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Editorial

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 object is, of course, to make the Technical Section of high quality and of more
than current interest, so that the bound volumes of the JourNaAL 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 TrRANsAcTIONS, 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 gomplete 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.

—CVK
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Investigation of the Electrochemical Characteristics

of Organic Compounds
VII. Organic Positive lodine and Aliphatic Azo Compounds

R. Glicksman and C. K. Morehouse!

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 Positive lodine Compounds

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, - 6H.0/1 electrolyte by a technique previ-
ously described (2) and used for the study of other
organic oxidizing agents (3-8).

Theoretical capacity and electrode efficiency 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:

CHIO + H.,O + 2e- = CH,I 4+ 20H" [1]

CH,IO, + HO + 4e- = CHJI + 40H-  [2]

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

1Present address: Globe Battery Company, Division of Globe
Union Inc., Milwaukee, Wisconsin.

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

Experi-
Theoretical men’f_l. gectrot‘ie

Compound amp-m!n/'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.
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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, C.H,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 (R.IX) and the iodyl compounds
(R.IOX). 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.

10DOSOBENZENE 10DOSOBENZENEDIACETATE

+080 +0.80

Ou) OI(WCCH,)Z

§ +060 [ +060
u 10DOXYBENZENE
z +040 +o40 0-I0DOSOBENZOIC ACID
: (e
H
2 +020 +0.20 0
= COOH
F3
£ o000 000
4
? -020 —oz0 }
3 9
3 N

L JO

DIPHENYLIODONIUM CHLORIDE
) A . L . "
4 8 2 2 4 6 8 10
CAPACITY (AMPERE - MINUTES)
Fig. 1. Half-cell potential discharge curves of various

organic positive iodine compounds discharged at a rate of
0.005 amp/g in 250 g MgBrz*6H:0/1 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. [1] and
[21.

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 AZ10A alloy and alumi-
num Al-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 309 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, - 6H,0/1 elec-
trolyte was used. A 2M AICl; 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.
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Fig. 3. AA-size magnesium dry cells containing various
organic positive iodine compounds as cathodes discharged
through 4- and 50-ohm resistances at 70° =+ 2°F (50% R.H.).
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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 azgdicarbonamide are
strong oxidizing agents able to Iiberate 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-
bonamidine. The reduction of this positive N-halo-
gen compound is believed to take place in accord-
ance with the following equation:

NC1 NC1

| I
H,N—C—N=N—C—NH, + 4H,0 + 6¢"

NH NH

| |
- H,N—C—NH—NH—C—NH, + 40H- + 2CI" [3]

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 8nalytical 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 II, further indicate that
reduction takes place according to Eq. [3].

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

0 o}
Il |

H.N—C—N=N—C—NH, + 2H.0 + 2¢"

o o

I
- H.N—C—NH—NH—C—NH, + 20H" [4]

In agreement with Eq. [4] half-cell potential-dis-
charge data for hydrazodicarbonamide in 259%
NH.C1-20% 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 II. Theoretical capacities and electrode efficiencies of
N,N’-dichl Ticarh idine and azodicorb o
in various -electrolytes

Theoretlcal Experimental Electrnde

Compound
and electrolyte amp-mln/g amp-min/g %
N,N’-dichloroazodi-
carbonamidine
NH.CI-ZnCl.-H.O 52.7** 48.2 91.5
MgBr,-H:.O 41.2 78.2
NaOH-H:.O 5.9 11.2
Azodicarbonamide
NH.CI-ZnCl.-H:.O 27.7 24.2 87.4
MgBr.-H.O 19.6 70.8
NaOH-H.O 8.8 31.8

* Capacity calculated on basis of a —0.40 v end potential.
** Based on 6-electron change (a 2-electron change for the azo
group and a 2-electron change for each positive chlorine group).

Mg/ MgBr, /AZODICARBONAMIDE

Mg/MgBr,/AZODICARBONAMIDE

CLOSED CIRCUIT VOLTAGE (VOLTS)

0.60 [Mg/MgBra / N)N'- DICHLOROAZODICARBON -

Mg/MgBra/ N\N'- DICHLOROAZODICARBON -
AMIDINE AMIDINE

o 5 0 (] 20 25 20 40 60 80 100
DISCHARGE TIME(HOURS)

Fig. 6. AA-size Mg/MgBr:/azodicarbonamide and
Mg/MgBr:/N,N’-dichloroazodicarbonamidine 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 AZ10A 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-Al Alloys

Kazuo Fueki and Hirotsugu Ishibashi

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-Al 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 films 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 alloys 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-Al alloys.

Measurement of Oxidation Rate

Specimens and surface preparation.—Five sam-
ples (pure Ni, and Ni-Al 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, 0.0019% Cu, 0.0029% C,
0.0003% S) and 99.998% Al by induction melting
in vacuo using alumina crucibles. Ingots were rol-
led into sheets of 1 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/0.001 cm deflection,
After the temperature 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 +3°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-
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Fig. 1. Oxidation of pure nickel
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Fig. 2. Oxidation of 1.02% Al alloy
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Fig. 3. Oxidation of 2.95% Al alloy
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Fig. 4. Oxidation of 7.07% Al alloy
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Fig. 5. Oxidation of 12.0% Al alloy
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Fig. 6. Parabolic plot of oxidation, 850°C
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Table I. Parabolic rate constants

Rate constant kp

Alloy Temp, °C g2 cm—4 sec-!
700 1.02 x 10

750 222 x 107

Pure nickel 800 445 x 10™
850 8.15 x 107

900 1.21 x 10™

700 6.65 x 107°

750 1.94 x 10*

1.02% Al 800 439 x 10
850 1.67 x 10

900 5.65 x 107

700 7.12 x 10

750 2.14 X 10

2.95% Al 800 5.76 x 10
850 1.58 x 10™

900 6.48 x 10+

700 1.16 x 10*

750 3.80 x 10

7.07% Al 800 8.89 x 10
850 2,97 x 107

900 1.16 X 107

700 1.71 x 10

750 7.96 x 107

12.0% Al 800 1.48 x 10
850 4.26 x 10

900 1.35 x 107

ence of weight gain on composition is slightly dif-
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 10™° exp (—28,400/RT) g*cm™ 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
and Lucas (7) have reported similar results.

Investigations of Oxide Films

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-
tures can be predicted by using the T-AG diagram
which is a type of thermodynamic diagram.

Free energy equations necessary for the prepara-
tion of the diagram of Ni-Al-O system are:

900°C

imens followed the parabolic rate law (Fig. 6).
Parabolic rate constants were calculated from para-
bolic plots in the time interval where the law W* =
k,t + C was found to hold. The constants are listed
in Table I.

Figure 7 shows the plot of the weight gain after
3 hr of oxidation vs. the alloy composition. The
weight gain decreases by the addition of aluminum
of 19. From this percentage onward, it begins to
increase with the aluminum content. This depend-

Wt. Gain, mg/em?

0 ,700°C

4 6 8 10
Mole % of Al in Alloy

Fig. 7. Plot of weight gain after 3 hr oxidation vs. alloy -

composition.
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Fig. 8. Temperature dependence of parabolic rate constant
.

2 <Ni> + O, = 2 <NiO>
AG® (cal) = —116,800 + 44.8 T [1]

4 2
iy <Al> + 0O, = Y <ALO:>

AG® (cal) = — 266,100 + 49.7T [2]

These equations were taken from the paper of
Richardson and Jeffes (10). At high temperature
NiO and AlLO, may form NiO-ALO, according to
the reaction

<NiO> + <ALO;> = <NiO-ALO;>

However, the free energy change of this reaction
is small
AG® (cal) = — 4600 — 1.5T £3]

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 (11), so the contri-
bution to free energy calculation can be neglected
as the first approximation. Consequently, the T-AG
diagram of the Ni-Al-O system can be prepared by
using only two equations [1] and [2]. Figure 9
shows the obtained diagram. Since the growth rate
of ALOQ; 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

0K 0°C 1000°C log Po,
o — - e
40
<Ni0> 4-10
80
<N
o —l20f
3 1-20
x
g 160
d
X 30
20 <ALD, >
—240 <A
140
_asof
-320

Fig. 9. T-AG diagram of Ni-Al-O system
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NiO+AI,0, (NiO - Al,0,)

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 ‘film consisted
of two layers (Fig. 11a 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% Al were oxidized in air at
900°C for 3 hr. Then the oxidized specimens were
immersed in 109 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 7.079% Al alloys was porous (Fig. 12a and
b), and that the inner layer of the oxide of 12.0%
Al alloy was nonporous (Fig. 12c). The stripped
film of 12.09 Al 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.

Mounting Material

Oxide Film

Subscale

Mounting Material

Oxide Film

Subscale

Alloy

Fig. 11. Cross section of alloys oxidized for 20 hr at
1000°C, under polarized light; (a) (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; B, inner layer. (a) (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-Al alloy were observed. From these
results it is considered that the outer layer consists
of only NiO. Neither ALO, nor NiO-AlLO, were de-
tected, although the formation of Al,O, was antici-
pated.

Electron diffraction study.—Oxide films formed
at 700°, 800°, or 900°C were stripped by the al-
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Table II. Aluminum compounds identified by the electron
transmission method

Temp, Time, Alloy
°C hr 2.95% Al 7.07% Al 12.0% Al
700 3 v-AlLOs v-AlO, v-AlO;s
800 3 'Y'Al2oa Y-Alaoa ‘Y-Ales
NiO-AlOs NiO-ALO, NiO-AlLO,
900 3 NiO-AlOs NiO-AlOs NiO-AlLOs

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
II.

From the results of metallographic and electron
diffraction- studies, it can be concluded that the
aluminum compounds in the inner layer are y —
ALO,, NiO-ALO, or both y-AlLO, and NiO-ALQO..

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 III.

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 129 Al alloy at 900°C wvs. 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 111. Results of chemical analysis

Temp, Time, Wt.gain, Niloss, Al loss, évf[oAli Z‘ﬂx
Alloy °C min  uM/ecm2 pgM/em? uM/cm?  oxide
Pure Ni 700 180 21.0 21.0* 0 0
900 180 175.0 75.0* 0 0
1.02% Al 700 180 6.37 5.62 0.375 6.2

900 180 47.5 43.0 2.14 4.8

2.95% Al 700 180 6.10 5.12 0.695 11.9
900 180 53.5 44.5 5.00 10.1

7.07% Al 700 180 7.67 5.51 1.28 18.9
900 180 68.2 45.0 15.3 253

12.0% Al 700 180 948  6.09 2.17 26.3
750 180 18.1 10.6 4.97 31.8
800 180 25.8 13.1 7.74 37.2
850 180 42.2 21.2 13.6 39.1
900 30 268 14.4 7.72 345
900 65 46.2 23.9 14.4 38.7
900 120 57.2 27.8 17.5 38.7
900 180 745 38.6 23.9 38.3

* Ni loss calculated from the weight gain.



310 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

Wt Gain

Wt Gain, Ni Loss, Al Loss. (uM /em?)

3
/Time, min *

Fig. 14. Plot of nickel and aluminum losses vs. square root
of oxidation time.
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Fig. 15. Plot of nickel and aluminum losses, vs. alloy com-
position after 3 hr of oxidation at 900°C.

900°C wvs. the alloy composition. It is easily seen
from this figure that the addition of aluminum of
about 1 mole % 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 %
Al 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 20 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).
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Fig. 16. Lattice parameters of alloy surfaces before and
after oxidation at 900°C. 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 ALO, and NiO-AlO,
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 ALO; film on these alloys. In order to obtain
information on such protective ALO;, film, pure alu-
minum and Fe-Al alloy containing 15.2 mole 9, Al
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 y-ALO, and that
the film on Fe-Al alloy consisted of «-ALO, and
a-Fe,0;,. Chemical analysis of the oxide film
formed on the Fe-Al alloy after 3 hr oxidation at
900°C showed that the aluminum loss was about
2.3 pM/cm® and that the aluminum content in the
oxide was 85 mole %.

In case of the oxidation of Ni-Al alloy containing
12 mole % 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/cm® This aluminuﬁl loss is about ten times

—Ni0
Oxide Film| _ NI~ ALO,
Ni
Subscal 02 00 —
uscue[oQ o 0 ® 6 AlLo,

Alloy [

Fig. 17. Schematic drawing of proposed layer structure
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Fig. 18. Oxidation of pure aluminum and oxidation of
Fe-Al 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-ALO,, and microscopic observation of the NiO-
ALO, film showed the film to be porous. These
facts suggest that the oxidation mechanism of
aluminum contained in Ni-Al alloys is different
from that of aluminum contained in the Fe-Al al-
loy.

From the comparison of two oxidation curves in
Fig. 18, it is concluded that the protective AlLO,
film on the Fe-Al alloy was formed directly on the
alloy surface from metallic aluminum. In case of
the oxidation of Ni-Al alloys at 900°C, a subscale
of considerable depth was observed. The metal-
lographic observation on the NiO-ALO, film showed
that the film was a conglomerate of NiO-AlLO,
grains. These findings suggest that the NiO-ALO,
film is formed accordirg'to the following mechan-
ism: Oxygen is dissolved at the oxide-subscale in-
terface, diffuses inward and combines with alu-
minum to form AlQO, particles, which go into the
oxide phase as the oxide-subscale interface ad-
vances toward the interior, and reacts with NiO so
that NiO-ALO, is produced. The resulting NiO-ALO,
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-AlLO, 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 AlO, film
can be expected as in case of the oxidation of the
Fe-Al alloy containing 15.2 mole % aluminum.

Rate-determining step.—X-ray study of alloy
surfaces and metallographic study showed that the
surface of alloys oxidized at 900°C consisted of
nickel containing AlO, 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-Al 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
at 700°C. This is considered to be due to the forma-
tion of the adherent and protective y-ALO, film
on the alloy. On the other hand, the oxidation rate
of Ni-Al 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-ALQO, film which
cannot suppress the flow of nickel ions effectively.
As discussed above, a close relation between the for-
mation of the porous NiO-:ALO, film and the sub-
scale formation seems to exist. Accordingly, it is con-
sidered that a close relationship exists between the
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effect of added aluminum on the oxidation of nickel
and the subscale formation.

It 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-Al alloys at 900°C increases with the
increase in the aluminum content in the composi-
tion range of 1-12 mole 9% 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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Oxidation and Equilibrium in Nonstoichiometric
Zirconium Dioxide Powder

Seymour Aronson

Bettis Atomic Power Laboratory, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania

ABSTRACT

Two properties of nonstoichiometric zirconium dioxide powder have been
studied. Pressures of oxygen in equilibrium with ZrO.., with 0.03 > x>0,
have been determined at temperatures of 900°, 1000°, and 1100°C by passing
hydrogen-water vapor mixtures over the oxide. The measured pressures are
in the range 10 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 ZrO,.;s 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
ZrO, s at 1900°C to ZrO, at 700°C. Other investi-
gators have observed color and weight changes on
reduction of ZrO, (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, ZrO,., 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 ZrO, s in oxygen have been measured at 500°-
650°C. The rates of oxidation of ZrO, .« to ZrO, 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 ppm Fe,
300 ppm Si, 97 ppm Al, 130 ppm Mg, 100 ppm Ca,
and 50 ppm 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 = 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 99.999% and
99.989%, 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 909% 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

9661

1 T
08P (mm) T + 250

(T in °K) [1]
The rate of gas flow was controlled by a modified
Moore flow controller which has been described
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 *+ 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 Table ). Pressures of oxygen in equilibrium with
within 5% of that calculated from Eq. [1]. The ichiometric zirconium dioxid
measured values were used for the calculation of Equilib-
oXxygen pressures. Initial rium
About 0.7 g of the zirconium oxide powder, either  Sition Sition
ZrO, or ZrO,.; was placed in a “spoon” made of ,%ﬁ Gas Temp, p?é{s’;‘g,?e‘, 3{,2,:
clear quartz and was exposed to the gas at tempera-  ™H° G et s zeHo
ture for 4-6 hr. A small iron bar sealed in the op- 49.8(He), 1-s 900 0.00014  1.972
posite end of the spoon, when manipulated by a 49.8(He), 1-f 900 0.00015 1.9715
magnet, permitted rapid withdrawal of the sample 49.8(He), 2-f 900 0.0011 1.9735
from the hot zone after a run. After cooling in the 975 49.8(He), 2-s 900 0.0012 1.9745
dry gas, samples were stored in a vacuum desiccator. 9.12(He), 1-s 900 0.0046 1.9755
The degree of nonstoichiometry was determined 9.12(He), 1-f 900 0.0046 1.977
for each sample from the weight change in the 9.15(A), 1-f 900 0.0065 1.975
sample on oxidation in oxygen at 750°C. It was as- 975 9.15(A), 1-f 900 0.0663 1977
sumed that the stoichiometric composition, ZrO., 9.12(He), 2-f 900 0.038 1.979
was reached. The color changed from gray to white gig sﬁ;’)zéf_ 5 ggg gggg igg(l)
dunpg oxidation. The sample (0.3 g) was placed in 975 9.15 (A),‘z-f 900 0.035 1.9825
a thin, clear quartz pan and was connected by a 1.17(He), 1-f 900 0.25 1981
quartz wire to a coil spring, made of Nispan C alloy, 117 (He): 1-s 900 024 1.982
having a sensitivity of 1.50 mm/mg. The spring 975 1.17(He), 1-f 900 0.21 1.984
balance was enclosed in a glass vacuum system con- 1.17(He), 1-s 900 0.25 1.985
nected to an oil diffusion pump. The displacement of 1.17(He), 2-f 900 2.3 1.985
the spring due to a weight change was measured 1.17(He), 2-f 900 23 1.986
with a micrometer telescope focused on a Nispan 1.17(He), 2-s 900 2.2 1.988
C hair. Before oxidation, the sample was heated 49.8(He), 1-f 1000 0.0073 1.981
in vacuo (~2 x 10~ mm Hg) at 400°C, in the system, 49.8(He), 1-s 1000 0.0099 1.9805
to remove absorbed water which amounted to 0.2- 49.8 (He), 2-f 1000 0.060 1.9825
0.3 mg/sample. The reproducibility of the measure- 975 49.8(He), 2~s 1000 0.073 1.9825
ments was estimated to be within = 0.002 in the 9.15(A), 1-f 1000 0.26 1.983
value of x in the formula ZrO,. from duplicate 9.15(A), 1-f 1000 0.27 1.984
measurements on several samples and from meas- o75 gggggg:tﬁ iggg g%g igggs

urements on stoichiometric ZrO.,.

Ozxidation measurements.—The ZrO,. used for
the rate studies and the equilibrium work was
prepared by heating ZrO, powder at 800°C in
hydrogen. The surface area of the powder was 4.2

9.15(A), 2-s 1000 1.6 1.9835

9.15(A), 2-f 1000 149 1.9855

9.15(A), 2-f 1000 1.7 1.9865

9.12(He),2-f 1000 1.8 1.987
2.3

9.12(He), 2-s 1000 1.987

HIDMNN NHN SNHEND DN RN HR NN NN NN SN R DN NN NHON NN ~NNN ~N o
2 r
2
=

m*/g as determined by nitrogen adsorption using the 975 1.17(He), 1-f 1000 18 1.9855
B.E.T. equation (13). The density of the powder, 1.1;§ge;,1-f lggg 15 %.3865
d b t hloride displ t 1.1 e),l-s 1 15 9875
;nzegsgu/r; y carbon tetrachloride displacement, was 117(He) 1o 1000 16 1989
Oxidation runs were performed in the spring 1.17Ege;, 2-f lggg 148 1.831
balance system described above. The sample was L17(He),2-f 1 14 1.992
heated to the reaction temperature in a vacuum of ;';Z;H:);Z;f :(l)g(()) 143 22 i:z:s
2 x 10 mm Hg. Oxygen was then admitted into the 49.8(He), 1- . -9885
system. The pressure was measured by a mercury 975 49.8(He), 1-s 1100 0.15 1.9895
manometer to = 2 mm Hg. Temperature measure- gggge;vg'; ﬂgg gg igg?
ments were made to = 3°C with a Pt, Pt-10% Rh OLRE e . :
thermocouple placed inside the system adjacent to o giggﬁ;’ i‘i ﬁgg gi igg(llg
the sample. The weight changes were generally 9:12(He’) i—f 1100 7"4 1'_992
followed for about 3 hr. The extent of oxidation 9.12(He),1-s 1100 5.6 1.993
during a run was determined ?rom the we'ight 9.15(A), 2- 1100 43 1.9935
change which occurred on heating the partially 9.15(A), 2-f 1100 42 1.996
oxidized powder in oxygen at 750°C. 975 9.15(A), 2-f 1100 43 1.9965
9.12(He), 2-s 1100 56 1.9955
Results and Discus;ion 975 912(He), 2-f 1100 57 1.9965
Equilibrium measurements.—The pressures of 1.16(He), 1-f 1100 420 1.996
oxygen in equilibrium with nonstoichiometric zir- 975 L.16(He), 1-f 1100 480 1.9975
s _— . s 1.16 (He), 1-s 1100 550 1.9965
conium dioxide were calculated in the manner dis- LI7(He). 2 1100 - T§G0E
A 9 i e), 2- 4
cussed by Foster and Welch (10) using the equation 1.17(He). 2-f 1100 4900 2.0025
p AF® 1.17(He), 2-s 1100 6100 2.000
Jojin Py = 20, 'H20 n [2] 975 1.17(He),2-f 1100 5200 1.9995
Px, 2.303 RT
* The first number in_ s to the volume per cent

the shown in the parentheses.
numbers 1 and 2~ 1ndicate that theJ water vapor pressures are

5 3
I L BRI L R R

S.T.P.) /mn.
ﬂ’lﬂfN'd.H amnIly

with AF° (cal/mole) = —118,000 +26.75 T.] AF°
is the standard free energy for the reaction 2
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+ 0.(g) = 2H,0(g) *Po., Pu,, and Pmpo 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 ZrO, 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 ZrO, 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
UO, (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* + 207 =2AV + O, (gas) + 4Zr* [3]
207 = 24V + O, (gas) + 4e [4]

The symbols have the meanings (AV) anion vacan-
cies, (O%) 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,* Ho., are positive. Since the partial molar free

energies of solution of oxygen, Fo,, are large nega-
tive terms (see Fig. 1), and are related to the
partial molar heats by the standard expression,

1The partial molar properties are defined as the changes in the
properties of the system which occur when a mole of oxygen is
transferred from the gas phase at 1 atm pressure to a large amount
of the solid. The term ‘‘partial molar free energy of solution,” as
used here, is the negative of the term ‘partial free energy of disso-
ciation’” as used by Kubaschewski and Dench (5).
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Fig. 1. Partial molar free energies of solution of oxygen in
ZrOsx.

Fo, = Ho, — TSo,, 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,
Fo, = RT In Po,, 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
ZrO,. 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 800°-
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, s powder to ZrO, at an oxygen pressure of 100
mm 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

2 (2)ew (TR 1

1 2

6
C=1-—
m



Vol. 108, No. 4 OXIDATION IN NONSTOICHIOMETRIC ZrO. 315
[ T AE*PEA"EN“L P{MNsz L /R (N Y P B N N B N PR N G | ] 880 - T(*c) 550 _—
@ THEORETICAL POINTS T T T T

624°C, K= 37x10714
°

593 °C,K=96 %1078

560 °C,Kx29x10™18

7 ]

0s
04 533°C,K=79x107'6 o
03 / L o

Q2
503°C,K=1.7x1076

ol

IS S TR A NN S | (O ) [ [ [P |
o 20 30 9 100 110

50 60
TIME (MIN.)

Fig. 2. Rate curves for the oxidation of ZrOwves to ZrOs

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 ZrO, us
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 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 10 cm. Some theoretical points, calculated
on the basis of Eq. [56] 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 wvs. reciprocal temperature are shown in
Fig. 3 for oxygen pressures of 100 and 20 mm Hg.
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 500°-

E=58.0 £2Kcal/ MOLE

. ©100mm Hgo, * Ro
[ e20mmHgo, N
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2k
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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 postulated 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 ZrO, 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, «s
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,.s, 58.0 kcal/mole,
is higher than the activation energies found for the
oxidation of zirconium. Data obtained on the forma-



316 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

tion of oxide films on zirconium and the oxidation of
ZrO, s 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 ZrO, . 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 ZrO,.; at temperatures up to 650°C
indicates that short circuiting may also occur in the
oxidation of zirconium at temperatures above 525°C.
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The Permeability of Aluminum to Hydrogen

C. N. Cochran

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: 2 2H equilibrium and
to bar the diffusion of hydrogen. Surface films having high 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 9% aluminum was
measured at temperatures from 400° to 600°C and compared with other values

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

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, potassitm, 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 HCI at
55°C inhibited blister formation and prevented gas-
sing of the metal upon heating in water vapor at
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
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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 10™ 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 £°a1,0,—3AF £°m,0)/RT
Pu, = Pﬂgo e

—AF £°u/RT
Pu = (Pu)"e

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

h

pheres hydrogen p

Table I. Equilibrium in

2Al(c) +3H20 (1 atm)—> Al:Os(c) +3Ha(v) Ha(1 atm)- 2H

i o] log Py, log Pu log Pu

25 52.0 —9.6 —35.6
127 38.0 —6.9 —25.9
227 29.8 —53 —20.2
327 24.4 —4.2 —16.3
427 20.5 —34 —13.6
527 17.6 —2.7 —11.5
627 15.4 —2.3 —9.9
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with 1 atm of hydrogen. Free energy data for these
calculations were taken from Selected Values of
Chemical Thermodynamic Properties, Series III,
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.

Experimental 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 ¥4 in. OD alu-
minum alloy tubing (16 to 20 turns, 6 in. long, 2-14
in. to 2-3 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
alloys’ were used with wall thicknesses ranging
from 0.041 to 0.081 cm. An aluminum alloy, X8001,
containing 19 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

1From the calculated partial pressure of atomic hydrogen (10-12
atm) in equilibrium with 1 atm of hydrogen at 500°C, and from
the volume of the system, it was calculated that the number of
hydrogen atoms in the gas 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 every
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.

2 Nominal compositions. 1100 Alloy, 99% minimum Al, maximum
limits 1% Si + Fe, 0.2% Cu, 0.05% Mn, 0.10% Zn, 0.15% others;
5050 Alloy limits, 0.4% Si, 0.7% Fe, 0.2% Cu, 0.1% Mn, 1.0-1.8%
Mg, 0.1% Cr, 0.25% Zn, 0.15% others.
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Fig. 1. Apparatus for measuring permeability of 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 x 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 +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~ mm 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 u pressure, at 1 atm pressure hydrogen, and at
500 u pressure with the glow discharge operating
were determined successively for at least 1 hr each.
In most cases, the rates increased within the first
1 hr to values constant to within =109 over a %
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 %2 hr of meas-
urement and reached values constant to within
+109%. Part of the fluctuation after the 1 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 II. 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
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Table 1I. Effect of surface films on permeability of aluminum
alloys to hydrogen at 500°C

Permeability constant
ml cm
—_— x 101
sec cm?2(mm)1/2

0.5 mm H: Relative

Pretreatment 740 mm  Glow catalytic
He discharge activity
1100 Alloy!
None 4.6 880 0.005
2Min in 5% HF, 25°-40°C 6.2 440 0.01
2 Min in 2.5N HC], 70°C 5.5 300 0.02
1 Hr in air with NaBF,,
500°C 10 940 0.01
1 Hr in air with KBF,,
600°C 8.8 230 0.04
1 Hr in air with KBF,,
500°C 8.8 1300 0.007
1 Hr in air with NH,BF,,
500°C 8.5 46 0.2
0.0006 in. Nickel plate,
0.00005 in. copper strike
and zinc immersion
coating underneath 3.7 7 0.5
0.00005 in. Copper strike
and zinc immersion
coating underneath 0.81 730 0.001
0.0006 in. Cobalt plate,
0.00005 in. copper strike
and zinc immersion
coating underneath 2.9 14 0.2
0.0002 in. Iron plate 3.0 14 0.2
0.0002 in. Chromium plate 7.4 28 3
Above tubing with plating
removed with scratch
brush 7.0 1300 0.005
Metallized with molybde-
num 10 65 1.5
Metallized with tungsten
in plasma flame 5.9 15 0.4
10 Min, 20% NaOH, 25°C 0.63 1400 0.0004
Alcoa R-5 bright dip*
process 0.04 4000 0.00001

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 Alloy?

None 12 1700 0.007
2 Min in 5% HF, 25°-60°C 7.0 61 0.1
2 Min in 25N HCI, 70°C 14 61 0.2
120 Min, saturated NaCl,

110°C 2.7 85 0.03
1 Hr in air with NaBF,,

500°C 7. 240 0.03
1 Hr in air with KBF,,

500°C
1 Hr in air with NH,BF,,

500°C 0.74 30 0.02
Nickel immersion coating,

inside and outside sur-

faces (electroless proc-

ess, 20 min, 200°F) 15 66 0.2
10 Min in 20% NaOH, .

20°C 0.1 1300 0.0001
10 Min, 20% KOH, 29°-

45°C 1.1 1400 0.0008
1 Min, bright dip 2 550 0.004

11.0% Si + Fe, 0.2% Cu, 0.05% Mn, 0.1% Zn, 0.15% others,
nominal composition.

20.4% Si, 0.7% Fe, 0.2% Cu, 0.1% Mn, 1.0-1.8% Mg, 0.10% Cr,
0.25% Zn, 0.15% others, nominal composition.

3 Patented process.
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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
(Y4 ft* volume) and the furnace door was closed.



320 JOURNAL OF THE ELECTROCHEMICAL SOCIETY

At a given temperature of application, the effec-
tiveness of the fluoborates with 1100 and 5050 al-
loys fell off in order of their decreasing decomposi-
tion pressures, ammonium fluoborates being highest,
sodium fluoborate next, and potassium fluoborate
the least. The films formed on 5050 alloy by the
action of fluoborates were also good barriers to the
diffusion of hydrogen, as judged by the lowering of
the permeability constants in both the normal
atmosphere and in the glow discharge.

Etching the surface of the specimens with 5%
aqueous HF or 2.5N HCI increased the catalytic
activity of 5050 alloy more than that for 1100 alloy.

Treatment of 5050 alloy in a saturated boiling
solution of sodium chloride in water for 2 hr re-
sulted in a surface with a low permeability con-
stant in the glow discharge similar to the value
obtained in the treatment with hydrochloric acid,
but with a permeability constant in the normal
atmosphere below that produced by hydrochloric
acid.

High-Temperature Water Alloy

Unoxidized X8001 alloy had permeability con-
stants very much like untreated 1100 or 5050 al-
loys in both the normal atmosphere of hydrogen
and the glow discharge. The X8001 alloy was oxi-
dized in water for 24 hr at 360°C, conditions which
would have completely consumed 1100 alloy. The
permeability constants of the oxidized X8001 alloy
in both atmospheres at 500°C were reduced about
seventyfold, with a relative catalytic activity of
0.006, the same value as for the unoxidized material.
This indicates the presence of a barrier to hydrogen
diffusion by the oxidized surface which can con-
tribute to the relatively high resistance to corrosion
of X8001 when exposed to water at high tempera-
tures or pressures. However, Tragert (12) did not
find appreciable differences in the permeability of
alloy 1245 (99.45% Al) and alloy X8001 to hydro-
gen during oxidation by water for 4% hr at 300°C.
He concluded that the nickel alters the corrosion
product film to render it less permeable to the dif-
fusing reactants, aluminum or water, than to the
hydrogen.

Metallic Films

Lowering of the permeability constants in the
glow discharge by metallic films on 1100 alloy be-
came more pronounced in this approximate order:
tungsten, iron, cobalt, nickel, molybdenum, and
chromium. The permeability constants in the nor-
mal atmosphere were large and varied over a four-
fold range for these materials, with little apparent
relationship to the values in the glow discharge.
The action of these metal films is mainly catalytic
in contrast to the action of nickel in X8001 alloy.
As evidence of the catalytic action of these metallic
films, the nickel-coated sample had the highest
permeability in a normal hydrogen atmosphere, and
the chromium plated sample had the lowest perme-
ability in the glow discharge of any of the materials
tested. In the latter case, removal of the loose
chromium plate with a scratch brush at the end of
the test returned the permeability constant in the
glow discharge to a high value typical for untreated
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surfaces. Nickel coatings were as effective on 5050
alloy as on 1100 alloy.

These results bear out the suggestion of Draley
and Ruther that metals of relatively low hydrogen
overvoltages should catalyze the conversion of
hydrogen atoms to molecules on aluminum, Cop-
per, on the other hand, which has a relatively high
hydrogen overvoltage did not lower the permeabil-
ity constant in the glow discharge when plated on
the aluminum, and the permeability constant in the
normal atmosphere of hydrogen was far below the
value for an untreated aluminum surface.

Caustic and Chemical Brightening Solutions

Etching in sodium hydroxide produced surfaces
on both alloys with very low permeability constants
in the normal hydrogen atmosphere. Potassium
hydroxide had less effect than sodium hydroxide on
5050 alloy. Treatment of 1100 alloy with a phos-
phoric-nitric acid brightening solution reduced the
permeability constant in the normal hydrogen
atmosphere to one hundredth of the value for an
untreated tube; it raised the permeability constant
in the glow discharge to almost five times the value
for the untreated tube. Similar treatment of 5050
alloy lowered the permeability constants in the
glow discharge and in the normal atmosphere by
three-and sixfold, respectively, from the values for
untreated surfaces.

Change of Permeability Constant with Temperature

The change of the permeability constant with
temperatures between 400° and 600°C was meas-
ured for 1100 alloy having an untreated surface. The
permeability of this material at 500°C in a normal
atmosphere of hydrogen was only 37% below the
highest value found in this work in the absence of
the discharge, indicating that the untreated surface
had appreciable catalytic activity. The permeability
constants are compared in Fig. 2 with the values
from the literature.

Smithells and Ransley (1) found that the per-
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Fig. 2. Permeability constant of hydrogen in solid aluminum
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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 3 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 10™ to 2 x 10™
ml ecm/sec ecm’ (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
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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 paper will appear in a Dis-
cussion Section to be published in the December 1961
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Oxidation of High-Purity Aluminum and

5052 Aluminum-Magnesium Alloy at Elevated Temperatures

C. N. Cochran and W. C. Sleppy

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

ABSTRACT

Oxidation of chemically polished high-purity aluminum in dry oxygen,
water vapor, and moist air at temperatures from 450° to 640C° is characterized
by a near-linear reaction rate to a weight gain of 3 ug/cm? followed by a rate
that decreases rapidly with further weight gain. Oxidation beyond the 5-7
wg/cm® 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 (1), Smeltzer (2), and Ayl-
more, Gregg, and Jepson (3) found that weight
gains of metallographically polished high-purity
aluminum in oxygen exceeded the 30 pg/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 at 450°C to 1 hr at 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 at 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/cm®) at 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.
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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 304, to 4 at an oxide thickness
of 1004, 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 (8), 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/cm*®
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/cm® 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/cm’. Weight gains as high as 70 pg/cm?’
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 MgALO, 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 (10), 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 |
Element %
High-purity aluminum

Cu 0.004
Fe 0.001
Si 0.003
Mg 0.004
Zn 0.003
Mn, Nj, Cr,

Ti, Pb <0.001

5052 Alloy

Cu 0.03
Fe 0.25
Si 0.12
Mn 0.07
Mg 2.35
Zn 0.02
Ni 0.004
Cr 0.22
Ti 0.007
\% 0.006
Pb 0.001
B 0.001
Be, Sn, Bi <0.001
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The samples were usually 0.003 in. thick alumi-
num foil, 4x2 in. for the manometric measurements,
and 2x1% 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 509% 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/cm®. 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 23°C 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 1° and 0.5°C higher than the temperature
at the middle position. The temperature at the con-
trol thermocouple averaged 25°C 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 process.

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 S;. 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
+ 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 S; 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 S; was then closed. The trapped gas was
expanded into the empty cell by opening stopcock
S.. Stopcock S, 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 S, and S; 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 calculation of manometric data.—The
weight gain of the aluminum is given in terms of the
experimentally measured quantities by Eq. [1].

AW =Kk (1 +K.) [1]

K1=37.7[2%]p [2]

i i

where
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and p is the density of the manometer fluid in g/ml;
P,, 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; T, the temperature of the tubing
outside the furnace, °K; V./T,, the volume in ml of
sample cell at temperature T, divided by the tem-
perature T, in °K; V,/T",, the volume in ml of refer-
ence cell at temperature T, divided by the tempera-
ture T, in °K.

The first term in Eq. [1] 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
K, = 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

o T T T T T T
w L2
S 100~ 00 \ i
Py ] RUN 875614, CHEMICAL ETCH
g ° 17-21 RELATIVE ROUGHNESS
v o RUN 8756-20, CHEMICAL SVEK -
5 TR N Ros e
w | o o000 ° © i
E 80 o
a ©
<0 o 9 o
i 4
= 60 —
© RUN 8736-2, 000 POLISH
4 %0 /
@ sol- ° nversen, ooopousn ]
« ©0,0° e
& 0 ° i

40 oo .
z ¢ o
g sl 14 -uu 873612, 0000 POLISH |
g @ SR——
g 20
s RUN 8786-4, AS ROLLED Ilunv[
8 m-m. RovomNEss
g, un a736-1, 73 om or_|
E mEamg \.;Lmn ROUGHNESS 10

Y a
of M‘H d Y

7
HOURS

Fig. 2. Effect of surface roughness on oxidation of high-
purity aluminum foil at 525°C in 25 c¢m of moist air.
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progressively finer finishes, i.e., 0000 metallographic
paper and a magnesium oxide polish, lowered the
weight gain on oxidation to the value obtained with
the R-5 treated sample.

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)
gave weight gains about twenty times higher than
for the R-5 treated samples. Additional evidence that
these differences are produced by surface roughness
is provided by measurement of the surface roughness
of several of these samples by the radioactive phos-
phoric-chromic acid method of Lewis and Plumb
(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
shown in Fig. 2 may result from the spacing of the
individual asperities relative to the thickness of ox-
ide that forms. The linearity of the initial portions of
the curves for the chemically etched surface implies
that the high roughness factor of these samples
(17-21) results from asperities separated by at
least the thickness of the barrier film that forms
during oxidation. The rounding of the oxidation
curves for the samples polished with 000 paper and
0000 paper indicates that the asperities that cause
the roughness in these cases are more closely spaced
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 proceeds.
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Fig. 3. Oxidation of high-purity aluminum in 150 mm of dry
oxygen, manometric data.
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Fig. 4. Oxidation of chemically polished high-purity alu-
minum in 50 mm of dry oxygen.
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Fig. 5. Oxidation of chemically polished high-purity alu-
minum in 50 mm of air containing 1.4 mm of water vapor.
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Fig. 6. Oxidation of chemically polished high-purity alu-
minum in 4.6 mm of water vapor.

Oxidation Rates

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
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

The agreement between data obtained by the
manometric and the gravimetric methods is good.
Differences between the two were of the same order
of magnitude as deviations between  identical ex-
periments on the same system. The only appreciable
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Fig. 7. Oxidation of chemically polished 5052 aluminum
alloy in 50 mm of dry oxygen.
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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 +0.15 ug/cm® and occurred in
the first 5-10 min 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 ug/cm® weight
gain level, the reaction accelerates and reaches a
maximum between 1 and 2 ug/cm’. The rate begins
to decline between 3 and 4 pg/cm’. Beyond this it
decreases rapidly to a much lower rate in the 5-7
ug/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 550°C, 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
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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 pg/cm’, compared to subsequent oxidation
weight gains of 32 and 55 wg/cm’ 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 —39% 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 1 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 oxy