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ABSTRACT

The differences in the electrochemical behavior of a rapidly solidified, two-phase (matrix and dispersoid) microcrys-
talline Al-based alloy containing Fe, IT, and Si (FVSO812 alloy), the bulk forms of its phases, and polycrystalline Al were
investigated in neutral borate buffer solution. FVS0812 shows higher activity than the matrix and pure Al, whlle the dis-
persoid is the most active, due to oxygen evolution and dissolution, even in this benign solution. Barrier oxide films
formed at FVS0812 appear to be generally uniform and similar in thickness to those formed at the matrix material. At
low anodizing voltage the dispersoid phase appears to form an oxide film, although some loss of Fe and V is inferred.
Howeve; at higher voltages, evidence for the incomplete oxidation of the dispersoid phase and its incorporation and/or
subsequent loss from some sites in the oxide film is seen, leading to a more flawed film of less uniform thickness. The
higher capacitance of the oxide film at FVSO812 compared to that of films formed under identical conditions at Al and
the matrix is consistent with the penetration of solution, via flaws, into the oxide film and the development of regions of
thinner oxide film at dispersoid containing sites.

Introduction
In recent years, the technique of rapid solidification of

molten metal has led to the development of new alloys
which are intermediate in nature between crystalline and
amorphous materials. These microcrystalline alloys pos-
sess improved properties that are unobtainable by conven-
tional casting methods.1'2 The microcrystalline, Al-based
alloy under research, designated as FVSO812 by its devel-
oper, Allied Signal Inc., is a rapidly solidified alloy con-
taining the elements Fe, V, and Si in addition to Al. Table I
summarizes the atomic and weight percents of the ele-
mental components of FVS0812.3 A description of the two-
phase microstructure is detailed in previous papers.48
Briefly, the microstructure of alloy FVSO812 consists of
nanometer-sized (ca. 50 nm), nearly spherical, intermetal-
lic "dispersoids," of nominal composition A113(Fe,V)3Si,
uniformly distributed throughout an Al-rich matrix phase
of microcrystalline grain size.

In spite of the many advantages inherent in rapidly
solidified Al-based alloys,7'9'"1 an undesirable property of
alloy FVSO812 is its reported inabllity to form a thick,
porous, protective oxide film using either regular or hard
anodizing methods.8"1 In contrast to the porous oxide film
produced on conventional Al alloys, which can be 60 to
100 p.m in thickness, the oxide fllm on alloy FVSO812
reaches a limiting thickness of ca. 2 jim. Moreover, the
oxide film which does form at FVSO812 can be removed
relatively easily.

The overall goal of this research project was to establish
the reasons for the FVSO812 alloy's inability to form a
strong, adherent, thick, porous oxide film. As it was con-
sidered that a contribution to the difficulties inherent in
the anodization of alloy FVSO812 in acidic medium, com-
pared to pure Al and cast alloys, might arise from the
properties of the barrier oxide film underlying the porous
oxide,8 the work reported in this paper focuses on oxida-
tion of FVSO812 in barrier-film-forming, neutral boric
acid/sodium borate solution. The primary objective of the
present work was to evaluate barrier film formation at
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FVSO812 by carrying out comparative studies of the
behavior of pure Al, the bulk forms of the matrix phase,
and the intermetallic dispersoid phase of the alloy, and the
FVSO812 alloy itself in pH 7 solution. It is shown that even
in the neutral borate medium, FVSO812 does not passivate
as well as does Al, probably due to more active electro-
chemistry of the dispersoid phase. Transmission electron
microscopy (TEM) and impedance results suggest that the
dispersoids introduce regions which are thinner and/or
flawed in the oxide film formed at FVSO812.

Experimental
Electrodes and cells—The working electrodes (WE)

employed in this study and the electrode surface prepara-
tion methods have been described previously.8 Briefly, the
WEs included a pure polycrystalline Al rod (geometric
area of exposed surface ca. 0.32 cm2), the extruded form of
alloy FVSO812 (rod, ca. 0.27 cm2), single-phase matenal con-
sidered to be equivalent in composition to the matnx phase
of the alloy and referred to as "matrix" (rod, ca. 0.20 cm2),
and single-phase material considered to be equivalent in
composition to the intermetallic phase of the alloy'2 and
referred to as "dispersoid" (chip, ca. 0.25 cm2). Electrodes
were covered by an inert resin except for the exposed
cross-sectional working surface area. Surface preparation,
which preceded every trial, consisted of hand polishing the
dispersoid electrode, while fresh surfaces of the other WEs
were obtained by machine lathing at 1000 rpm for pure Al
and the matrix material and 2000 rpm for alloy FVSOB12.
This was followed by a cleaning and rinsing process.° All
current densities (i), impedances (Z), resistances (K), and
capacitances (C) are reported with respect to the WE geo-
metric surface area in this paper.

The three-compartment glass cell arrangement has been
detailed previously.8 The reference electrodes (RE) were
either a calibrated iridium oxide electrode [ca. 0.43 V vs.
the standard hydrogen electrode (SHE)] or a saturated
calomel electrode. All potentials are referenced to the SHE
in this paper. For work involving electrochemical imped-
ance spectroscopy (EIS), a fourth electrode, a smooth Pt
wire, was placed in the WE compartment and connected to
the RE via a 6.8 p.F capacitor to reduce phase shift errors
at high frequencies, due to the high ohmic RE system. For
work at constant potential, a Pt counterelectrode was
positioned directly in the WE compartment and no RE was
used.Table I. Composition of alloy FVSO82.

Atomic percent
(a/n)Element

Al
Fe

V
Si

Weight percent Electrochemical instrumentation.—The electrochemical
(w/O) instrumentation employed has been described previously.8

Experiments were carried out utilizing either an EG&G
93.2 88.5 PAR 273 potentiostat/galvanostat or an EG&G PAR 173

08 113 combined with a PARC 175 function generator. The elec-
1.7 1.7 trochemical data were plotted on a Hewlett Packard

558 J. Electrochem. Soc., Vol. 144, No. 2, February 1997 The Electrochemical Society, Inc.



J. Electrochem. Sac., Vol. 144, No.2, February 1997 The Electrochemical Society, Inc. 559

7045B X/Y recorder. A Kepco power supply was used for
work at constant voltage while the current/time transients
were plotted on a Linear strip chart recorder. A Solartron
Schlumberger 1255 HF frequency response analyzer con-
nected to a Solartron Schlumberger 1286 electrochemical
interface was used for impedance measurements, carried
out at 0.1 V vs. SHE in neutral solution, using a constant
perturbating signal amplitude of ca. 5 mV, over a typical
frequency range of 100 to 1O Hz. The data were collected
using Z-PLOT software by Scribner Associates and ana-
lyzed with EQUIVALENT CIRCUIT Version 4.51 software
by Boukamp, University of Twente. Best-fit equivalent
circuits, modeling the various oxide-coated substrates
under study, were selected on the basis of the lowest value
of the x2 error, and on reasonable, low errors of the fitted
values of the circuit elements.

Solutions and solution analysis.—The neutral solution
used was 0.5 mol liter' boric acid/0.025 mol liter' sodi-
um borate, a buffer solution of pH 7.0, prepared with A. C.
S. reagent grade chemicals and triply distilled water.
Solutions were usually stirred and deaerated by bubbling
argon gas through the solution before and during the
experiment, although occasionally this was not done for
work at constant potential. The temperature of the solu-
tion in the cell was usually controlled at 20 5°C,
although occasionally it was allowed to reach ambient
temperature.

Solutions used in the electrochemical experiments were
analyzed to establish the extent of metal dissolution by
using either a ARL 35 000 C, ARL 3510, or Thermo Jarrell
Ash Atom Scan 16 inductively coupled plasma-atomic
emission spectrometer (ICP-AES).

Surface analysis.—Thin sections (ca. 30 nm) of selected
surfaces were prepared by ultramicrotomy using either an
RMC MT 6000 or a Reichert/Jung Ultracut E ultramicro-
tome and examined with either a Hitachi H 7000, Hitachi
H 9000, or Philips 400 transmission electron microscope
(TEN), as described previously.0 The composition of the
ultramicrotomed sections was determined by energy dis-
persive x-ray analysis (EDX) using an Oxford Instruments
Link AN 10 000 attached to the Hitachi H 7000 and H 9000
TEN.

Results and Discussion
Oxide growth at constant voltage—A series of experi-

ments was performed in which the currents at the four
WEs under study were monitored at various constant
potentials after stepping or scanning at 100 mV/s from the
open-circuit potential. As shown in Fig. 1, for all sub-
strates, the current at constant voltage decreased with
time, displaying an i/t transient typical of Al in neutral
solution.13'14 In this work, at a potential of 10 V, the
steady-state leakage current at pure Al after 30 mm was
ca. 0.003 mA/cm2 (Fig. 1), comparable to that reported by
others for Al.15 There was a significant difference in the
magnitudes of the final leakage currents of the substrates
under study, with that of pure Al and the matrix material
being similar and less than that of the alloy, which, in turn,
was substantially less than that of the dispersoid (Fig. 1).
At 10 V, after 0.5 h, the current densities observed at pure
Al, the matrix material, alloy FVSO812, and the bulk dis-
persoid were 2.8 x l0-, 5.1 >< i0, 3.6 x io-, and 3.0 X10 mA/cm2, respectively. Normalized to the current den-
sity of pure Al, this provides a sequence of electrochemical
activity, at 10 V, of 1 to 1.8 to 13 to 110 for pure Al, the
matrix, FVSO812, and the dispersoid. During oxidation at
50 V, the disparities in the current densities became even
greater, providing relative ratios, at 0.5 h, of 1 to 6 to 40 to
220 for pure Al, the matrix, FVSO812, and the dispersoid
material, respectively.

For pure Al and the matrix, which are not expected to
dissolve significantly in room temperature neutral solu-
tions,13'16'17 this steady-state current observed after 0.5 h
may be considered to be a combination of electronic cur-
rent through conducting pathways in the film caused by
flaws arising from impurities and/or locally thinner

regions of oxide, allowing oxygen evolution to occur at the
oxide surface,17 as well as continuing slow oxide growth
due to the passage of ionic current.10 The evolution of oxy-
gen observed visually at the surface of the dispersoid
material in neutral solution is consistent with the relative-
ly high leakage current measured for that substrate.
Clearly, the anodic oxide film formed at the dispersoid
phase does not provide equivalent protection to the under-
lying substrate as it does for pure Al and the matrix mate-
rial. However, the oxidation of water at the dispersoid sur-
face contributes only partially to the anodic charge passed
during polarization at positive potentials. In fact, the dis-
solution of the bulk dispersoid, a phenomenon that would
contribute to the high anodic leakage currents, has been
confirmed by ICP-AES solution analysis. Whereas no ions
were detected in solution after anodization of pure Al, the
matrix or FVSO8I2 for 0.5 h at either 10 or 50 V, the solu-
tions in which the dispersoid was oxidized under the same
conditions contained measurable levels of Al and Fe.

At all potentials, the i/t transients and the magnitudes
of the currents at FVSO812 suggest that a predominately
barrier film is formed at the alloy surface in neutral borate
solution. The excess leakage current at the FVSO812 alloy,
compared to pure Al and the matrix material, is undoubt-
edly related to the presence of the dispersoid phase.
Although visually unnoticeable at 10 V, evolution of oxy-
gen at the alloy surface was observed at 50 \1 suggesting
that the oxide film at the alloy's surface is more flawed
than is the barrier oxide film formed under comparable
conditions at pure Al and the matrix. Although dissolution
of the dispersoid phase can clearly occur under these con-
ditions, no dissolved Fe or V could be detected by ICP
solution analysis following anodization of the alloy at 10
and 50 V This may indicate that the presence of the adja-
cent matrix phase partially protects the dispersoid in the
alloy from high rates of dissolution. The significantly larg-
er leakage currents for FVSO812, vs. pure Al and the matrix
material, shown in Fig. 1, may therefore be attributed to
continuing oxide growth at the matrix phase, perhaps very
low rates of dispersoid dissolution and primarily oxygen
evolution at the poorly protected dispersoid sites.

In summary, the work at constant voltage provides a
sequence of electrochemical activity. The dispersoid mate-
rial, displaying the highest leakage currents due to both
oxygen evolution and some metal dissolution, has a signif-
icantly greater activity than that of alloy FVSO812, the
activity of which, in turn, is greater than the similar activ-
ity of pure Al and the matrix material.

Potentiodynamic studies.—After an extensive literature
search on the electrochemical behavior of Al and its alloys

Time (mm.)
Fig. 1. Current densities observed at pure Al, the matrix, alloy

FVS08 12, ond the dispersoid at 10 V in 20°C neutral boric
acid/sodium borate.
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in barrier-film--forming solution, it was established that
little work based on potentiodynamic methods has been
reported previously.'929 In the present work, cyclic voltam-
metry (CV) was used to examine differences in the electro-
chemical behavior of the substrates during the early stages
of barrier film formation. Figure 2 compares the CVs of
pure Al, the bulk matrix material, alloy FVSO812, and the
bulk dispersoid material at a sweep rate of 100 mV/s in
neutral boric acid/sodium borate. For all substrates, an
anodic peak is seen at the negative end in the first anodic
potential scan. Barrier film formation for pure Al and the
matrix is evidenced by quasi-stationary plateau current
during the anodic sweep, consistent with the literature.23
Importantly, the CV responses of the pure Al and the
matrix material are seen to be virtually indistinguishable
from each other.

Figure 2 shows that all substrates exhibit significantly
lower current on the first cathodic sweep. There is almost
no anodic current on the second and subsequent anodic
sweeps until potentials approaching the previous upper
limit are reached (shown in Fig. 2 inset for the matrix sub-
strate). This is indicative of barrier oxide formation at all
four substrates. The CVs for pure Al, the matrix, and
FVSO812 exhibit a type of hysteresis behavior upon rever-
sal of sweep direction at the upper potential limit on the
second and subsequent cycles (not shown), in which the
current on the cathodic sweep is greater than that on the
anodic sweep. This phenomenon may be related to what
has been variously described as the relaxation of faradic
processes at the barrier oxide/solution interphase3° or the
decay of the mobile ionic space charge layer in passive
films.31'32 As this hysteresis behavior is not observed with
the dispersoid material, the formation of a different type
of oxide film at the dispersoid is suggested.

Consistent with the results at constant voltage (Fig. 1),
the dispersoid displays the highest activity of all the sub-
strates (Fig. 2), with a plateau current seen up to cc. 1.5 V,
followed by a linearly increasing current with a further
increase in potential. As the intermetallic dispersoid is
composed of cc. 76 atom percent (a/o) Al, some oxide film
formation would be expected at the dispersoid surface and
indeed is apparent from the significantly reduced current
on the cathodic sweep compared to that in the anodic
sweep and the decreasing anodic current with each cycle
of potential. Although significantly less active than the
bulk dispersoid material, the more active response of
FVSO812, compared to pure Al and the matrix, reflects the
presence of the more active dispersoid phase in the alloy
A similar influence of the dispersoids on the electrochem-

ical behavior of the alloy was observed in acidic medium.8
It is interesting that when the CV response of FVSO812 in
this neutral medium is overlaid with a theoretical CV
based on 73% of the bulk matrix CV response and 27% of
the bulk dispersoid CV response, a very good fit is
observed, as shown in Fig. 3. The similarity of these exper-
imental and theoretical CVs for FVSO812 indicate that, by
and large, the two phases within the alloy, rather than
behaving synergistically, are not affecting each other in
any notable way.

In summary, potentiodynamic studies support the
sequence of activity obtained from the work at constant
voltage, with the dispersoid displaying electrochemical
activity significantly greater than alloy FVSO812, which is
slightly greater than the almost equivalent activity of pure
Al and the matrix material. The matrix material behaves
very similarly to pure Al, forming a barrier oxide film in
this medium. Evidence for some barrier oxide film forma-
tion at both the FVSO812 alloy and its dispersoid phase is
clearly seen. The signatures of both the matrix and the dis-
persoid phases are seen in the CV response of alloy
FVSO812.

Surface analysis.—Micrographs of cross sections of the
oxide films formed in room temperature neutral boric
acid/sodium borate at pure Al, the matrix, and FVSO812
are shown in Fig. 4 to 6. TEM analysis could not be per-
formed on the bulk dispersoid material either before or
after anodization as the extreme brittleness of this substrate
prohibited the ultramicrotomed sectioning of the thin slices
necessary for TEM work. Therefore, the thickness and
nature of its oxide film are not known with certainty

TEM micrographs of cross sections of the oxide films
formed in neutral solution at 10 V at the matrix material
and FVSO812, Fig. 4a and b, respectively indicate rela-
tively featureless films of uniform thicknesses of ca. 20
nm. These films appear to be very similar in thickness and
in uniformity to those grown on Al in several different
barrier.film-forming solutions. 13,33-35 Importantly no visi-
ble penetration of flaws to the substrates underlying the
oxide films can be resolved at the 10 V anodizing poten-
tial. Also, no clear evidence for unreacted dispersoid, or of
voids which might originally have contained the disper-
soid, can be seen in the oxide film formed at the alloy at
10 V (Fig. 4b). This suggests that, while some of the Fe and
V may have dissolved from the dispersoid, its principle
mode of oxidation is to form an oxide film (consistent with
the i/t and CV profiles in Fig. I and 2) which is indistin-
guishable by TEM analysis from the film formed at the

Current
(mAIcm2)

Potential (V vs. SHE)

Fig. 2. Cyclic voltammograms of pure Al, the matrix, alloy
FVS08 12, and the dispersoid at 100 mV/s in 20°C neutral boric
acid/sodium borate. Inset shows second cycle hysteresis behavior
for matrix, using some axis units.

Potential (V vs. SHE)

Fig. 3. Comporison of experimental CV of FVSO8 12 to theoretical
CV of FVSO81 2 obtained by a mothematicol combination of 73% of
the CV response of the bulk matrix material and 27% of the CV
response of the bulk dispersoid material.
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matrix phase. However, it can be presumed that the loss of
some Fe and V from the dispersoid during anodization of
the alloy would lead to a flawed, lower density oxide film
at the dispersoid sites, consistent with the higher rates of
oxygen evolution observed at both the bulk dispersoid
material and at the FVSO812 alloy.

The micrographs of the oxide formed to 50 V at pure Al
and the matrix, Fig. 5a and b, respectively, show feature-
less, compact films of relatively uniform thickness which
follow the profile of the substrate. EDX analysis of the
films indicated only the presence of Al, and Cu from the
supporting Au grid. The thicknesses of the oxide films
formed at pure Al and the matrix appear to be quite simi-
lar, i.e., ca. 85 to 90 nm for pure Al and 90 to 95 nm for the
matrix. This similarity confirms the almost identical elec-
trochemistry of pure Al and the matrix material, seen in
both potentiodynamic and constant voltage experiments.
The average thickness of 87 nm for pure Al yields an
anodizing ratio (ar) of 1.6 nm/V in this medium. This a
value is greater than those often quoted in the literature,
ranging from to 1.4 nm/V,33 for oxide films formed
at pure Al by the application of a constant current until
the desired potential is reached, followed by immediate
removal of the electrode from the solution. The ar obtained
in the present work agrees more closely with an ar of 1.6 to
1.7 nm/V reported for films formed at constant current to
50 V and then held at that potential for 1 to 2 h before
removal from solution.'5 A thorough search of the litera-
ture has revealed that reported values of a for barrier
oxide film formation depend upon the formation condi-
tions employed. While this has been mentioned sporadi-
cally in early published work,3' it does not appear to have

been generally recognized in much of the more recent lit-
erature.

The oxide film formed at 50 V at FVSO812 is seen to be
generally quite featureless (Fig. Sc), having a very similar

5a

5b

Fig. 4. Oxide film formed in 20°C neutral boric acid/sadium
borate at 10 V: (a) at matrix for 1 h and (b) at FV50812 for 2 h.

r
Fig. 5. Oxide film formed in 20°C neutral boric acid/sodium

borate at 50 V for 2 h: (a) at pure Al, (b) at matrix, and (c) at
FVSO81 2.
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thickness to that formed at pure Al (Fig. Sa) and at the
matrix material (Fig. Sb), ca. 93 nm. However, in some
locations, some significant differences in the FVSO812
oxide film can now be seen (Fig. 6a and b). For example,
Fig. 6a shows that occasional segments of the oxide film
are thicker, up to 240 nm, and flaws which penetrate to the
substrate can be observed in these regions of the film.
Additionally, small, random segments of the oxide film are
missing (Fig. 6a); these voids, such as shown in the right-
hand side of Fig. 6a, have a very similar size to that of an
individual dispersoid. This may suggest that these voids
were originally filled by incompletely oxidized disper-
soids, which were then lost from the film, either during the
oxidation process, or during the preparation of the speci-
men for the microscopy work. In only infrequent locations,
an individual dispersoid is observed to be still retained in
the oxide film (Fig. 6b). This incorporation was confirmed
by EDX analysis, which indicated the presence of Fe and
V in addition to Al in the region of the oxide film in which
the darker area, assumed to be the dispersoid material,
was observed. EDX analysis of the featureless regions of
the oxide film, comprising the majority of the film mater-
ial, indicated only the presence of Al and Cu, again from
the Cu grid.

6a

A possible reason for the heterogeneous nature of the 50
V FVSO812 oxide film in some locations may be that during
the more aggressive oxidation of the material at 50 V (vs.
at 10 V), oxygen evolution at some dispersoid sites causes
a significant increase in the local acidity. This could result
in enough dissolution of the dispersoid to permit the dis-
persoid to fall out of the oxide film during either the
anodization or the sectioning of the specimen, leaving the
voids shown in Fig. 6a. Additionally, the local acidity near
a dispersoid site would contribute to oxide dissolution and
hence further oxide growth, similar to the processes occur-
ring during porous film growth in acidic medium, result-
ing in the thicker regions of oxide displayed in Fig. 6a. At
some other sites, retained dispersoids lead to the forma-
tion of a relatively thin oxide film at the dispersoid surface
(Fig. 6b). In cases where the local acidity did not increase
at a dispersoid site, the matrix surrounding the dispersoid,
and the dispersoid itself, form the more i.miform oxide film
seen in Fig. Sc.

Overall, the surface analysis work confirmed the ability
of both the matrix material and alloy FVSO812 to form a
compact oxide film in borate solution, composed primari-
ly of Al and 0, similar to that formed at pure Al. In the
present work, the average value of ar, based on TEM meas-
urements, is ca. 1.6 nm/V for pure Al, in agreement with
the value reported in the literature for barrier oxide films
formed on pure Al under similar conditions. Although vir-
tually indistinguishable from oxide films formed to 10 V at
pure Al and the matrix, the oxide film at FVSO812 differs
significantly from films formed to SO V at those two sub-
strates. At SO V, the oxide film at the alloy is no longer a
fully intact barrier oxide film, as seen by the presence, in
some locations, of flaws which penetrate to the substrate.
Although the majority of the alloy's film is uniform in
thickness, thicker regions of oxide are formed at infre-
quent intervals at the FVSO812 surface. The incomplete
oxidation of dispersoids and their subsequent physical loss
or retention in the oxide film formed at FVSO812 at SO V is
also suggested by the TEM study.

Elect rochemical impedance spectroscopy.—EIS was
used to probe further the differences between the surface
oxides formed at the various substrates. In a series of
experiments, anodic oxide films were grown by stepping
the potential of the WE from open circuit to various upper
potential limits. After 2 h at the upper limit, the potential
of the WE was reduced to 0.1 V and impedance measure-
ments were conducted at this value, a potential at which
the neutral boric acid/sodium borate is nonaggressive to
the substrates. Figure 7a and b shows the Bode plots illus-
trating the dependence of total impedance and phase
angle, respectively, on the ac frequency for oxide films
formed to a potential of 10 V at pure Al, the bulk matrix
material, alloy FVSO812, and the bulk dispersoid materi-
al. Figure 8a and b represents, comparable plots for oxide
films formed to a potential of SO V. The —1 slopes of the
impedance Bode plots, reflected in the values of the n
exponents (Table II and III) for pure Al, the matrix, and
FVSO812, indicate that the barrier oxide films at these
substrates are responding capacitatively39 over the fre-
quency range of 10' to io Hz for films formed at a poten-
tial of 10 V and 10' to io Hz for films formed at a poten-
tial of SO V. In contrast, the Bode slopes for the dispersoid
material over the same frequency ranges are —0.82 and
—0.78 at 10 and SO V, respectively. The maximum values of
the phase angles shown in Fig. 7b and 8b approach —90° for
pure Al, the matrix, and alloy FVSO812; the lowest value is
—84° at SO V for FVSO812. In contrast, the maximum value
of the phase angle achieved by the dispersoid is —74°.
Phase angle values close to —90° provide another indica-
tion of films functioning primarily capacitatively within
the frequency range monitored. The different nature of the
oxide formed at the dispersoid surface is therefore further
highlighted by these data. It should be noted that a thin-
ner barrier oxide film, having a concomitant decreased R
and increased C, would result in smaller maximum value

6b

Fig. 6. Oxide film formed at FVSO8 12 in 20°C neutral borate
solution at 50 V far 2 h: (a) featuring nonuniform film thickness and
(b) featuring incorporated dispersaid.
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of the phase angle.4° However, because of the largely
unknown nature of the oxide formed at the dispersoid sur-
face, the interpretation of this data as reflecting the for-
mation of significantly thinner film at the dispersoid com-
pared to those formed at the surfaces of the other
substrates cannot be considered conclusive.

The equivalent circuit which best fits the data obtained
for the pure Al, matrix, and FVS0812 alloy substrates is
one with a single RC time constant, consisting of a paral-
lel combination of the oxide R and C, in series with the
solution resistance. In contrast, the equivalent circuit for
the dispersoid material suggests the presence of two time
constants, with a second parallel R and C combination in
series with the first. The existence of only one time con-
stant for the barrier oxide film at both the matrix materi-
al and alloy FVS0812 is in agreement with the literature
for pure Al. In the case of the dispersoid, the second time
constant may reflect the presence of pores and flaws in the
oxide formed at the dispersoid.

Tables II and III provide values for the R and C compo-
nents of the oxide films formed at the four substrates after
anodization in neutral boric acid/sodium borate at 10 and
50 V, respectively. These R and C values are calculated
from the constant phase elements (CPE) and associated a
exponent of each of the films. Strictly speaking, a CPE is
equivalent to C of a film only when a = 1. The conversion

-60
Phase Angle

(Degrees)
.45

of the CPE of the film to C is accomplished by the follow-
ing equation39

C = CPE sin (n 90) [1]

Although the lowest value of the a exponent which can be
used in the above equation is somewhat arbitrary, 0.8 cn .c
1 has been suggested as an appropriate range.39

The relationship between C and the thickness (d) of a
nonconducting dielectric film is given by Eq. 2, where is
the dielectric constant of the oxide, €° is the permittivity of
free space, 8.854 X i0" F/cm, and A is the area of the
electrode

C/A = [2J

It is seen in both Tables II and III that pure Al and the
matrix material yield very similar C1 values, cc. 5.7 )< i0
F/cm2 at 10 V and cc. 1.4 x 10 F/cm2 at 50 V. This sug-
gests a similar composition, €, and d of the barrier oxides
formed at pure Al and the matrix material, which is to be
expected as the matrix material is cc. 99.4 a/o Al. These
results are consistent with those obtained by TEM (Fig. 5a
andb).

The C1 of the oxide film formed at the alloy at both 10
and 50 V is notably larger than those of pure Al and the
matrix by cc. 1.5 to 2 times (Tables II and III), while the
dispersoid C1 value is another 2.5 to 10 times larger than

Impedance
(a cm2)

Frequency (Hz) Frequency (Hz)

Frequency (Hz)

Fig. 7. Bode plots for oxide films formed at pure Al, the matrix,
FVSO8 12, and the dispersoid at 10 V for 2 h in 20°C neutral boric
acid/sodium borate. (a) Total impedance and (b) phase angle.

Frequency (Hz)

Fig. 8. Bode plots for oxide films formed at pure Al, the matrix,
FVSO81 2 and the dispersoid at 50 V for 2 h in 20°C neutral boric
acid/sodium borate: (a) total impedance and (b) phase angle.
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Table II. Values of the components of equivalent circuits for oxide films formed at pure Al, the matrix, alloy FVSO8 12, ond the dispersoid in
neutral boric acid/sodium borate at 10 V for 2 Ii.

Substrate
R6

(0 cm2)
c1a

(F cm2) n1
R2

(0 cm2) (F
C2,
cm2) n2

Pure Al 7.3 >( 106 5.9 )< 10 0.98
Matrix 1.5 x 106 5.5 >< 10 0.98
FVS0812 2.1 >< 10 1.0 x 10_6 0.96
Dispersoid 1.5 X 106 2.4 X 10-6 0.88 7.8 x 10 3.7 x io 0.86

C is calculated from CPE and n using Eq. 1.

Table Il. Values of components of equivalent circuits for oxide films formed at pure Al, the matrix, alloy FVSO8I 2, and the dispersoid in
neutral boric acid/sodium borate alSO V for 2 Ii.

Substrate
R1

(0 cm2)
c1'

(F cm2) it1
H,

(0 cm2)
C2,

(F cm2)
n2

Pure Al
Matrix

1.3 >< 10
5.1 x ioa

1.3 >< 10
1.5 x 10

0.98
0.96

FVSO812
Dispersoid

1.4 )< 106
1.0 x 106

2.1 >< 10
2.1 >< 10-6

0.94
0.85 1.9 x io6 1.4 x 10_6 0.83

'C is calculated from CPE and n using Eq. 1.

that of the alloy. This is another indication of the different
nature of the oxide film formed at the dispersoid material
compared to that at the other three substrates. The H1 val-
ues, which are thought to reflect the resistance of the film
as well as the reciprocal of the rate of any redox reactions
which can occur at the potential used for impedance meas-
urements, are quite similar for pure Al, the matrix mater-
ial, and alloy FVSO812, but, again, are substantially dif-
ferent, i.e., lower, for the dispersoid material. The higher
C1 and lower H1 observed for the dispersoid may also
reflect, in part, the higher surface area which may develop
with time due to dissolution.

Interpretation of results—Considering first the 10 V
oxide films, the TEM analysis indicates that the thick-
nesses of the oxide films formed at the alloy and matrix
material appear to be almost equivalent. However, the
measured C of the 10 V oxide of alloy FVSO812 is greater
by cc. 1.5 to 2 times than that of pure Al and the matrix
material. The C of an oxide film will be dominated by the
larger C of any regions of thinner oxide film.4° The larger
C of alloy FVSO812, compared to that of pure Al and the
matrix, may therefore reflect the development of intermit-
tent patches of thinner oxide film at the alloy surface (not
seen by TEM), and/or by the penetration of the outer sur-
face of the alloy's oxide by narrow flaws. This may occur
particularly at the dispersoid sites, from which Fe and V
may be partially dissolved, leaving a lower density oxide
film at these locations.

Both explanations for the higher C of alloy FVSO812
would be consistent with the electrochemical behavior of
FVSO812 in that, during anodization, a higher field would
exist at the regions of thinner intact barrier oxide film,
thus enhancing electronic conduction through the film and
hence increasing the rate of oxygen evolution and other
redox reactions at the surface. Such phenomena would be
consistent with the higher leakage currents observed at
constant voltage for FVSOS12 compared to pure Al and the
matrix (Fig. 1) and also with the increase of current with
potential above cc. 3 V observable in the CV of FVSO812
(Fig. 2). In contrast, the uniform oxide thickness at the
pure Al and matrix electrodes would result in a lower elec-
tric field across the oxide, compared to that at the thin-
ner/flawed region of oxide at the alloy for the same
applied potential, prohibiting significant oxygen evolu-
tion rates and resulting in lower leakage currents (Fig. 1)
and a current plateau profile (Fig. 2), consistent with the
observed electrochemical results.

In contrast to the alloy's oxide film formed at 10 V, the
oxide film formed at 50 V contains some regions of obvi-

ous nonuniformity. Figure 6a features a segment of the
FVSO812 oxide which contains regions more than twice as
thick as the majority of the alloy's film thickness (Fig. Sc),
as well as thinner regions of oxide, perhaps where incor-
porated dispersoids have been lost. A thin oxide region
above a retained dispersoid in the SO V film is suggested in
Fig. 6b. Again, the C of the entire oxide film will reflect
the C of those areas of visibly thinner, or flawed, oxide.
Flaw penetration of the oxide at FVSO812 (Fig. 5c and 6a),
but not at pure Al and the matrix (Fig. Sa and b), is clear-
ly seen by TEM analysis. Oxide growth would be expected
to be less uniform at the alloy, which contains 2'? volume
percent of spherical dispersoids, than at Al (99.999% pure)
and the matrix material (99.4 a/o Al), where the absence of
any significant impurities should promote uniform, rela-
tively flawless oxide growth.

The reasons for the occasional nonuniform thickness,
presence of flaws, and cracks in the afloy's oxide film
when formed at SO V, compared to the visibly unflawed
nature and uniform thickness of the FV50812 oxide
formed at 10 V, are not completely understood. The expla-
nation presented earlier that the high rate of oxygen evo-
lution which can be sustained at the FV50812 surface at
SO V may lead to isolated areas of high local acidity, hence
promoting dissolution of the oxide and the onset of some
porous film formation, may apply. Also, enhanced dissolu-
tion rates of the dispersoid may be expected at 50 V, espe-
cially at acidic p11.6

In summary, the increased C which is observed for the
oxide formed at FVSO812, compared to that of pure Al and
the matrix, is most probably due to the presence of the dis-
persoid phase within the alloy Some dissolution of Fe and
v the loss of not fully oxidized individual dispersoids from
the oxide film, or dispersoid retention, with the formation
of thinner regions of oxide film, may all occur. Flaws at the
surface of the alloy oxide, not seen by TEM analysis in a
10 V film, but visibly present in a SO V film, could also
contribute to the increased C of the alloy's oxide compared
to that for oxide films formed at pure Al and the matrix.
Compared to films formed at pure Al and the matrix mate-
rial, an overall thinner and/or flawed oxide film at the
alloy substrate surface would be consistent with the more
active voltammogram for FVSO812 in Fig. 1, the higher
leakage current in Fig. 2, and the larger values of C sum-
marized in Tables II and III. The difficulty in forming a
uniform, intact oxide film at the two-phase FVSO812 sur-
face at SO V in neutral borate solution can be considered
as foretelling the difficulties in forming a thick, porous
film at the alloy surface in more aggressive acidic media,6
as is known to be the case in practice.
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Conclusions
This work has focused on establishing the differences in

barrier oxide films formed at FVSO812, a rapidly solidi-
fied, two-phase (matrix and dispersoid) Al-based alloy, at
bulk forms of the alloy's matrix and dispersoid phases, and
at pure At Electrochemical studies of these four sub-
strates in 20°C neutral borate solutions have indicated a
range of activities and degrees of passivating character of
the oxide films. Oxide growth at constant voltage and
potentiodynamic studies have shown the dispersoid mate-
rial always to be the most active, followed by alloy
FVSO812, while the matrix material and pure Al display
the least, almost equivalent, activity. The more active elec-
trochemical response of the dispersoid is considered to be
due to a combination of substrate dissolution and high
rates of oxygen evolution. The electrochemical response of
alloy FVSO8I2 reflects the combination of the activities of
both the matrix and dispersoid phases. Transmission elec-
tron micrographs of barrier oxide films formed at 10 V at
the matrix material and FVSO812 in neutral borate solu-
tion show that the thicknesses of these uniform films are
almost equivalent. Oxide films formed at 50 V at the
FVSO812 substrate show some incorporation of disper-
soids into the film, as well as occasional penetration of the
outer film surface by flaws and infrequent regions of both
thinner and thicker oxide. The increased capacitance of
the FVSO812 oxide formed at 50 V, compared to that of
pure Al and the matrix material, can be explained by both
thinner oxide film at retained dispersoid sites and thinner
oxide at regions from which dispersoids have been lost, as
well as by the penetration of the surface oxide by flaws.
This flawed oxide, nonuniform in thickness, suggests that
the difficulties encountered in forming a thick, adherent,
porous oxide film at FVSO812 in acidic media may be
related to the difficulties experienced here in forming an
intact, uniform barrier oxide at the alloy surface.
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Electrochemical Behavior of Sol-Gel Produced Ni and Ni-Co
Oxide Films

I. Serebrennikovat and V. I. Birss**

Department of Chemistry, University of Calgary, Calgary, Alberta, Canada T2N 1N4

ABSTRACT

Ni and mixed Ni-Co oxide films were formed at Pt substrates by the sol-gel technique and studied electrochemical-
ly in 1 M NaOH solutions. All sol-gel films under study have to be found amorphous. The charge densities of these films
are quite high compared to oxides formed by the anodic oxidation of metallic substrates. Mixed Ni-Co oxide films dis-
play higher charge densities, broader CV peaks, and negatively shifted equilibrium potentials vs. pure Ni oxide films. At
slow sweep rates, all films studied showed kinetically reversible surface electrochemical behavior. At higher sweep rates,
the redox reactions became kinetically irreversible, being either surface reactions with no diffusion limitations or con-
trolled by the diffusion rate of species inside the film. The effect of the oxide film formation conditions, i.e., the with-
drawal rate of the substrate from the sol solution and the firing temperature, on the electrochemical efficiency of the
oxide films was also studied.

Infroduction
Nickel oxide/hydroxide and mixed Ni-Co oxide films

have been extensively studied in the past, primarily due to
their numerous promising applications. These include
their use as battery electrodes,' both in aqueous and non-
aqueous media, with much work having been focused on
the addition of Co to Ni oxides in order to improve their
performance. The electrochromic oxidation/reduction in
both cobalt and nickel oxide/hydroxide films, which
occurs with the injection and expulsion of mobile ions,2
has facilitated their applications in "smart windows,"3
display panels,4 and rearview mirrors.4 Ni-Co-based alloys
also appear to be very promising materials for water elec-
trolysis because of their good electrocatalytic properties
and reported stability for the oxygen'' and hydrogen9-"
evolution reactions. Cobalt based films are also widely
used in recording media.'2

The most important electrochemical process for Ni
oxide electrodes, which occurs in alkaline solutions, can
be described as

Ni'1 (OH), + OW Ni"OOH + H,O + e [1]

A similar reaction can be written for cobalt oxide elec-
trodes"

and

3Co11 (OH)2 + 2 OH- # Co"111O4 + 4H2O + 2e [21

Co"(OH)2 + OW a Co'1100H + H2O + e

Co"OOH + OW # Co"TO, + H2O + e

[3]

[4]

However, it is a well-established fact that these redox
reactions are more complex than indicated here''4 and
that they involve the intercalation/deintercalation of
cations in basic solutions1' in which the oxides are stable,
i.e., in simplified form'6
Ni" (or Co")oxide + 1.5 OW + 0.5Na

s Ni"(or CoIv) oxide (1.5 OH)(0.5 Nat) + e [5]

Nickel and cobalt oxide-hydroxide films can be pre-
pared by the anodic oxidation of the metallic substrate,"
cathodic precipitation,' electron-beam
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electrodeposition,"2 etc. Chemical deposition," electrolyt-
ic deposition," spray pyrolysis," etc, are utilized to
make mixed nickel-cobalt oxide films, which can also be
formed by the anodic oxidation of polycrystalline and
amorphous Ni-Co alloys."

Our interest in nickel-cobalt based materials has arisen
from the unique and promising properties of oxide films
formed electrochemically in our laboratory at amorphous
melt-spun Ni-Co based alloys.'6'21" It was found that, even
in the presence of fairly high Co contents, the cyclic
voltammetric (CV) response appeared to be primarily that
of Ni. However, the amount of oxide which could be
formed at these alloys with potential cycling was very high
compared to that at pure nickel, with the growth charac-
teristics, electrochromic properties, and film stability
being much more similar to that of hydrous oxide films
formed electrochemically at Co metal.'3 We therefore
developed an interest in studying the properties of similar
amorphous oxide films, this time formed by the sol-gel
technique.

The sol-gel (SG) method was initially introduced as an
energy saving approach in the preparation of glasses and
ceramics.24 The innovative aspect of the method involves
mixing all components in solution, thus achieving homo-
geneity on the molecular scale. The gelation process re-
sults in the formation of an oxide network containing sub-
stantial amounts of water and organic residues. These are
eliminated by the use of suitable drying techniques, yield-
ing amorphous materials with a high degree of porosity."
The gels can be shaped into fibers, powders, or can be eas-
ily coated on a substrate." SG techniques have been uti-
lized to form single-component oxide materials,26 as well
as oxide mixtures, having an overall composition tailored
by varying the ratios of the precursors in solution.27 SG
methods are very convenient for the preparation of thin
films of high surface area amorphous oxide materials.

While quite a number of coatings have been formed
using SG routes," to our knowledge, there have been
few reports as yet regarding the electrochemical response
of oxide films produced in this manner. El Baydi et al."
prepared high surface area powders of LaNiO, and
NiCo,O,, via the SG route and, while the oxidation/reduc-
tion characteristics of these materials were not examined,
their catalytic activity for the oxygen evolution reaction in
alkaline media was investigated. Liu et al." investigated
sol-gel formed nickel oxide films for use in electrochemi-


