) 48 

(a) Electrode coated with Ag; (b) electrode immersed in Hg: 
(c) electrode immersed in aqueous solution. 

Fig. 5. C. and R, for dry copper oxide capacitors vs. 
logarithm of the frequency in cycles per second. 

I I I 
10 2.0 3.0 4.0 1.0 

l ~ ~ ~ I f . c / . l  

Fig. 6. C, for the Cu/CunO/Ag capacitor and the 
Cu/CurO/aqueous solution half cell vs. logarithm of the 
frequency in cycles per second. Full theoretical curve, Eq. 
[a];  dashed theoretical curve, Eq. [51. 

Fig. 7. R, for the Cu/CuzO/Ag capacitor and the 
Cu/Cu.O/aqueous solution half cell vs. logarithm of the 
frequency in cycles per second. Full theoretical curve, Eq. 
[61; dashed theoretical curve, Eq. [9]. 

C,, in Fig. 7 R,, and in Fig. 8 log,, (tan S), where 
(tan 8) = l/oC,R,, are plotted us. log, f for a 
Cu/Cu,O electrode (scale thickness = 4.1 x lo4 
cm) immersed in aqueous solution and for the 
same electrode coated with Ag. Calculated values 
of C, and R, are also contained in Fig. 6 and 7 
which will be discussed later. The electrolyte re- 
sistance, which was determined by using a copper 
electrode in place of the Cu/CuZO electrode, was 
10 Q cm"; C, is 30 pF' cm-9nd  R, is 50 Q cma at 
1 kcps for the nonoxidized Cu electrode. The im- 
pedance measurements on nonilluminated elec- 
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Fig. 8. Log (tan 6) for the Cu/CulO/Ag capacitor and the 
Cu/Cu*O/aqueous solution half cell. 

Fig. 9. Effect of light an C, and R, for the Cu/Cw>O/aque- 
ous solution half cell; o-C, and 0-R,, before illumination; 
A-C, and X-R,, during illumination; 0-C, and V-R,,, 1 hr 
after illumination. 

trodes were time independent. All impedance 
measurements were independent of the a-c ampli- 
tude from 5 to 1 mv. 

It was found that light affected the C, and R, 
measurements due to the photoconductivity of the 
copper oxide; for this reason and also for proper 
grounding as mentioned earlier all experiments 
were done on a cell enclosed in a copper box. In 
Fig. 9, the effect of light on C, and R, caused by a 
U.V. lamp placed close to the cell is shown. On re- 
moval of the lamp C, and R, reverted to their 
original values in 1 hr. 

The open-circuit potential of the Cu/Cu,O elec- 
trode in the phosphate buffer solution was - 0.14 v 
us. the Ag/AgCI/O.lN KC1 electrode. 

Discussion 
Dielectric absorption in the copper oxide capaci- 
tor.-The copper oxide scale is fairly uniform in 
thickness and compact (Fig. 4). Microfissures may 
be present, but deep penetration into the oxide 
seems unlikely since C, and R, agree to within 30% 
for the Cu/Cu,O/Ag and the Cu/CulO/Hg capaci- 
tors (Fig. 5);  evaporated Ag is assumed to fill up 
microfissures and Hg does not penetrate pores 
< lod cm diameter at 1 atm pressure (8). The dif- 
ferences observed presumably could be accounted 
for by surface roughness of the oxide scale, i.e., 
by variation in oxide thicknesses of approximately 
lod cm. The nature of the frequency dispersion of 
C, and R,, is similar for the two dry copper oxide 
capacitors (Fig. 5) which indicates that the di- 

electric absorption in the Cu/Cu30/Ag capacitor is 
due to bulk properties of the oxide rather than mi- 
crofissures. C, and R, at  high frequencies are equal 
within experimental error for the Cu/CulO/Ag 
capacitor and the Cu/CusO/aqueous solution ca- 
pacitor (Fig. 6 and 7) ;  the difference in dispersion 
data for the wet and dry oxide capacitors at  low 
frequencies is probably not an effect of microfis- 
sures but, as will be shown in the next section, is 
most likely due to Maxwell-Wagner absorption. 
Penetration of water into the oxide scale probably 
does not occur since the impedance measurements 
in aqueous solution were not time dependent. 

Jepson, et al. concluded from comparison of 
density measurements in various fluids and by 
surface area measurements (9) that the oxide 
formed on Cu by oxidation at 960°C is nonporous, 
in agreement with this work. 

C,, R,, C., and R. of the first circuit element of 
Fig. 10(a) make up the RC circuit which may be 
used to represent the dispersion data of the dry 
capacitor with copper oxide as dielectric in the fre- 
quency range studied. C, is the high frequency 
capacitance, R, is the d-c resistance, and C.R. is a 
relaxation time specifying some polarization proc- 
ess within the oxide film. C, and R, are given by 
the equations 

where o is the angular frequency. 

Calculated curves for C, and R, are shown in 
Fig. 6 and 7, respectively, assuming values of C, = 
1.1 x 104pF, C. = 5.1 x 10-spF,R, = 2.2 x 10Ln ,  
and R, = 1.14 x 10' n. The experimental curves of 
C, and R, do not fall on the theoretical curves ex- 
cept at  high and low frequencies which indicates 
that a distribution of relaxation times exists for 
the relaxation process rather than the single re- 
laxation time, R,C, = 5.81 x lo4 sec (10). The re- 
laxation process is probably due to positive holes 
since the bulk relaxation of electrons and holes is 
generally in this range of frequencies (11). The 

(b)  Low w (c )  High w (dl Low w aBa 
Fig. 10. RC equivalent circuits 
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relaxation time of photoexcited electrons is < 10." 
sec (Fig. 9). 

The apparent dielectric constant, to, is 5 to 6 
times greater than the value, 10.5, obtained for 
powdered Cu,O by Hojendahl (7) by the method of 
mixtures at  approximately lMcps (Table I). This 
discrepancy may be explained if it is assumed that 
Maxwell-Wagner polarization occurs at  f > 50 kcps 
due to the double layer nature of the copper oxide 
scale i.e., a thick layer of Cu10 beneath a layer of 
higher oxide (Fig. 4). This point will be discussed 
in the latter part of the next section. 

Dielectric absorption in the copper oxide elec- 
trode in aqueous solution.-The Helmholtz-Gouy 
double layer has a pronounced effect on the dielec- 
tric dispersion data (Fig. 6, 7, 8, and 9). This type 
of dispersion is called Maxwell-Wagner polariza- 
tion (4, 5) which can be demonstrated by the use 
of the general equivalent RC circuit given in Fig.. 
10 (a). Cd, is the electrical double layer capacitance, 
Rdr is the electrical double layer d-c resistance; 
R, and C, is the equivalent circuit for Faradaic 
impedance of the electrochemical reaction occur- 
ring at  the oxide-aqueous solution interface; R. is 
the cell solutioh resistance; and C. is the cell solu- 
tion capacitance. R. is 10 cma and C. was calcu- 
lated to be about 4 x lod PF cm-a for the cell il- 
lustrated in Fig. 2. The impedance of the solution 
may be neglected in comparison to the total im- 
~ e d a n c e  in the freauencs range studied since - - 
R, >> R. and the time constant C.R, is approxi- 
mately 4 x sec. 

Consider qualitatively the charging and dis- 
charging processes at  the left two circuit elements 
illustrated in Fig. 10(a) as a function of frequency. 
At high frequencies conduction is mainly through 
C, and Car (displacement current) which does not 
result in a charge accumulation a t  the oxide-elec- 
trolyte interface. At low frequencies positive hole 
migration in the oxide film and ion migration in 
the electrical double layer occurs in phase with the 
a-c pulse which, since Rag + R,, results in a charge 
accumulation at the oxide-electrolyte interface 
(5). This type of polarization which causes a real 
absorption of charge concentrated at  the oxide- 
electrolyte interface and also frequency dispersion 
of the a-c impedance is called Maxwell-Wagner 
interfacial polarization. The impedance of the 
Cu/Cu,O electrode in aqueous solution was found 
to be independent of the amplitude of the a-c pulse 
from 5 to 1 mv. Thus, the a-c amplitude is suffi- 
ciently low that the charge absorption from the 
a-c pulse by the above mechanism does not signifi- 

cantly change the charge distribution present nor- 
mally at  the oxide-electrolyte interface. 

The entire solution of C, and R, and, also, of the 
series capacitance (C,) and series resistance (R.) 
for a series arrangement of R. and C. (Fig. I ) ,  in 
terms of the components of the equivalent circuit 
of Fig. 10(a) is too complex to be used. However, 
the high- and low-frequency approximations of 
C,, R,, C., and R, obtained from the mathematical 
expression for the equivalent circuit of Fig. 10(a) 
will be considered. 

In Table I1 high- and low-frequency approxima- 
tions of C,, R,, C,, and R. are compared for the 
Cu/CuzO/Ag capacitor and the Cu/CulO/aqueous 
solution half-cell. In the derivation of the limits 
given in Table 11, it was assumed that Cdr >> C, - 
C. >> C., R1, - R, >> R., and cb - 50 (Table I)  
(these assumptions are valid for the system studied 
at f 2 50 kcps) ; w is a range of angular frequencies 
at  which the inequality, oPC."R." >> 1, holds and at  
values of m,, the impedance of the electrical double 
layer is negligible compared to the impedance of 
the oxide scale. The equivalent circuit correspond- 
ing to the high- and low-frequency limits for the 
Cu/Cu,O electrode in aqueous solution are shown 
in Fig. 10(c) and in Fig. 10(b), respectively; the 
high- and low-frequency equivalent circuit ap- 
proximations for the Cu/CuzO/Ag capacitor are 
given in Fig. 10(c) and Fig. 10(d), respectively, 
where, 

The high- and low-frequency approximations 
are different for series and parallel bridge arms 
(Table 11). Cole and Hoar's (12) low-frequency 
approximation for C, for the Cu/Cu,O electrode 
which was (Cd, + C,) is consistent with their par- 
ticular equivalent circuit, but the disagreement 
with the value of C. in Table I1 arises from the fact 
that Cole and Hoar did not include Rd, in the 
equivalent circuit for the electrical double layer. 
Bockris and Conway (13) made a-c impedance 
measurements on Cu in aqueous solution and in- 
terpreted the results in terms of an equivalent 
circuit which included Rdl as well as Car and Fara- 
daic impedance components. Green (14) has esti- 
mated for a semiconductor electrode with surface 
states that C ( l  cps) = Car. This is only approxi- 
mately true since from Fig. 10(b), C(m -, 0) -* C. 
which holds true for semiconductors with and 
without surface states. Leach (2) measured the 
impedance of the uranium electrode containing a 
corrosion film a t  frequencies, 100, 400, and 1600 cps 

Table II. Theoretical high- and low-frequency limits of 

C., R., C,, and R,. 

Circuit 
element 

Cu/Cu&/Ag and 
Cu/CurO/aqueous 

solution 
Cu/CurO/aqueous 

solution 

w = o  
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in the potential range 0.2-1.4 v and interpreted the 
results in terms of the film properties, film thick- 
ness, and porosity; the effect of the electrical double 
layer was assumed unimportant which from this 
work would appear to be a risky assumption unless 
substantiated by impedance measurements on the 
dry uranium/corrosion film capacitor. Giinther- 
schulze and Betz (15) observed that at f = 800 cps 
the capacity of a Ta,Os capacitor in Hg and the 
Ta/Ta,Oa electrode in aqueous solution to be equal 
which indicates that for the Ta/TanO. electrode 
Maxwell-Wagner polarization occurs at f < 800 cps. 

The high-frequency approximations of C ,  and 
R, for the Cu/C&O/Ag and the Cu/Cu,O/aqueous 
solution capacitors given in Table I1 are probably 
reached to within about 10% at f = 50 kcps (o, = 
3.14 x 10' sec-I). The impedance of the electrical 
double layer is negligible compared to the imped- 
ance of the dry oxide capacitor at f > 5.kcps since 
C, (Fig. 6) and R, (Fig. 7) for the two types of 
capacitors are equal at f > 5 kcps. The high-fre- 
quency limits of the theoretical dispersion curves 
of the dry oxide capacitor given in Fig. 6 and Fig. 
7 are attained at f > 10 kcps. The experimental 
dispersion curves for the electrolytic capacitor and 
the dry oxide capacitor have leveled off to some 
extent at the high frequencies studied since Cb 
(Table I), obtained by extrapolation of C ,  vs. l / f  
curves to infinite frequency, is 10% lower than the 
value of C. at f = 50 kcps. At f < 5 kcps the dis- 
persion curves for the electrolytic capacitor devi- 
ates markedly from the dispersion curves for the 
dry oxide capacitor due, of course, to the effect of 
the impedance of the electrical double layer on 
the total impedance of the electrolytic capacitor at 
low frequencies. The low-frequency limiting values 
of C ,  and R, for the electrolytic capacitor given in 
Table I1 are not reached in the frequency range 
studied. 

In this work as is generally done in studies of the 
impedance of the electrical double layer, the impe- 
dance data are interpreted in terms of capacitance 
and resistance rather than capacitance and the loss 
tangent as done for dielectric studies. As it is to be 
expected from the C ,  and R, dispersion curves, tan S 
for the electrolytic Cu20 capacitor is in agreement 
with tan 8 for the dry Cu,O capacitor at f > 5 kcps 
and in marked disagreement at f < 5 kcps (Fig. 8). 

The frequency at which Maxwell-Wagner po- 
larization occurs and the values of Ra, and CdI may 
be estimated roughly by solving for C, and R, in 
terms of the components of the simplified 2-layer 
dielectric in Fig. 10(e) and assuming values for 
the equivalent circuit components which best fit 
the experimental dispersion data. Comparison of 
the electrolytic capacitor with the equivalent cir- 
cuit of Fig. 10(e) involves the assumptions that 
( a )  the impedance of the electrolyte is small com- 
pared to the total impedance; (b)  relaxation ef- 
fects in the oxide dielectric are absent; and (c) 
the Faradaic impedance may be represented by a 
resistance the value of which is independent of 
frequency. Assumption (a) is valid at low frequen- 
cies; assumption (b) is definitely invalid from data 
on the dry capacitor; and assumption (c) is in- 

valid (16). The justification for using these as- 
sumptions is that they enable an estimate of the 
minimum impedance of the electrical double layer 
at the copper oxide surface to be made. The equa- 
tions for C, and R, are (4). 

R, = {o Cb [7/717di + ko r /  (1 + o2 re)  I}-' 191 
where 

T I  = RtCl, r d i  = Rd,Cdl, and Ca is the capacitance at 
infinite frequency. The capacitance C, decreases to 
the midpoint between the static capacitance (o = 0) 
and optical capacitance, (o = m), when 0 = 1/r 
and r is therefore the time constant of the Maxwell- 
Wagner polarization. 

In Fig. 6 and Fig. 7 theoretical curves for C, and 
R, vs. log,, f are shown for the electrolytic capaci- 
tor using values of R, = 10' 0, C ,  = lod pF, C d ,  = 
2 pF, Rdz = 3 x 10' n, and C ,  = 10" pF. There is 
fair agreement between the calculated and experi- 
mental values of C, and quite poor agreement be- 
tween R, values. Qualitatively it can be seen that 
better agreement would be found if R.C. and R.C. 
were taken into account. The time constant T is 
0.15 sec (f = 1.07 cps). Therefore, the low-fre- 
quency limiting values of C ,  and R, for the electro- 
lytic capacitor (Table 11) would be expected to be 
reached at f < 1 cps. The impedance of the electri- 
cal double layer at the copper oxide surface in 
terms of Cdr  and Rdl is considerably higher than the 
impedance of the electrical double layer at a Cu 
metal surface; C, is 30 pF cm" and R, is 50 0 cmP 
at 1 kcps for nonoxidized Cu wire immersed in the 
same phosphate buffer solution. Possible explana- 
tions for the high impedance are (a) the effective 
area of the oxide surface is lower than the geo- 
metric area, and (b) the electrical double layer at 
the oxide surface is thicker than that at the copper 
surface. 

In the first section of the discussion it was as- 
sumed that the Maxwell-Wagner polarization time 
constant for the dry two layer copper oxide ca- 
pacitor was < 3.18 psec, i.e. f > 50 kcps. This as- 
sumption is consistent with an equation of the form 
of Eq. [ I l l  if R,C, for the thick Cu,O layer is as- 
sumed to be as before lod sec and the time constant 
for the thin layer R,'C,' is assumed to be < 3 psec, 
which is reasonable. A detailed study of the di- 
electric relaxation processes in the oxide dielectric 
as a function of temperature over a large frequency 
range would be required before definite conclu- 
sions can be made concerning the relaxation proc- 
esses involved. 
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Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1961 
JOURNAL. 
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The Mechanism of Electrolytic Deposition of 
Titanium from Fused-Salt Media 

Walter E. Reid, Jr. 
Metallurgy Division, National Bureau of Standards, Washington, D. C. 

Bockris and co-workers have concluded from 
polarographic measurements and the appearance of 
the deposits that the deposition of titanium in fused 
alkali chlorides occurs by a secondary electrode 
process (1). However, their polarographic meas- 
urements were made at  lower concentrations of 
titanium halide than the usual concentrations used 
for commercial processes. It has been proposed (1, 
2) that the mechanism initially jnvolves the reduc- 
tion of an alkali-metal ion. The alkali metal then 
reacts with the titanium halide to give titanium. 
Under conditions of low concentration of titanium 

, salt and at  high current densities, such a mechan- 
ism could be operative due to an expected increase 
in polarization a t  the cathode, but for deposition at  
moderate titanium halide concentrations at  a cur- 
rent density below the limiting current density for 
titanium deposition from the melt (the conditions 
usually employed), this mechanism is improbable. 

Static electrode potentials, whether calculated 
from thermodynamic data or measured experimen- 
tally, tell only the order in which the ions will be 
reduced under equilibrium conditions. Definite con- 
clusions relating to the mechanism of the electro- 
deposition of a particular metal require, in addi- 
tion, a consideration of the magnitude of the polar- 
ization that occurs during the electrolytic process. 

In a recent investigation in this laboratory, meas- 
urements were made of the static electrode-poten- 
tials of  sodium, magnesium, and titanium against 
the porcelain electrode of Lamb and Labrie (3), 
which was arbitrarily assigned a value of zero. The 
electrode potential of magnesium lies between that 
of sodium and titanium and was included as a gross 
check of the Measurements. All measurements were 

.-X 

made at  600°C in melts having the basic composi- 
tion: 45 mole % LiCl, 45 mole O/, KC1, 10 mole O/, 
NaCl. The electrode potentials obtained are given in 
Table I. 

In order, to compare the emf values measured 
with the porcelain electrode to the standard E o  
values calculated from thermal data by Hamer, 
et  al. (4), our values are referred to the chlorine 
electrode. The potentials should also be corrected 
for concentration, junction potential, and solvent 
effects. The emf's measured with the porcelain elec- 
trode are those of the cell 

KC1 
M/M+" Cl., NaCl (I)  / ~ / ~ a c l  (11) , AgCl/Ag 

LiCl 
Panish and co-workers (5) have determined the 

emf's of a silver electrode in varying AgCl-NaC1 
ratios against a chlorine electrode. For 76 mole oJ, 
AgCl and 24 mole O/o NaCl, which is the composition 
used for the porcelain electrode in this work, they 
obtained an emf of 0.885 v at  600°C. Assigning this 

Table 1. Electrode potentials 

Electrode Na, NaCl Mg, MgCL Ti. TiCL 

Mole % Mole % Mole % 
Composition of melt 10 NaCl 9.1 MgC7? 9.1 TiCl, 

45 LiCl 9.1 NaCl 9.1 NaCl 
45 KC1 40.9 LiCl 40.9 LiCl 

40.9 KC1 40.9 KC1 
Observed emf, v 2.54 1.97 1.17 
Observed emf rela- 

tive to Clr = 0 3.43 2.86 2.06 
"Corrected" einf 3.32 2.84 2.04 
Standard emf for 

single component 
(IIamer and co- 3.42 2.60 1.89 
workers) 
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value to the silver silver chloride electrode within 
the porcelain electrode used here (relative to the 
chlorine electrode as zero), the observed potentials 
would be increased by 0.885 v, as shown in Table I. 
After this correction, the cell now considered is 

M/M" Cl., NaC1 (I), KC1, 
LiCl/P/AgCl, NaCl(I1) /C1, 

The over-all cell reaction is 
M + qNa+ (I) + q/2 Clz = M+" + qNa' (11) + $1- 
It is assumed that the junction potential of the 

porcelain electrode is due only to the difference in 
sodium-ion concentration at  the porcelain inter- 
faces. Actually, Lamb and Labrie found that the 
junction potential was also affected by the potas- 
sium ion concentration to some extent (3). Al- 
though the potassium ion concentration was varied 
slightly in the melts used, the magnitude of the 
effect of potassium ion on the junction potential 
would be approximately constant. The standard 
emf of the cell is 

Evaluation of this expression for the measured 
electrode potentials, using mole fractions and as- 
suming activity coefficients of one, gives the "cor- 
rected" emf values listed in Table I. The activity 
coefficients of the magnesium and titanium ions 
will probably be fairly small. Lacking knowledge 
of these values, the comparison of the "corrected" 
potentials with the potential values calculated from 
thermal data will not be exact but are approximate 
only. 

In spite of the uncertainty of the values used in 
these calculations, these corrected values agree well 
with the potential measurements made by other 
workers. Delimarskii (6), in a review, has given 
the electrolytic decomposition-potentials for vari- 
ous molten salts; the relative reactivities for 
sodium and magnesium by him are in agreement 
with the values presented here. Other investigators 
have obtained standard e.mf's for Mg (7) and Ti 
(8) (at  low concentrations of the respective metal 
chlorides in fused salts) that are in good agree- 
ment with the values given in Table I. The data of 
Ingraham (8) indicate a standard emf for Ti, Ti++ 
of 2.010 v at  600°C (Cl, = zero) in a KCl-NaCl 
melt, which provides confirmation for the correc- 
tions applied above. 

Although not many measurements have been 
made of overvoltages in fused salts, Piontelli has 
shown (9) that in fused chloride melts the deposi- 
tion overvoltages for lead, magnesium, cadmium, 
tin, and aluminum are essentially ohmic. This indi- 
cates that in general the deposition overvoltage for 

metals in fused chloride melts would be extremely 
low. For 8 mole O/o TiCls in LiC1-KC1 eutectic at  
550°C, Cordner and Worner showed that the de- 
position overvoltage was small even at high current 
densities (10). Therefore, the large difference in 
the static electrode potential values for Na' and Ti++ 
would indicate that the titanium deposits by a di- 
rect mechanism. 

The foregoing discussion, in addition to support- 
ing the viewpoint that titanium deposition occurs 
as a primary electrode reaction, also confirms the 
reliability of the porcelain electrode as a suitable 
reference electrode within the limits indicated 
above. 

The magnesium and titanium electrodes that 
were used were small strips of these metals; how- 
ever, the design of the sodium electrode used may 
be of interest. The most satisfactory sodium elec- 
trode was prepared as follows. 

Sodium was melted in a chamber having an inert 
atmosphere and was sucked into a Pyrex capillary 
tube by means of a dropper bulb. The sodium 
solidified after it had been drawn about 10 cm into 
the capillary. The upper end of the capillary tube 
was sealed with a rubber stopper having a hole, 
drilled half way through the stopper, of diameter 
slightly less than the outside diameter of the capil- 
lary. The remaining length was so pierced that a 
snugly fitting tungsten lead-wire could be intro- 
duced. This tungsten wire was pushed down into 
the tube as far as it would go. Upon placing the 
electrode in the melt, some of the sodium escaped, 
and molten salt entered the capillary and displaced 
the sodium upward, further around the tungsten 
wire. This electrode was very stable and varied 
by only 1 mv over a period of 0.5 hr. 

Manuscript received Sept. 12,1960. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1961 
JOURNAL. 
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Linford, Gilbertson, and Enck to Take Office in Indianapolis 

H. B. Linford L. I. Gilbertson E. G. Enck 

As a result of the recent annual 
election, in which the voting is by 
mail ballot, Henry B. Linford has 
been elected the new President 
(1961-1962) of The Electrochemical 
Society, Lyle I. Gilbertson has been 
elected third Vice-President (1961- 
1964), and Ernest G. Enck has been 
elected Treasurer (1961-1964). They 
will take office at  8:00 A.M. on 
Wednesday, May 3, 1961, in Indian- 
apolis, Ind., at  the Annual Spring 
Meeting of the Society. 

Dr. Linford, professor of chemical 
engineering, Columbia University, 
New York City, replaces Ralph A. 
Schaefer, director of research, The 
Electric Storage Battery Co., Carl F. 
Norberg Research Center, Yardley, 
Pa. Dr. Schaefer, as Past President, 
will continue as a member of the 
Board of Directors. 

Lyle I. Gilbertson, administrative 
director of the Central Research 
Laboratories, Air Reduction Co., Inc., 
Murray Hill, N. J., terminates his 

second three-year term as Treasurer 
and begins a three-year term as 
Vice-President. He will serve with 
the two previously elected Vice- 
Presidents, Frank L. LaQue and 
Walter J. Hamer. 

Ernest G. Enck, consultant in 
long-range planning and general 
management, with active interest in 
Boy Scouts, community planning, 
and conservation programs, Gwynedd 
Valley, Pa., begins his three-year 
term as Society Treasurer. 

Plans Completed for the Indianapolis Meeting, 
April 30-May 3,1961 

Arrangements have been com- added to the Electrothermics and Grant, Dept. of Metallurgy, Massa- 
pleted for the Spring Meeting of Metallurgy Symposium on Ultrafine chusetts Institute of Technology, 
The Electrochemical Society to be Particles-Particle Size Measure- Cambridge, Mass. (Abstract 98A). 
held in Indianapolis, Ind., from April 
30 through May 3, 1961, at  the Clay- 
pool and Sheraton-Lincoln Hotels. 
The complete program, including the 
schedule and abstracts of the papers 
to be presented, was published in 
the March JOURNAL, pp. 49C-74C. 

ment and Surface Effects on Wednes- 
day afternoon, May 3, in the Floren- 
tine Room, Mezzanine: 

4:30 P.M.-"Dispersion Strength- 
ening of Copper Using Various Ox- 
ides, Carbon, and Tungsten Carbide 
as the Dispersed Phase" by K. M. 

Local Committee 
These arrangements have been the 

result of the labors of the Local 
Committee headed by the following 
Chairmen: A. M. Max, General 
Chairman; J. M. Booe, Co-Chairman; 
Bernard Agruu, Hotel Arrange- 

Addition to Technical Program Zwilsky, New England Materials ments; T. C. O'Nan, Finance; R. R. 
The following paper has been Lab., Inc., Medford, Mass., and N. J. Haberecht, Registration; M. L. 

86C 



Vol. 108, No. 4 CURRENT AFFAIRS 87C 

F. C. Mathers A. M .  Max J .  M .  Booe Bernard Agruss 

Whitehurst, Entertainment; R. E. 
Ralston, Plant Visitation and Trans- 
portation; Ambrose Smith, Publicity; 
Mrs. J. M. Booe, Ladies' Committee 
Chairman. The Honorary Chairman 
of the meeting is Professor F. C. 
Mathers, Honorary Member and a 
Past President of the Society. 

Geneml Functions 
The Committee has arranged a 

program which will not be exces- 
sively demanding on those attending. 
The high light of the affairs will be 
the Tuesday evening Reception and 
Banquet in honor of President Ralph 
Schaefer and Mrs. Schaefer to be 
held in the Riley Room of the Clay- 
pool. In order to make this event 
available to as many as possible, 
the price of the cocktails and ban- 
quet has been set at $7.00. In addi- 
tion to the Presidential Address, a 
"pops" program will be presented by 
a 30-piece ensemble from the In- 
dianapolis Symphony Orchestra. This 

program will be different and the 
Committee feels sure all will enjoy 
it. 

Sunday evening, the Ben Franklin 
Room on the Mezzanine near the 
registration area will be set up as a 
hospitality room for an informal get- 
together for those arriving and reg- 
istering Sunday afternoon and eve- 
ning. 

For Monday evening, May 1, a 
"500" mixer has been arranged 
which will be held in the Riley 
Room. Refreshments and snacks will 
be available with the compliments 
of the Convention Committee. 

In addition to the formal events, 
Indianapolis has a number of night 
clubs and places noted for excellent 
food. If any group wishes to form 
a party, please contact the Local 
Committee Headquarters in Parlor 
E on the South Mezzanine. Arrange- 
ments will be made, suggestions of- 
fered, or any other information and 

help the committee can give will be 
furnished. 

For the Ladies 
For the ladies, pains have been 

taken to arrange a delightfhl pro- 
gram. Coffee and pastry will be 
served from 9:00 to 10:OO each 
morning in the Louis XIV Room, 
which serves also as the Ladies' 
Headquarters. Those who are late 
risers are assured that the pastry 
served with the coffee will make a 
more than adequate breakfast. 

A trip to the Bloomington Campus 
of Indiana University has been ar- 
ranged for Monday, May 1, which 
will be highlighted by a tour of the 
new Lilly Library, with its collec- 
tion of rare books, and lunch at the 
Memorial Union. This will be fol- 
.lowed by a trip through scenic 
Brown County, which at that time 
of the year is particularly beautiful. 
The ladies will return in time to join 
their menfolk for dinner and are 
cordially invited to attend the "500" 
mixer Monday evening. 

Tuesday has been left free to shop 
and visit friends after the morning 
coffee hour. The hotels are within 
one block of some of the finest stores 
in the country. There will be time to 
relax in the afternoon to be ready 
for the Presidential Reception and 
Banquet starting at 6: 30 P.M. 

Wednesday will be a full day, 
starting with the coffee hour in the 
morning. Leaving at 10: 15 A.M., 
there will be a sight-seeing tour of 
Indianapolis followed by lunch at 
the Columbia Club on the Circle. 
Following lunch, transportation will 
be provided to the John Herron Art 
Institute for a talk and tea. The Cir- 
cle is only one and one-half blocks 
from the hotels, so that those who 
want to prepare to check out can 
leave the group after lunch. 

Plant Visits 
Indiana~olis has a number of di- 

Claypool Hotel, Indianapolis, Ind. versified -industries of interest to 
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National American Legion Headquarters, Indianapolis, Ind. T. C. O'Nan R. R. Haberecht 

M. L. Whitehurst R. E. Ralston Ambrose Smith 

electrochemists. The Committee felt will include the large telephone set ceutical plants and the Allison Divi- 
that with three very full days of manufacturing plant of Western sion of General Motors Powerama 
sessions, few, if any, would want to Electric, the record manufacturing exhibit. This can be an educational 
take time out for plant visits. How- plant of the RCA Victor Record Di- and enjoyable experience and the 
ever, if there is sufficient interest, vision of RCA, followed by lunch. Indianapolis Committee would be 
a tour of several industries can be This will be followed by a tour of delighted to have many of you stay 
arranged for Thursday, May 4. These a plant of one of the Lilly pharma- over for a day of plant visitation. 

Report on First ECS Summer Assistance Award 

During the summer of 1960, Mr. 
V. E. Hauser, Jr., a graduate student 
at the Dept. of Chemical Engineer- 
ing, Oregon State College, Corvallis, 
Ore., received $800 representing the 
first Summer Assistance Award of 
The Electrochemical Society (see 
page 156C of the July 1960 JOURNAL, 
Vol. 107, No. 7). The award, funds 
for which are derived from the in- 
come of investments in the Consoli- 
dated Fellowship Fund and the 
Weston Fund, was made "to a fellow 

"In reply to your letter of August 
11, 1960 requesting an informal re- 
port on the work accomplished by 
me in connection with the Summer 
Assistance Award of 1960, I am 
happy to submit the following state- 
ments. 

"As you may recall, my research 
topic is concerned with the problems 
relating to the design and develop- 
ment of a fuel cell employing the 
carbon-oxygen reaction. During the 
summer. this award made it ~ o s -  

or teaching assistant pursuing work sible for me to make considerable 
between the degrees of B.S. and Ph.D. progress toward the construction 
on a subject in a field of interest to 
The Electrochemical Society!' It was 
intended to cover a period during 
which the recipient had no financial 
support for the continuance of his 
work. 

The following constitutes Mr. 
Hauser's report on his work: 

andstudy of such a cell. 
"In brief, the unit that was con- 

structed this summer contained po- 
rous carbon and silver electrodes 
and employed an electrolyte of lith- 
ium and potdssium carbonate in a 
fused state. This cell differed from 
conventional units of this type inas- 

much as it did not employ a porous 
matrix between the electrodes. The 
elimination of such a grid allowed 
for better contact between the elec- 
trodes and the electrolyte and sig- 
nificantly reduced the internal re- 
sistance of the cell. This design left 
the electrodes susceptible to flood- 
ing; however, operating techniques 
were perfected that in other ways 
arrested this phenomenon. 

"Cell operation to date has re- 
sulted in open circuit potentials up 
to 47% of the theoretical value. Cur- 
rent densities of 41.0 amp/sq f t  have 
been obtained for limited periods at 
a potential of 0.25 v. The longest run 
has been of 35 hr duration. Although 
these data appear poor compared to 
most of the current fuel cell re- 
search, it is nevertheless believed 
that these results are not bad for the 
carbon-oxygen cycle. 

"Studies made this summer have 
pointed out several aspects which 
require further work or improve- 
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ment. The main difficulty experi- 
enced in the above cell was entrain- 
ment of the liquid electrolyte in the 
vented gas. As a result of this, all 
runs were made with an electrolyte 
level of less than half of the desired 
figure, thereby reducing the per- 
formance of the cell. 

"Progress also was made on the 
development of a suitable cathode 
and a process for producing strong 
porous silver electrodes. The present 
method of electrode construction 
permits the addition of various com- 
pounds for investigation of possible 
catalytic effects. Such effects will be 
studied in the future. 

"In closing, I would, once again, 
like to take the opportunity to ex- 
press my gratitude for this award. 
It allowed me to spend a summer 
on my research, whereas I otherwise 
might have been forced to seek em- 
ployment elsewhere for this period." 

On recommendation of the Honors 
and Awards Committee of the Soci- 
ety, the Board of Directors voted in 
Houston in October 1960 to approve 
the issuance of three Summer Assist- 
ance Awards for the period June- 
September 1961 in the amount of 
$800 each (see page 270C of the De- 
cember 1960 JOURNAL, Vo1. 107, NO. 
12). The names of the recipients will 
be announced in a later issue of 
the JOURNAL. 

Theoretical Division 

Enlarged Abstract Booklet, 

Spring 1%1 

The Theoretical Division is 
preparing an "Enlarged Ab- 
stracts" booklet for the papers 
to be presented at the Indian- 
apolis Meeting, April 30-May 3, 
1961. This booklet will include 
the papers of the Symposium 
on "Modern Instrumentation 
and Techniques of Electro- 
chemical Measurements," spon- 
sored jointly by the National 
Science Foundation and The 
Electrochemical Society, Inc. 

The abstracts will be avail- 
able at $2.50 during the last 
two weeks of April from the 
Secretary-Treasurer of the 
Theoretical Division: 

Dr. Paul Riietschi 
Electric Storage Battery Co. 
Research Center 
Yard!ey, Pa. 

The booklet also can be pur- 
chased during the Indianapolis 
Meeting. 
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Division News 

Electronics Division 
The Nominating Committee (C. T. 

Lattimer, Chairman; F. J. Biondi, L. 
Thorington) has selected the follow- 
ing nominees for officers of the Elec- 
tronics Division during the two-year 
term 1961-1963: 

Chairman-R. J. Ginther, U. S. 
Naval Research Lab., Washing- 
ton 25, D. C. 

Vice-Chairman (Luminescence)- 
H. F. Ivey, Westinghouse Elec- 
tric Corp., Lamp Div., Research 
Dept., Bloomfield, N. J. 

Vice-Chairman (General Elec- 
trmics)-C. P. Marsden, Na- 
tional Bureau of Standards, 
Washington 25, D. C. 

Vice-Chairman (Semiconductors) 
-F. H. Horn, General Electric 
Research Lab., Schenectady, 
N. Y. 

Secretaw-Treasurer-A. E. Hardy, 
Radio Corp.. of America, Lan- 
caster, Pa. 

Each nominee has given assurance 
of his willingness to serve if elected. 

The Bylaws of the Division pro- 
vide that additional nominations 
may be made by petition signed by 
five, members of the Division. Such 
petitions must be in the hands of the 
Chairman of the Nominating Com- 
mittee before the election, and the 
nominees must have given assurance 
of their willingness to serve if 
elected. 

The election will be held at the 
business meeting of the Electronics 
Division during the Spring Meeting 
of the Society in Indianapolis, April 
30-May 3,1961. 

A. E. Hardy, Sec.-Treas. 

Electrothermics and Metallurgy 
Division 

The Nominating Committee (A. C. 
Haskell, Chairman) of the Electro- 
thermic~ and Metallurgy Division 
presents the following slate of offi- 
cers for the 1961-1963 term: 

For Chairma&. H. Westbrook, 
Ceramic Studies Section, Re- 
search Dept., General Electric 
Co., P. 0 .  Box 1088, Schenectady, 
N. Y. 

For Vice-Chairman-W. E. Kuhn, 
Carborundum Co., P. 0. Box 337, 
Niagara Falls, N. Y. 

For Vice-Chairman-L. H. Juel, 
Great Lakes Carbon Corp., P. 0. 
Box 637, Niagara Falls, N. Y. 

For Secretary-Treasurer-L. M. 
Litz, Research Labs., National 

Carbon Co., P. 0. Box 6116, 
Cleveland 1, Ohio 

For Members-at-Large (four re- 
quired)-T. D. McKinley, Pig- 
ment Dept., Experimental Sta- 
tion, E. I. du Pont de Nemours 
& Co., Wilmington 98, Del.; C. A. 
Hampel, 8501 Harding Ave., 
Skokie, Ill.; R. R. Rogers, Mines 
Branch, Dept. of Mines & Tech- 
nical Surveys, 551 Booth St., 
Ottawa, Ont., Canada; M. C. 
Udy, Strategic-Udy Processes, 
Inc., 3986 Royal Ave., Niagara 
Falls, N. Y. 

Each nominee has given assurance 
of his willingness to serve if elected. 

The election will be held at the 
business meeting of the Division to 
be held during the Spring Meeting 
of the Society in Indianapolis, April 
30-May 3,1961. 

L. H. Juel, Sec.-Treas. 

Electronics Division 
Enlarged Abstract Booklet, 

Spring 1961 
The Electronics Division 

again will print an "Enlarged 
Abstracts" booklet containing 
1000-word abstracts of papers 
to be presented before the 
Electronics Division's symposia 
during the Indianapolis Spring 
Meeting of the Society, April 
30-May 3,1961. 

The booklet will contain 
about 200 pages and will in- 
clude approximately 18 papers 
on Luminescence and 36 pa- 
pers on Semiconductors. 

The booklets are expected to 
be ready for distribution two 
weeks prior to the meeting. 
Copies will be available at the 
registration desk at Indian- 
apolis. 

The price will be $3.00 per 
copy with a discount of $0.50 
($2.50 net) for orders accom- 
panied by payment and re- 
quiring no invoicing. Orders 
requiring invoicing will be 
charged full price even though 
payment accompanies the or- 
der. 

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. 
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bus. Ohio. His subject was "Chemi- ical Society was held on January 23, 

Section News 

India Section 

A business meeting of the Section 
was held on September 16, 1960 at 
the Indian Institute of Science, 
Bangalore-12, with Dr. S. Soundara- 
rajan in the chair. 

The following nominations for of- 
ficers of the Section for the year 
1960-1961 were approved: 

Chairman-M. S. Thacker, Council 
of Scientific and Industrial Re- 
search, Old Mill Rd., New Delhi 
2, India 

Vice-Chairmun-A. Joga Rao, Cen- 
tral Electrochemical Research 
Institute, Alagappa College P.O., 
Karaikudi 3, South India 

Vice-Chairmun-S. Ramaswamy, 
Mettur Chemical and Industrial 
Corp., Mettur Dam R.S., India 

Secretary-Treclsurer-S. Krishna- 
murthy, Indian Telephone In- 
dustries Ltd., Dooravaninager, 
Bangalore 16, India 

The Editor informed the members 
that Chemical Abstracts Service of 
U.S.A. intends to publish an Ab- 
stracts under the name "Chemical 
Titles" and participation of the Bul- 
letin of the India Section, by mailing 
its copies by air mail, is solicited. 
This request was acceded to. 

The members expressed grave 
doubts about the membership of the 
Section in the event that overseas 
members are not given a remission 
in the annual dues of the Society. 
The Secretary stated that he has 
taken up the matter with The Elec- 
trochemical Society and no reply has 
been received. The members urged 
'that the Secretary again should take 
up this matter with the Society and 
'impress on them the possibility of 
a fall in membership due to stopping 
lof the remission of $5.00 which has 
'been given for the past five years. 

S. Krishnamurthy, Sec-Treas. 

Indianapolis Section 

The Indianapolis Section held its 
second technical meeting of the cur- 
rent season on Tuesday, January 24, 
'1961, at Butler University in Indian- 
apolis. Prior to the technical pro- 
gram, A. Max, General Chairman 
for the Spring National Meeting in 
Indianapolis, reported on the current 
status of convention preparations. 

The featured speaker for the even- 
ing was E. M. Sherwood, consultant, 
Division of Chemical Engineering, 
Battelle Memorial Institute, Colum- 

cal ' Vapor ~e~osit ion-A Tool for 
Research and Industry!' After a 
resum6 of the history of the art and 
a general description of the four 
basic techniques for accomplishing 
chemical vapor deposition, Dr. Sher- 
wood discussed the wide variety of 
materials which have been deposited 
by these techniques. Following this, 
he described recent developments 
and applications in this area, con- 
cluding with predictions of future 
applications and a delineation of 
certain problem areas where more 
fundamental information is needed. 

T. C. O'Nan, Sec-Treas. 

New York Metropolitan Section 

A meeting of the Section was held 
at Victor's restaurant in New York 
City on January 4,1961. Speaker was 
Ralph A. Schaefer, President of the 
Society. 

After a brief review of Society af- 
fairs and a prediction of the progress 
to be expected in the next ten years, 
Dr. Schaefer discussed electrodepo- 
sition technology. Particular empha- 
sis was placed on the factors influ- 
encing uniformity of metal deposits 
and their structures. Dr. Schaefer 
used slides to illustrate the effects 
of surface contaminants, such as 
nickel oxide and graphite, on the 
surface roughness of the deposit. He 
pointed out that further study was 
necessary to determine the effects of 
addition agents on the properties of 
the electrodeposits. 

J. L. Everhart 

Pittsburgh Section 

A joint meeting of the Physical 
and Inorganic Chemistry Group of 
the Pittsburgh Section of the Amer- 
ican Chemical Society and the Pitts- 
burgh Section of The Electrochem- 

Unpaid Members Off Mailing 
List April 1 

According to the Constitu- 
tion of the Society, Article 111, 
Section 9, the names of all 
members whose dues for 1961 
are not paid by April 1 must 
be removed from the mailing 
list, and will not receive the 
May issue of the JOURNAL. TO 
avoid delay in receipt of 
JOVRNALS as published, all 
members who have not yet 
sent in 1961 payments are 
urged to do so immediately. 

1961 at th; Mellon Institute in ~ i t t s -  
burgh, Pa. 

Professor R. H. Cole, head of the 
Chemistry Dept., Brown University, 
lectured on the subject "Recent 
Studies of Dielectric Behavior in Re- 
lation to Structures of Liquids and 
Solids." 

It was shown that dielectric con- 
stants of polar liquids and solids can 
give useful information about mo- 
lecular arrangements and forces, es- 
pecially when specific forces or co- 
operative interactions are important. 
Dielectric behavior appears to vary 
primarily with the degree of hydro- 
gen bonding. 

Dielectric dispersion and loss re- 
sulting from molecular orientation 
give valuable evidence about the 
kinetics of the processes. Character- 
istic types of relaxation spectra were 
presented, and it was noted that few 
processes follow the expected expo- 
nential rate laws. 

E. J. Smith, Sec.-Treas. 

Personals 

R. BaLish, in addition to his duties 
as director of research for The Al- 
loyd Corp., Cambridge, Mass., has 
been appointed vice-president and 
member of the Board of Directors 
of The Alloyd Electronics Corp., 
which specialized in the application 
of electron beams to materials. 

Daniel Gray, research chemist 
credited with changing indium from 
a laboratory curiosity to a commer- 
cial metal, has been appointed spe- 
cial consultant on technical problems 
by Alpha Metals, Inc., Jersey City, 
N. J. It was Mr. Gray's substitution 
of common sugar for rare and costly 
amino acetic acid that made indium 
plating a commercial practicality. 
Before joining Alpha Metals, Mr. 
Gray was a research chemist with 
Oneida, Ltd., for 42 years. 

George Krsek has joined Interna- 
tional Rectifier Corp., El Segundo, 
Calif., as executive vice-president 
and general manager. In his new po- 
sition, Dr. Krsek will be responsible 
for research and development, engi- 
neering, purchasing, manufacturing, 
and sales. He comes to this post from 
Merck and Co., Inc., Rahway, N. J., 
where for 13 years he had been ac- 
tive in various technical and man- 
agement capacities. 

J. Donald Moultan has retired as 
manager of engineering and research 
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of the Nickel-Alkaline Battery Di- 
vision of The Electric Storage Bat- 
tery Co., and has been appointed 
consultant to the Chemistry Dept. of 
the Thomas A. Edison Research Lab., 
McGraw-Edison Co., West Orange, 
N. J. He served for over 30 years as 
chief chemist in charge of research 
and development for the Storage 
Battery Division of Thomas A. Edi- 
son Inc. and, during his 40 years' 
experience in the design and devel- 
opment of batteries, has obtained nu- 
merous foreign and domestic pat- 
ents. 

Harry Sello now is manager of 
manufacturing for Fairchild Semi- 
conductor Corp., Mountain View, 
Calif. Formerly, he was head of pre- 
production engineering and then 
process engineering. 

William W. Smith has been named 
manager of engineering and devel- 
opment of The Electric Storage Bat- 
tery Co!s Nickel-Alkaline Battery 
Division, West Orange, N. J. Mr. 
Smith was manager of alkaline bat- 
tery development in the engineering 
department of the company's Exide 
Industrial Division, Philadelphia, 
Pa., for the past five years. 

Watt W. Webb has been appointed 
assistant director of research of 
Union Carbide Metals Co., Niagara 
Falls, N. Y. He has been with the 
company since 1947, holding the po- 
sitions of research metallurgist, se- 
nior research metallurgist, and coor- 
dinator of the fundamental research 
group prior to his present promotion. 

Clyde A. Crowley 

Clyde A. Crowley, of Phoenix, 
Ariz., died of a heart attack on Sep- 
tember 21, 1960 at the age of 58. 

Dr. Crowley was born in Ray 
County, Mo., on June 25, 1902. He 
studied in Chicago, receiving the de- 
gree of B.S. from Chicago Technical 
College in 1930, M.S. from Loyola 
University of Chicago in 1934, and 
PhD. in 1940, also from Loyola. 

He spent most of his active life in 
Chicago, teaching in high schools 
from 1924 to 1932. Concurrently, 
from 1934 to 1954, he was president 
and research director of the Tech- 
nical Service Bureau; from 1937 to 
1954, research director for Midcon- 
tinent Chemicals Corp.; and from 
1944 to 1954, chairman and a re- 
search director of Graham, Crowley 
and Associates. In 1954, he left Chi- 
cago to become director of the Engi- 
neering and Development Division 
of the Given Manufacturing Co. in 
Los Angeles, where he remained un- 
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ti1 1956 when he joined the staff of 
Arizona State University as profes- 
sor of chemistry, soon becoming 
chairman of the department. 

During the war period 1942-1945, 
he was a consultant for the U. S. 
Bureau of Mines and, in 1944, with 
the U. S. Navy. Immediately after 
the war in 1945, he was scientific 
consultant for the Foreign Economic 
Administration. 

For a number of years, he was ac- 
tive in The Electrochemical Society, 
assisting in the reorganization of the 
Chicago Section in 1935 and serving 
as Chairman in 1937-1938. He was on 
the Membership Committee from 
1938-1941, as Chairman during 1938- 
1941. He was Vice-Chairman of the 
Electro-Organic Division from 1946 
to 1948 and Chairman from 1948 to 
1950; he was instrumental in rewrit- 
ing the Bylaws and framing the cur- 
rent policies of the Division. 

Dr. Crowley also was a member of 
the American Association for the 
Advancement of Science; American 
Chemical Society; American Insti- 
tute of Chemists, of which he was a 
Fellow; American Society for Test- 
ing Materials; Society of Automotive 
Engineers; and Society of Military 
Engineers. 

News Items 

18th International Congress of Pure 
and Applied Chemistry 

Leading scientists from many 
countries in the world will be heard 
at the 18th International Congress 
of Pure and Applied Chemistry to 
be held in Montreal, Canada, from 
August 6 to 12, 1961. 

Plenary lecturers who will par- 
ticipate are Professor F. S. Dainton, 
Leeds University, England, who will 
speak on "New Horizons in Physical 
Chemistry," and Professor R. Daudel 
of the National Laboratory for Sci- 
entific Research, Paris, France, who 
will lecture on "Some Recent Re- 
sults Concerning the Relations be- 
tween Structure and Chemical Re- 
activity of Organic Molecules!' 

Professor G. Schwarzenbach of the 
Laboratory for Inorganic Chemistry, 
Zurich, Switzerland, will speak on 
"Metastable Products of Inorganic 
Molecules and Ions Formed by Pro- 
ton Addition and Elimination!' The 
lecture by Professor R. H. Wilhelm 
of Princeton University, Princeton, 
N. J., U.S.A., will deal with "Prog- 
ress Toward the A Priori Design of 
Chemical Reactors!' Academician 
N. N. Semenov of the Academy of 

Sciences, Moscow, U.S.S.R., also has 
been invited to speak at a plenary 
session. 

Some 70 sectional lectures will be 
delivered on the various aspects of 
the four divisions of chemistry with 
which the conference will deal, 
Physical Chemistry, Applied Chem- 
istry, Analytical Chemistry, and Or- 
ganic Chemistry. Among those of 
special interest to electrochemists 
are: 

"Imperfections and Chemical Re- 
activity" by Professor F. C. Tomp- 
kins, London, England 

"Applications of Field Emission to 
Problems in Adsorption" by Pro- 
fessor R. Gomer, Chicago, Ill., U.S.A. 

"Homogeneity or Heterogeneity of 
the Surface of Metallic Catalysts" 
by Professor J. Horiuti, Sapporo, 
Japan 

"Electron Optical Studies on the 
Relations between the Structure of 
Metal Surfaces , and Their Tarnish 
Films" by Dr. D. W. Pashley, Cam- 
bridge, England 

"Catalytic Activity of Metals" by 
Professor G. M. Schwab, Munich, 
Germany 

"The Structure of Molten Salts" 
by Professor J. O'M. Bockris, Phila- 
delphia, Pa., U.S.A. 

"Some Recent Advances in the 
Study of Electrode Processes" by 
Professor Paul Delahay, Baton 
Rouge, La., U.S.A. 

"The Electrochemistry of Single 
Crystals" by Professor R. Piontelli, 
Milan, Italy. 

Symposium on Titrimetric Methods 
of Analysis, May 8-9,1%1 

Dr. D. S. Jackson, chairman of the 
Symposium Committee, and Dr. 
R. Bhargava, Program Committee 
chairman, are pleased to announce 
that the following distinguished an- 
alysts have agreed to deliver key- 
note addresses at the Symposium on 
Titrimetric Methods, sponsored by 
The Chemical Institute of Canada, 
Analytical Chemistry Division, in 
Cornwall, Ont., Canada, May 8-9, 
1961: Professor C. N. Reilley, Uni- 
versity of North Carolina, "Chelo- 
metric Methods"; Professor J. Fritz, 
Iowa State University, "Titrations in 
Nonaqueous Solvents"; Dr. G. Buc, 
technical assistant to the president, 
Fisher Scientific Co., "Electrometric 
Methods." 

In addition to contributed papers 
of about 20 minutes' duration, 
shorter papers illustrating specific 
applications will be welcomed. Those 
who wish to submit papers for this 
symposium should contact Mr. J. R. 
McCallum, Secretary-Treasurer, An- 
alytical Chemistry Division, C.I.C., 
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C/O Courtaulds (Canada) Ltd., Corn- 
wall, Ont., Canada. 

ISA International Conference and 
Exhibit, Fall 1962 

The 17th International Instmment- 
Automation Conference and Exhibit 
of the Instrument Society of Amer- 
ica will be held in New York City 
in 1962, in conjunction with the so- 
ciety's annual meeting. The dates 
have been set for October 15 through 
19, 1962, and the Exhibit will be 
staged in the New York Coliseum. 
This will be the third time the so- 
ciety has used the Coliseum for ex- 
hibits, having first occupied it in 
1956 for its 11th International Ex- 
hibit, and again in September 1960 
for its 15th International Conference 
and Exhibit. 

The annual national show during 
1962 will complement the various 
symposia held under the society's 
auspices each year. These will be 
continued, including those on Chem- 
ical and Petroleum Instrumentation, 
Power Instrumentation, Aero-Space 
Instrumentation, and Instrumental 
Methods of Analysis, as well as co- 
sponsorship or cooperation with 
other national societies in confer- 
ences and symposia on Telemetering, 
Automatic Control, and Nuclear In- 
strumentation, to name a few. 

During the remainder of 1961, ISA 
will hold two seasonal conferences 
and exhibits, one in Toronto, Can- 
ada, June 6-8, and its third of the 
year, the Fall Conference and Ex- 
hibit, in conjunction with the 16th 
annual meeting of the society, in Los 
Angeles, Septenlber 11-15. 

Newark College of Engineering 
Receives American Metal Climax Co. 

Foundation Gift 
The Chemical Engineering Dept. 

of Newark College of Engineering, 
Newark, N. J., has received $1,000 
from the American Metal Climax Co. 
Foundation to be used for equipment 
in its electrochemical laboratories, 
according to Dr. Charles L. Mantell, 
department chairman. 

The gift, which was presented by 
the Foundation through Walter L. 
Brytczuk, assistant director of re- 
search of Amco Research & Devel- 
opment, Inc., an American Metal 
Climax subsidiary, is the sixth do- 
nation by the Foundation to NCE 
since 1956. The contributions total 
$4,240. 

In commenting on the Founda- 
tion's support, Dr. Mantel1 stated 
that the funds have been a strong 
contributing factor in bringing his 
department's facilities to a degree 
of excellence that makes them well 

adapted for the original research 
required by the college's new Doc- 
tor of Engineering Science degree, 
as well as for research for the Mas- 
ter's degree. 

As in the past, Dr. Mantel1 said, 
the additional $1,000 will be reserved 
for the purchase of specialized elec- 
trochemical equipment as it is 
needed by graduate students now 
involved in advanced research. 

Cooperative Program Established 
for Wider Distribution of 

Translations of Soviet Technical 
Data 

A new cooperative effort between 
the United States and a number 
of European countries to provide 
broader Western World distribution 
of translations of Russian and other 
Eastern European scientific litera- 
ture that may be useful was an- 
nounced recently by John C. Green, 
director of the Office of Technical 
Services of the U. S. Dept. of Com- 
merce. 

A European Translation Center, 
sponsored by 12 member countries 
of the European Productivity Agency, 
has been established at the Tech- 
nical University at Delft, The Neth- 
erlands. It will provide liaison 
among European countries handling 
Russian and East European transla- 
tions, serve as a center for biblio- 
graphic information on the avail- 
ability of translations, and collect 
noncommercial translations from 
countries prepared to contribute 
them. 

The Office of Technical Services 
(OTS), which is the U. S. Govern- 
ment's center for the collection and 
distribution of translations and re- 
lated information, is currently assist- 
ing the European Translation Cen- 
ter in establishing its procedures for 
bibliographic and other work. OTS 
and the European Translation Center 
will exchange both translations and 
bibliographic data, and will use 
uniform methods of classification of 
the materials. It is contemplated 

Notice to Members and 
Subscribers 

(Re Changes of Address) 

To insure receipt of each 
issue of the JOURNAL, please be 
sure to give us your old ad- 
dress, as well as your new one, 
when you move. Our records 
are filed by states and cities, 
not by individual names. The 
Post Office does not forward 
magazines. 

that the OTS publication, Technical 
Translations, will be used as the an- 
nouncement medium for material 
collected by the European Center, 
which should greatly increase the 
circulation of the publication in 
Europe. 

"The significance of this coopera- 
tive endeavor is that it reduces the 
language barrier for scientists and 
engineers of the United States and 
Western Europe who are trying to 
keep up with Soviet Bloc develop- 
ments," Mr. Green commented. "In 
Western Europe, most scientists can 
read English translations of Russian 
work, and, in the United States, 
many of our scientists can handle 
translations of Soviet Bloc material 
in French or German or similar Eu- 
ropean languages. However, in both 
the United States and Western Eu- 
rope, scientists in general do not 
know the Soviet Bloc languages." 

Since 1958, the OTS has been col- 
lecting and distributing translations 
prepared by U. S. Government agen- 
cies for their own use. It also gathers 
and publishes information on trans- 
lations in progress or completed, 
which are available from any other 
source in the U. S., public or private. 
Among the translations for which 
OTS provides announcement and 
reference service are those collected 
from non-Government sources in 
the U. S. by the Special Libraries 
Association (SLA) Translations Col- 
lection Center at the John Crerar 
Library in Chicago. 

.In cooperation with the SLA Cen- 
ter, the OTS began publishing Tech- 
nical Translations in January 1959 
to announce translations available 
from OTS, SLA, and other sources. 
It is published twice a month and 
sold by Superintendent of Docu- 
ments, U. S. Govt. Printing Office, 
Washington 25, D. C., at $12.00 a 
year ($4.00 additional for foreign 
mailing). 

The Europeans estimate that their 
contributions of bibliographic in- 
formation to Technical Translations 
will add 10-15% to the volume of 
listings in the first year of the Euro- 
pean Center's operation, and that 
they will eventually double the size 
of the publication, which now an- 
nounces about 500 new translations 
in each issue. 

The Netherlands Government is 
providing financial support for the 
European Center, which will operate 
under the legal authority of the 
Foundation for Scientific Literature 
Difficult of Access, of which Dr. L. J. 
Van der Wolk, director of the Li- 
brary of the Technical University at 
Delft, is president. 
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Formation of the Center was fos- 
tered and encouraged by the Euro- 
pean Productivity Agency of the Or- 
ganization for European Economic 
Cooperation, with the advice and 
support of the U. S. National Science 
Foundation. 

Soviets Sign Long-Term Contract 
with N. Y. Scientific Publisher 

A new contract establishing terms 
for exclusive English-language rights 
to Soviet scientific books for the 
next six years was signed by Con- 
sultants Bureau of New York and 
Mezhdunarodnaya Kniga, the official 
Soviet book export agency, in Mos- 
cow during October 1960. 

Earl and Frances Coleman, pub- 
lisher and editor-in-chief of Con- 
sultants Bureau, spent several weeks 
in the Soviet Union this past fall. 
As a result of their meetings with 
officials of the Soviet book agency 
and with the directors of 14 Soviet 
scientific presses, Consultants Bu- 
reau will be granted the exclusive 
world rights in the English language 
to important Soviet monographs, 
symposia, conference proceedings, 
and collections, all on highly spe- 
cialized scientific and technical sub- 
jects. 

The new six-year agreement con- 
tains automatic renewal provisions 
at two-year intervals. Mr. Coleman 
noted that, not only would this con- 
tract result in much-improved com- 
munications between Soviet and 
American scientists, but it also is 
an indication that the official Soviet 
book agency anticipates a prolonged 
period of free trade between the 
U.S.S.R. and the U.S. 

This contract covering scientific 
books follows closely on the heels of 

a similar contract signed earlier in 
1960 with Mezhdunarodnaya Kniga 
which granted Consultants Bureau 
the exclusive rights to translate 23 
major Soviet journals in the fields of 
chemistry, physics, biology, and 
medicine. 

All books published by Consult- 
ants Bureau will in the future be 
made available to English-speaking 
scientists within six months of their 
publication in the U.S.S.R. This rap- 
idity of dissemination of significant 
Soviet research reports will be a 
direct result of the increased coop- 
eration guaranteed by the new con- 
tract. 

Where the importance of Soviet 
conferences warrants even speedier 
dissemination of their proceedings to 
the Western scientific community, 
Consultants Bureau will publish the 
English translations of these pro- 
ceedings at the same time as the 
Russian originals appear in the 
U.S.S.R. The first instance of such 
simultaneous publication in Russian 
and in English occurred on October 
20, 1960 with the appearance of "The 
Structure of Glass" in Leningrad and 
in New York. 

ESB Forms New Marketing 
Organization for Exide 

A new sales and service organiza- 
tion, the Exide Industrial Marketing 
Division, has been created by The 
Electric Storage Battery Co., Phila- 
delphia, Pa., to serve as the market- 
ing arm for its Exide Industrial Di- 
vision and its new Nickel-Alkaline 
Division. 

It combines into one unit the na- 
tion-wide Exide industrial sales and 
service engineering facilities with 
those of the former Edison Storage 

Battery Division of Thomas A. Edi- 
son Industries, McGraw-Edison Co., 
now called the Nickel-Alkaline Di- 
vision. The Nickel-Alkaline Division, 
which manufactures nickel-iron and 
other types of alkaline batteries, 
was purchased from Edison by ESB 
in August 1960. 

The new marketing organization is 
headed by Exide's vice-president of 
marketing, C. J. Moore. It now of- 
fers the most complete line of bat- 
teries, charging equipment, and re- 
lated components, as well as the 
most comprehensive service engi- 
neering facilities in the battery in- 
dustry today. 

Exide Industrial Marketing Divi- 
sion offers lead-acid, nickel-cad- 
mium, nickel-iron, and other spe- 
cialized types of batteries; rectifier 
and motor-generator types of bat- 
tery chargers; charge control de- 
vices; emergency lighting equipment 
and other accessories used in elec- 
tric industrial truck, mining, rail- 
way, telephone, and other commu- 
nications, electric utility, marine, 
aircraft, and military service. 

The division has field sales and 
service engineering offices in 52 
cities. 

Yardney Electric Plans New Plant 
in Stonington, Conn. 

Yardney Electric Corp. will take 
over the 250,000-square-foot plant on 
ten acres of land of the Raytheon Co. 
in Stonington, Conn., it was an- 
nounced recently. Yardney planned 
to start operations in the plant im- 
mediately. The plant will be used to 
fulfill a substantial contract recently 
awarded by the U. S. Navy for sub- 
marine batteries and other contracts 
under negotiation. 

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 exceeding 75 words in length) must be 
received at  Society Headquarters, 1860 Broadway, New York 23, N. Y., not later than May 15, 1961. Please 
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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The main products of Yardney 
Electric are Silvercel silver-zinc 
batteries and Silcad silver-cadmium 
batteries, which have a broad range 
of applications, such as submarines, 
missiles, satellites, torpedoes, and 
aircraft in the military field and 
communication systems, photogra- 
phy, and portable electronic equip- 
ment in the commercial field. 

Consolidated Aluminum's Raffinal 
Plant Now in Full Operation 

The largest superpurity aluminum 
plant in North America is now in 
full production. Consolidated Alu- 
minum Corp. completed construction 
of its expanded Raffinal (super- 
purity aluminum) plant in June 
1960, increasing production more 
than 200% with capacity for 300,000 
pounds per month. 

According to a recent announce- 
ment by the Business and Defense 
Services Administration, the demand 
for superpurity aluminum is ex- 
pected to more than double by 1965 
to over 15,000,000 pounds per year. 

Consolidated Aluminum Corp.'~ 
superpurity aluminum has an aver- 
age purity of 99.996%, with a .mini- 
mum of 99.992%. CONALCO super- 
purity aluminum is available in a 
wide range of sizes, gauges, and 
forms, including pig, billets, pellets, 
coiled sheet, and foil. 

Consolidated Aluminum Corp. has 
its plants and general offices at Jack- 
son, Tenn. Sales offices are at New 
York, Cleveland, Chicago, Dallas, 
Atlanta, and Los Angeles (La 
Habra). 

International Resistance Co. Enters 
Semiconductor Field 

International Resistance Co., Phil- 
adelphia, Pa., has entered the rap- 
idly growing semiconductor field 
with the purchase of controlling in- 
terest in North American Electron- 
ics, Inc., of Lynn, Mass. 

North American Electronics will 
continue to operate independent of 
International Resistance Co., with 
its present officers remaining un- 
changed. The NAE Board will be in- 
creased from its present 7 members 
to 11, with IRC holding 6 seats. 

NAE's major product lines include 
more than 600 types of silicon rec- 
tifiers and Zener diodes, as well 
as silicon-controlled rectifiers with 
unique operating characteristics. 

Silicon products are expected to 
"continue to show 'the most rapid 
growth" of any in the semiconductor 
field, IRC marketing officials said, 
adding that NAE "has already dou- 
bled its sales each year since its in- 
ception." 

NAE operates in a modern Lynn 
plant with 25,000 square feet of floor 
space, ample to meet 1961 antici- 
pated growth in production. Current 
employment is approximately 130. 

Plans already are under way to 
add "substantially" to facilities to 
meet 1962 requirements. 

Book Review 

The Corrosion and Oxidation of 
Metals, by Ulick R. Evans. Pub- 
lished by Edward Arnold (Pub- 

lishers), Ltd., London, 1960. Avail- 
able from St. Martin's Press, New 
York City, ix + 1094 pages; $25.00. 

This book is the successor to the 
author's "Metallic Corrosion, Pas- 
sivity and Protection," published in 
1937 and in "drastic revision" in 
1946. In spite of the author's protes- 
tations, the present volume may be 
considered as another "drastic re- 
vision" and up-dating of the former 
book. Written by an outstanding au- 
thority in corrosion theory and prac- 
tice, an expert in teaching and in 
writing, in fact by the world's "dean 
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of corrosion," the book will be in- 
valuable to the beginner and the ex- 
pert alike. The price is high but, for 
once, the book is worth the price; the 
pages are packed with information 
that will be useful both for study 
and for reference for many years to 
come. 

The first section of 760 pages, 18 
chapters, is labeled "Qualitative." It 
is largely descriptive and includes 
chapters on simple and complex ox- 
idation, electrochemical corrosion, 
inhibitors, anodic dissolution, and 
passivation; acid corrosion and hy- 
drogen troubles. waters. boilers. - 
condensers; atmospheric corrosion, 
protection, nonmetallic and metallic 
coatings; stress corrosion, corrosion 
fatigue, cracking. The second section 
of 150 pages, labeled "Quantitative," 
describes test methods, deals ,with 
mathematical treatment of data, and 
includes a chapter on statistical con- 
siderations. The main treatment of 
cathodic protection is found in this 
section. The Appendix of 100 pages 
is mainly devoted to a short course 
in chemistry, which will serve as a 
refresher, and summarizes useful 
and pertinent principles and the- 
ories. 

Dr. Evans makes it clear that no 
author can hope to review the liter- 
ature of corrosion in a 1000-page 
book. (In fact, more than 2500 ar- 
ticles dealing with corrosion are now 
appearing each year in the world's 
literature.) Still, reference is made 
to the publications of more than 3000 
authors whose work Dr. Evans con- 
siders pertinent, appropriate, and 
representative; the coverage extends 
through 1958, with a few early 1959 
citations. However, as the author 
says in the preface, he presents his 
own views on corrosion and sub- 
stantiates them from the literature; 
but he tries not to neglect the views 
of others even though they differ. 
As an example may be cited the 
treatment of inhibitors in Chapter 
V: Dr. Evans is quite convinced that 
only tangible films can be effective 
in inhibition, but acknowledges the 
importance of studying the process 
which constitutes the initial stage in 
their formation. 

The book is a pleasure to read be- 
cause the text is simply and clearly 
written in excellent English. It is il- 
lustrated with some 200 figures 
which help to explain many details. 
There are practically no annoying 
typographical errors or other flaws, 
and mechanically it represents an 
honest and expert manufacturing 
job. 

C. V. King 

CURRENT AFFAIRS 

Announcement 
from Publisher . 

Three-Volume Review of Soviet 
Progress in Electrochemistry 

The proceedings of the "Fourth 
Soviet Conference on Electrochem- 
istry" was published in March by 
Consultants Bureau, New York City, 
in complete English translation. This 
significant conference heard reports 
on the latest Soviet progress in the 
field of electrochemistry and the full 
texts of the most important papers 
presented were published in the 
U.S.S.R. by the Academy of Sciences 
U.S.S.R. Press in 1959. The Consult- 
ants Bureau cover-to-cover English 
translation appears in three volumes 
of approximately 300 pages each. 

Vol. I contains papers on electro- 
chemical kinetics, the electrical 
double layer, adsorption at a metal- 
solution boundary, hydrogen over- 
voltage, diffusion kinetics, and po- 
larography. Vol. I1 deals with 
reduction and oxidation, electrodep- 
osition, electrosolution, oxygen over- 
voltage, passivity, and corrosion. Vol. 
I11 contains reports on applied elec- 
trochemistry, electrodeposition, non- 
ferrous metallurgy, chemical sources 
of current, and electrolysis in the 
chemical industry. Papers by such 
well-known Soviet electrochemists 
as A. N. Frumkin assure readers of 
the high quality of the entire col- 
lection. 

The "Fourth Soviet Conference 
on Electrochemistry" will be of in- 
terest to all scientists concerned with 
the varied aspects of this important 
field. Each volume is priced at $15.00; 
the three-volume set is priced at 
$40.00. Complete tables of contents 
are available on request from Con- 
sultants Bureau Enterprises, Inc., 227 
W. 17 St., New York 11, N. Y. 

Meetings of Other 
Organizations 

April 10-11-Oklahoma State Uni- 
versity Thermodynamics Confer- 
ence, Oklahoma State University, 
Stillwater, Okla. 

April 17-19-Instrument Society of 
America, National Symposium on 
Instrumental Methods of Analy- 
sis, Shamrock-Hilton Hotel, Hous- 
ton, Texas. 

April 18-19--Conference on Organic 
Semiconductors, sponsored by Ar- 
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mour Research Foundation and 
Electronics magazine, Morrison 
Hotel, Chicago, Ill. 

April 24-26National Academy of 
Sciences, Annual Meeting, Wash- 
ington, D. C. 

April 24-27-American Physical So- 
ciety Meeting, National Bureau of 
Standards, Washington, D. C. 

May 11-12-American Institute of 
Chemists, Annual Meeting, Statler 
Hotel, Washington, D. C. 

June 22-2PAmerican Physical So- 
ciety Meeting, University of Mex- 
ico, Mexico City, Mexico. 

June 25-3LAmerican Society for 
Testing Materials, Annual Meeting, 
Chalfonte-Haddon Hall, Atlantic 
City, N. J. 

Employment Situations 

Positions Available 

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. 

Chemists and Chemical Engineers 
-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 
Minnesota. Battery experience pre- 
ferred but not required. Send re- 
sumes to: J. W. Baxter, Employee & 
Labor Relations, Gould-National 
Batteries, Inc., E. 1326 First National 
Bank Bldg., St. Paul 1, Minn. 

of joints in the adhesive bonding of 
metals. C. Mechanisms relating to 
surface phenomena, associated with 
liquid metal-solid metal inter-action 
as applied to soldering and brazing. 
D. Surface and electrochemical re- 
actions effecting the kinetics of gen- 
eral, localized, and stress corrosion 
processes. Pleasant living, with ac- 
cess to major university. Send reply 
to R. H. Endriss, Personnel Manager, 
Olin Mathieson Chemical Corp., 125 
Munson St., New Haven, Conn. 

Advertiser's Index 
Great Lakes Carbon Corp., 

Electrode Division ............ Cover 2 
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PHYSICAL CHEMIST 
or 

ELECTROCHEMIST 
Ph.D., strong background in 
fused salts for a basic and 
applied research program con- 
cerned with electrochemical 
energy conversion devices. This 
program is unclassified and pub- 
lications are encouraged. Appli- 
cant must be capable of working 
independently and have a dem- 
onstrated experimental ability. 
Background in electrochemistry 
is desired but not essential. 

Please address confidential 
inquiries to Mr. R. C. Birdsall, 
Employment Manager, Lock- 
heed Missiles and Space Divi- 
sion, Dept. M-21B, 962 West El 
Camino Real, Sunnyvale, Calif. 
U.S. citizenship or existing De- 
partment of Defense industrial 
security clearance required. 
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Challenging, permanent positions for PHYSICISTS, PHYSI- 
CAL METALLURGISTS, SOLID STATE PHYSICISTS OR PHYS- 
ICAL CHEMISTS at our modern, well-equipped metallurgical 
research laboratories. 

Ph.D. or equivalent for fundamental studies of oxidation of 
aluminum and copper alloys. Experience in semi-conductor 
technology or metal physics, together with thorough knowledge 
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