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EXECUTIVE SUMMARY

The corrosion behavior of nonequilibrium AlTa and AIW alloys produced by either
dynamic compaction or sputter deposition has been evaluated. Dynamically com-
pacted material showed no enhanced passivity as a result of precipitates formed dur-
ing powder formation. No new precipitates were found that originated during the
dynamic compaction process when water was used to reflect the shock wave. Sputter-
deposited AIW and AiTa alloys exhibited considerable enhanced resistance to pitting
corrosion over a range of pH's extending from pH 9.6 to pH 0. Surface analysis
showed that although very iittle oxidized W is found in the passive film at near-neutral
pH's, the passive film at pH 3 consists of comparable amounts of oxidized W and Al. A
review of the different mechanisms that have been proposed to explain the passivity of
this class of alloys suggests that the pitting resistance of Al-W is likely to resuit from a

repassivation of metastable pits due to the stability of oxidized W in low-pH environ-
ments.




INTRODUCTION

Aluminum and its conventional alloys are susceptible to localized attack in chlo-
ride-containing environments. Although the corrosion resistance of steels can be
dramatically improved by the incorporation of chromium, molybdenum, and other ele-
ments to make stainless steels, there are no equivalent conventional stainless alu-
minum alloys. The failure to produce such alloys is largely due to the very low solubil-
ity of passivating species in aluminum; above a small fraction of an atomic percent,
these species form precipitates and the microgalvanic couples between the two
phases leads to enhanced corrosion.

In the last several years, supersaturated aluminum alloys with Mo, Cr, Ta, W, Zr,
Nb, Zn, V, Cu, Ti, and Si have been produced by several groups using rapid solidifica-
tion or other nonequilibrium methods.[1-22] Several of these alloys have shown signif-
icant improvements in passivity in chloride-containing environments. For our sputter-
deposited thin films, Al-Ta and Al-W alloys have shown the best performance with pit-

ting potentials well above 0 mV (SCE) and passive regions exceeding 1000
mV.[4,5,7,8]

During this contract year, we have pursued two areas of investigation: production
and testing of bulk material and continued investigation of the mechanisms by which
these stainless aluminum alloys exhibit enhanced passivity. Although thin films of
stainless aluminum have potential applications as cladding material and in electronic
devices, bulk material has many more possible uses. Accordingly, we have character-
ized and evaluated the corrosion performance of material produced by dynamic com-
paction of rapidly solidified (RS) powders.

Several different mechanisms have been proposed to explain the passivity of
stainless aluminum alloys, including electrostatic repulsion of Cl- by oxidized solute
atoms,{1-3] formation of an oxidized solute barrier layer,[3,4] stabilization of the pas-
sive film oxide structure,[6] reduction in CI- adsorption due to PHpzc changes,[12-16]
increased competition among possible CI- adsorption sites due to disordered oxide
films above the grain boundaries of small-grained material,[21,22)] stabilization of
occluded cells by low-pH-stable solute oxides,[21,22] and replacement of oxidized Al
in the passive film by oxidized solute to form a more stable oxide.[19,20] Additionally,
Urquidi and Macdonald[23] have proposed a solute-vacancy interaction model (SVIM)




in which it is suggested that pits originate as vacancies collect at the metal/passive film
interface, which causes the film to collapse locally; highly oxidized solute atoms form
complexes with cation vacancies formed by CI- adsorption to reduce the diffusivity of
the vacancies and slow their buildup at the metal/film interface.

It is very possible that more than one mechanism controls the passivity of the vari-
ous stainless aluminum alloys under different conditions. To further evaluate the
mechanisms governing the passivity of these alloys, especially Al-W and Al-Ta, which
have shown the best corrosion performance, we have continued to characterize and
test these alloys under different conditions. Specifically, we have examined the elec-
trochemical behavior and, in some cases, the surface chemistry of Al-W and Al-Ta
alloys in KClI solutions of different pH's and different Ci- concentrations. We have aiso
examined their behavior in artificial seawater for the obvious technological interests
and to augment the mechanistic investigations in KCI.

The behavior of these alloys at non-neutral pH values is of special interest since
the Pourbaix diagrams for W and Ta and th3 literature for stainless steels suggest that
it would be possible to extend the passivity ot Al outside the range of 4 to 9 through
the nonequilibrium addition to these elements to Al. Pourbaix diagrams for Al and W
are shown in_Fig. 1[24]. This figure reveals that passivity is anticipated at low pH for W
values and at neutral pH values for Al. Itis reasonable to believe that the passivity of
Al could be extended to lower pH values through the nonequilibrium addition of W.
Indeed, the literature for stainless steels [25-28) has shown that the addition of W (in
the presence of a significant amount of Ni) enhances passivity at low pH values.
Similarly, a comparison of the Pourbaix diagrams for Al and Ta (Fig. 2) suggests that

Al passivity could be extended to both high and low pH ranges with the nonequilibrium
addition of Ta.

As a type of contral, we have also examined the electrochemical behavior and
surface chemistry of an Al-Au alloy whose passive film should consist solely of alu-
minum oxides/hydroxides without oxidized solute. We then compare these resulits,

along with microstructural characterization, with predictions from many of the different
proposed mechanisms.
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Pourbaix diagrams for a) Al and b) W (from Reference 32).
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EXPERIMENTAL PROCEDURE

Bulk Alloy Production

Bulk alloys were prepared by dynamically consolidating RS aluminum alloy pow-
ders. Two batches of RS powders were produced by Valimet, Inc. Details concerning
the atomization of the powders were presented in last year's report.[29] The composi-
tions for the two batches of powder are listed in Table 1.

TABLE 1. RS Powders Produced at Valimet Inc.

Batch # Composition  Produced Presence of precipitates by

XRD(@ SEM(b)
1 Al-0.56W(C) May 1990 yes yes
Al-0.32Ta no yes
pure Al
2 Al -0.85W Nov. 1990 yes yes
Al-1.0Ta yes -~

(@) X-ray Diffraction
(®) Scanning Electron Microscopy
(© Al-0.56 at.%W

Dynamic consolidation of the RS powders was performed at Idaho National Engi-
neering Laboratories (INEL) in the winter and spring of 1991. This process utilizes
shock waves, generated by explosives, to cause interparticle melting and bonding.
Dynamic consolidation and the conventional powder consolidation method, hot iso-
static pressing (HIP'ing), can be compared in Fig. 3. Because dynamic consolidation
yields only moderate increases in temperature for periods of several microseconds
and, therefore, should not encourage precipitation of a second phase, it was chosen
over HIP'ing. Schematics of the two dynamic consolidation processes employed to
produce our bulk alloys are presented in Fig. 4. In both setups the RS powders were
placed in a 6061 aluminum tube. Explosives were used to crush another 6061 Al tube
against the one containing the RS powders - which results in the propagation of a
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shock wave through the powder. The first method, without the water surrounding the
explosive, produces a shock wave with a velocity of approximately 3.6 km/s. The sec-
ond method, with the water surrounding the explosive, requires much less explosive
because of the reflection from the water and produces a faster shock wave with a
velocity of approximately 7 km/s. Additonal details concerning the dynamic consolida-
tion process can be found in References 30 and 31. The powders for our investigation
were consolidated under the conditions described in Table 2. The presence of
precipitates in these powders was confirmed by either XRD, SEM or both. The
explosive consolidations were performed at INEL's remote testing grounds
approximately 50 miles east of ldaho Falls. A photograph of the explosion and the
adjacent bunker at this facility is presented in Fig. 5.

TABLE 2 Dynamically Compacted Material Produced by INEL

Shot # Material Condition Powder Size
(um)
239 Al air 75-150
Al-0.85W " "
Al-1Ta " "
240 Al water 75-150
Al-0.85W " "
Al-1Ta " "
241 Al water 75-150
Al-0.85W " "
Al-1Ta " 20-50
242 Al air 75-150
Al-0.85W " "
Al-1Ta " "
243 Al air 75-150
244 Al-0.3Ta air 75-150
245 Al-0.85W air 20-50
9




Figure 5.

Photograph of the dynamic compaction operation.
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Thin-film Production

One-micron-thick alloy films were produced by RF magnetron sputter deposition
(identical alloyed targets) or co-sputter deposition (one target Al -- the other W) onto Si
single-crystal wafers 2-in. in diameter (5.08 cm). The co-sputter deposition process
has been described elsewhere.[1-5] Briefly, it involves the use of two ditferent target
materials with the solute sputtered at a lower power level, typically between 15 and 40
watts, and the Al sputtered at a higher power of approximately 360 watts. Other low W
concentration alloys were sputtered to a thickness of 2 microns using two alloyed tar-
gets with both of the sputtering guns set at a power level of 400 watts. This process
provides uniformity of alloy composition over the surface of the wafer. In a few cases,
alloy films were produced using alloyed targets of Al-1%W and Al-5%W. This proce-
dure produced intermediate composition alloys with only slight variation across the
wafer. The Si substrates were kept at 77 K for these deposition processes. A few
specimens were produced by co-sputter deposition onto a rotating substrate holder to
alleviate concentration gradients. These specimens were deposited at ambient tem-
peratures. Solute concentrations for the alloys were determined by induction coupied
plasma (ICP); all concentrations are given in at.%. After deposition, the 2-in.-dia.
wafers were cleaved into 16 smaller specimens for further evaluation.

Electron Microscopy and X-ray Diffraction

High-resolution scanning electron microscopy (HSEM) and transmission electron
microscopy (TEM) of the as-sputtered surfaces were performed on a JEOL 100 CX at
40 keV and 100 keV, respectively. The specimens were evaluated in the as-produced
condition, i.e., without a thin coating of C or Pt sputtered on top of the alloy film, to
ascertain grain morphology and size. Specimens were prepared for TEM by polishing
the back side of the silicon untit the final thickness of the wafer was close to 50 um. A
copper-rhodium mask with an oval hole was then glued to the polished silicon side
with epoxy. An area thin enough for transmission of the electron beam was made by
ion milling the Si side with argon using a Gatan Model 600 ion miller. The sample
was ion milled on a cold stage to prevent heating during thinning.

Glancing angle x-ray diffraction (GXRD),[32] with a constant angle of 10 degrees

between the incident x-ray beam and the film surface, was used to check the thin-film
alloys for precipitate formation. Diffraction of compacted material was performed at
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both glancing and normal incidence. The experiments were performed on a Scintag
diffractometer using a monochromatic Cu Ka x-ray source. The glancing angle was
chosen to both optimize the signal from the metal film and prevent ditfraction from the
Si single crystal.

Electrochemical Experiments
Thin-film alloys

Individual electrochemical specimens were prepared by attaching a coated lead
wire, and masking the back and edges of the specimens with a marine epoxy paint.
Anodic potentiodynamic polarization curves were generated at a scan rate of 0.2 mV/s
at ambient room temperature (23 to 27°C). A limited number of experiments were also
run at a rate of 0.02 mV/s. All of the experiments were conducted on at least duplicate
specimens in aerated chloride solutions with pH values ranging from 0 to 9.6 for the
Al-W alloys and 3 to 12 for the Al-Ta alloys. After immersion and prior to polarization,
the open-circuit potentials, E,c, were allowed to stabilize for at least 1 hour. All poten-
tials given in this report are relative to a saturated calomel reference.

Bulk alloys

The dynamically consolidated bulk metals and the control materials (5086 Al, pure
W, and pure Ta) were tested under the same electrochemical conditions as described
for the thin-film alloys. Prior 10 testing, the bulk materials were wet ground to a 600 grit
finish and rinsed in methanol and deionized water. The specimens were tested in a
flat cell (EG&G flat-cell model K0235) which simplified mounting of the specimens
since no lead wire attachment or coating of the specimens were required. Because of
the poor performance of the dynamically compacted alloys at neutral pH, no experi-
ments were conducted on these materials at either high or low pH.

Surface Analysis

The chemistry of the Al-W passive film in pH 3 solutions was investigated in the as-
sputtered condition, at the open circuit potential, and at various potentials up to Ep.

The same specimens were repeatedly used to prevent compositional variations
across the wafer (and hence from sample to sample) from affecting the results. Details

12




of the procedure have been reported previously.[3,4] Changes in the surface chem-
istry induced by the transfer procedure and by exposure to ultrahigh vacuum have
been examined and possible artifacts were shown to be either small (e.g., additional
oxidation) or tractable (e.g., adventitious contamination), and the differences in the
measured surface chemistry were shown to originate in the electrolyte.[2,33]

The XPS measurements were made using a Surface Science Instruments Model
SSX 100-03 spectrometer with a monochromatized Al Ka x-ray source and a hemi-
spherical electron energy analyzer with multichannel detection. The x-ray source was
focused to a spot size of 600 um and the surface charge was neutralized with low-
energy electrons. Binding energies were normalized to that of adventitious hydrocar-
bon at 284.8 eV. Survey spectra provided a qualitative analysis of the surface,
whereas high-resolution spectra [with a full width at half maximum (FWHM) of the Au
4ty peak of 1.1 eV] of the O 1s, C 1s, Al 2p, and W 4f photoelectron peaks were used
for quantitative analysis and chemical state determination. Quantitative analysis data
were obtained using peak areas and sensitivity factors determined from standards
with our spectrometer. Chemical state separation was achieved by curve fitting, the
details of which are presented in Reference 3, with the W 4f doublet being constrained
with a peak separation of 2.2 eV and an area ratio of 1.33. Chemical state assign-
ments were made using the National Institute of Standards and Technology (NIST)
data base,[34] supplemented with other sources.[35-41)

Sputter-depth profiling was achieved using 4 keV Ar* ions from a Perkin-Elmer
differentially pumped ion gun. The x-ray source was focussed to 300 um and data
acquired during periods of no ion bombardment using survey-spectra resolution in an
unscanned mode. Sputter rates were approximated using Ta,Og specimens with
known oxide thicknesses.

RESULTS AND DISCUSSION

Dynamically Consolidated Materials

X-ray diffraction and SEM of the RS Al-Ta and AI-W powders revealed precipitates
in both sets of the powders. Those observed near the surface of the RS powders were
on the order of 1 micron in size and different characteristic shapes were noted for the
precipitates in each alloy. (Larger precipitates may have been present in the interior of
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the particles, especially for the 75- to 150-um particles.) Figure 6 shows SEM micro-
graphs of the Al-Ta and Al-W powders. The micrograph for the Al-Ta powders show
both a secondary electron image and a backscattered image, which highlights com-
positional variations (high Z elements show up brighter). The Ta-rich areas are aiso
visible in the secondary electron image; both images reveal a dendritic shape for the
precipitate. X-ray diffraction of the Al-Ta RS powders, Fig. 7, confirmed that the
precipitate in the Al-Ta alloy was TaAlz (the low-solute-concentration precipitate
predicted by the binary phase diagram). X-ray diffraction of the compacted Al-Ta
material revealed that no other types of precipitates formed during the explosive
consolidation process. The precipitates observed in the Al-W powders were more
acicular in shape. An XRD spectrum for the Al-W 75- to 150-um powder is presented
in Fig. 8. Unidentifiable peaks not corresponding to Al, WAl42, or AlsW were found at d
values of 4.697 (20 ~19°) and 3.307 (8 ~27°). X-ray diffraction spectra after
compaction, using air and water as shown in Fig. 4, are presented in Fig. 9. The alloy
compacted using water shows a peak at a d value of 4.697, the same unidentified
peak that was observed prior to consolidation, whereas the alloy compacted in air
contains a precipitate identified as WAI,2 (the low-solute y-phase precipitate predicted
by the binary phase diagram). The precipitates in the Al-W air-compaction most likely
resuited from_the lower shock wave velocity and longer heating time associated with
the air technique. The material from shots 239 (Al and Al-Ta ), 240 (Al and Al-Ta), 242,
243, 244 and 245 was fully consolidated with no cracks or prominent voids observed.

Anodic polarization behavior for the dynamically consolidated alloys from shot 242
are shown in Figs. 10 and 11. Identical polarization behavior was observed for the
alloys produced in shots 243, 244 and 245. No passivity was observed for any of the
dynamically consolidated alloys, which is essentially identical to that of dynamically
compacted unalloyed Al (Fig. 11). SEM micrographs of the specimens after testing,
Fig. 12, reveal that the precipitates led to the formation of microgalvanic cells and
pitting. Fig. 12a shows a cluster of the noble AlTag precipitates hanging on the edge of
a pit in the Al-Ta alloy. Pitting most likely initiates in the Al-rich phase where this
phase comes in contact with the AlTas. As the more active aluminum-rich matrix is
depleted, the more noble AlTas precipitates are eventually undermined and fall to the
bottom of the pits as they grow. These micrographs, again, reveal the star-like mor-
phology of the AlTas precipitates. The micrographs of the pitted Al-W alloy also show
depletion of the Al-rich matrix, which leaves the more noble WAIl42 precipitates behind.
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Figure 11 Anodic polarization behavior for the dynamically compacted Al-0.85W
alloy and pure Al in 0.1M KCI.
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Although the dynamically consolidated alloys exhibited poor corrosion perfor-
mance, the consolidation process itself was believed to be successful. For the Al-Ta
alloys and the AI-W alloys compacted in water, the precipitates detected in the bulk
specimens were the same as those found in the powders prior to consolidation, and
SEM micrographs revealed that the precipitates in the consolidated material were
similar in size to those in the original powder. Thus, the consolidation process does
not appear to have contributed to the formation of new precipitates or to substantial
growth of the existing ones. Poor caorrosion performance of the dynamically consoli-
dated alloys was due :0 the presence of a second phase, which set up microgalvanic
cells and led to pitting. 1f RS powders could be produced without precipitates it is likely
that a corrosion-resistant alloy could be formed using a dynamic consolidation pro-
cess.

Thin-Film Alloys

AlAu alloys

The Al-Au system, a material whose solute should not oxidize and form par of the
passive film, but whose presence might lead to the same structural changes in the
passive film that we observed for the Al-Mo alloys and that may also be responsible for
enhanced passivity in the Al-W alloys was chosen as control. The Al-14Au and Al-
11Au alloys that were produced by sputter deposition were polycrystalline with grain
sizes on the order of 0.1 um. Precipitates identified as Al,Au were found in the Al-
14Au alloy and may have contributed to preferential dissolution of the Al matrix for
these alloys. Both alloys experienced significant corrosion upon exposure to 0.1M KCl,
i.e.. no evidence of passivity. Spontaneous corrosion was further indicated by surface
analysis of the specimens held at E,., which showed a relatively thick oxidized layer
(Fig. 13) with some variation in thickness (3 to 20 nm). After polarization, the speci-
mens exhibited a dealloyed appearance. Preferential dissolution of the more active Al
in these alloys is believed responsible for their poor corrosion pertormance. The AlxAu
precipitates may have also contributed to preferential dissotution of the Al matrix. Sur-
face analysis of the alloys revealed that the oxidized film was entirely aluminum ox-
ide/hydroxide; no Au was detected. Thus, while we were successful in producing an
alloy with no oxidized solute in the passive film, the large potential differences
between the Al and the Au, combined with the significant concentration of Au in the
alloys, appears to have resulted in dealloying instead of the intended resuit.
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Figure 13. Au 4f and Al 2p photoelectron spectra as a function of sputter time (and,
hence, depth).
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Microstructure

The Al-W specimens (~3-7%) examined by TEM and XRD this year were all crys-
talline with grain sizes ranging from 0.3-1.0 um (Fig. 14). Unlike last year, no amor-
phous specimens were observed. Previously, we had proposed that the amorphous
material was a function of solute concentration and localized cooling rate.[7] Our cur-
rent results support this hypothesis and suggest that small changes in our sample
holder and in how the wafer is mounted affected the local thermal conductivity
between the holder and the wafer and, hence, the localized substrate temperature. At
higher solute concentrations, amorphous material is formed at lower cooling rates or
higher substrate temperature. Thus, Frankel[9] and Shaw and Moshier{42] observe
amorphosity with their high concentration alloys.

The grain size of the specimens reported here is larger than those reported
earlier,[29] but the breakdown potentials are comparable (Fig. 15). This conflicts with
the observations reported by Inturi and Szklarska-Smialowska[21] who saw a correla-
tion between grain size and Ep. Our results (Fig. 15) show a possible relationship at
small grain size, although with a different slope than the results of Inturi and Szklarska-
Smialowska. However, the results at larger grain size do not correlate at all, suggest-
ing that passivity mechanisms involving grain boundaries cannot explain the corrosion
resistance of these alloys in general. This and other proposed mechanisms will be
discussed below.

Behavior at high and low pH values

The anodic polarization behavior for an Al-3.6W alloy was evaluated in chloride
solutions of varying concentrations and pH values ranging from 0 to 9.6. The experi-
ments conducted and the characteristic parameters taken from the polarization data
are summarized in Table 3 and Figs. 16-20. Figure 18 reveals that passivity is
observed for the Al-W alloys as the pH is decreased. The passive range is smaller at
the lower pH values and the passive current density increases with decreasing pH. A
comparison of the polarization behavior of the Al-W alloys with pure W at pH 3 (Fig.
18) reveals similar passive current densities for the low pH curves, suggesting that the
alloy passive film at low pH contains significant amounts of oxidized W. Surface
analysis of these alloys, discussed below, confirms this. Comparable pitting potentials
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Figure 17. Passive current density of the Al-3.6W specimens reported in Table 3.
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Figure 18 Anodic polarization behavior of thin film AI-3.6W alloy as a function of pH
compared to pure W and pure Al in 0.1M CI- (averaged data)
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(despite the differences in chloride concentration) were noted at pH 1 and 3, with the
values at the lower pH being slightly more noble. The reason for the slightly higher
pitting potential at pH 1 is not known, but it could be related to higher oxidized W con-
centrations in the passive film. Fig. 19 shows that no pitting potential is observed for
the pure W at potentials less than 2000 mV and that as the pH is reduced, the ip for W
decreases. This implies that the W passive film that forms at low pH is more protective,
or stable, than the film that forms at pH 8. Also included in this figure is the polariza-
tion behavior for 5086 Al, a corrosion-resistant conventional alloy, at pH 8. Like pure
Al, passivity for this alloy is not observed in a 0.1 M chloride solution at potentials
greater than 700 mV. Passivity is still observed for the Al-W alloys at a pH of 0, but ip
is now found to vary with potential, exhibiting an average value of approximately 500
pA/cm2 as shown in Fig. 20. Also shown in this figure is the polarization behavior for
the Al-W alloy in 1.0 M CI- (pH=9.6). At a pH of 9.6 the Al-W alloy exhibits the same low
ip noted at pH 8, but a lower value for Ej,.

The polarization behavior of Al-Ta alioys has been investigated at pH values
ranging from 3 to 12. The results are presented in Figs. 21 through 23. In Fig. 21, the
anodic polarization behavior tor Al-(4-7)Ta can be compared with pure Ta and 5086
Al. The pure Ta is passive over the entire potential range evaluated and appears to
undergo some transpassive dissolution at approximately 1400 mV. The passive
current density of 0.7 wA/cm?2 for the Al-Ta alloy is similar to that observed for pure Ta.
The most dramatic pertormance for the Al-Ta alloys was noted at pH 12. Figure 22
reveals a large passive region, extending over 1.5 V, and low passive current
densities for an Al-6.75Ta alloy in 0.1 M CI" with the pH adjusted to 12 (with NaOH).
The reason for the increase in current at low potentials is under investigation. Some
passivity, although diminished in comparison to the previous results, is aiso observed
at low pH values as illustrated in Fig. 23. The scatter in the data is believed to be
related to differences in solute concentration from specimen to specimen. These
concentration differences were not present in the Al-6.75Ta alloy tested at a pH of 12
because this alloy was produced using a rotating stage for the substrate.

XPS measurements of Al-3.6W alloys in pH 3 solutions show considerably more W
in the passive film (Fig. 24). Whereas the passive film at E,. in neutral solutions had
very little oxidized W (0.1-0.2% of the oxidized Al),[7] the amounts of W in the acidic
solution were comparable to those of Al (50-60% of the Al) -- an increase of more than
100. Both W+4 and W+6 are present, in a ratio of 3:2 W+4:W+6_ Additionally, the oxi-
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Figure 21 Anodic polarization behavior of an Al-(4 to 7)Ta alloy compared with pure
Ta and 5086 aluminum. (averaged data) in 0.1M KCI.
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Figure 23. Anodic polarization behavior of replicate specimens of an Al-(4 to 7)Ta
alloy ata pH of 3 (total (CI"] = 0.1M).
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dized aluminum is more hydrated at pH 3; its composition is close to Al(OH); whereas
films formed at pH 7 were closer to AIOOH.

The passive film at pH 3 is also much thicker than that at pH 7. Although the latter
was only 4 nm at E,. and the underlying substrate was clearly observed in the XPS
spectra, the signal from the substrate was not detectable following immersion in the
acidic solution. The passive film in this case is ~15 nm thick as determined by sputter
depth profiling (Fig. 25). There appears to be a gradient in composition with the pas-
sive film being relatively W-rich at the surface and more Al-rich near its interface with
the substrate.

The chemistry of the passive film changes slowly during polarization up to E (Fig.
26). Over the course of the passive region, the ratio of ‘N to Al tends to increase even
further with increasing overpotential as shown in Fig. 27.

It is interesting to compare our results to those of Yoshioka et al.[19]. They polar-
ized amorphous Al-15W and Al-45W specimens in deaerated 1 M HCI. Although their
electrolyte has a higher CI- concentration and a lower pH, several trends that we noted
in going from pH 8 to pH 3 are also observed in their electrolyte. Little oxidized W is
detected prior to immersion into the solution, but upon immersion, the passive film
becomes enriched in oxidized W. In both acidic solutions, the fraction of oxidized W
increases during polarization with the passive film at pH 3 having approximately equal
amounts of W and Al; in 1 M HCI, is entirely oxidized W. Each passive film is thicker
than that in near-neutral solutions. Nonetheless, the passive film in 1 M HCI is thin
enough for the substrate signal to be detected at E,. and at the first polarization step
(50- to 100-mV overpotential). We attribute the thinner film and the lower oxidized Al
concentration to increased solubility of Al in the more acidic solution. Although the
passive current density is very high in the HCI solution (see also Table 3), Yoshioka et
al. report no breakdown during polarization up to 500 mV(SCE). They attribute this
passivity to a passive film consisting entirely of WO3. Our lower concentration alloys

did pit in 1 M HCI at ~ -30 mV (SCE) (Table 3), but we have no XPS data to indicate
whether the passive film of Al-3.6W alloys would also be WO3 with no oxidized Al.

At open circuit and at low overpotentials, Yoshioka et al. and we both observe mul-
tiple W oxidation states. Initially, they report W+4, W+5, and W+6, with the W+4 disap-
pearing after first overpotential and the W+5 state developing different chemistry at the
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a pH 3 0.1 M CI- solution.
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same time. We detect only W+6 and W+4 and these states persist without chemical
changes throughout the polarization sequence in approximately the same proportion.
The differences may be actual chemical differences or they may reflect limitations in
their energy resolution and curve fitting capabilities. In either case, at higher overpo-
tentials, they find only W+6.

Finally, Yoshioka et al. provide an independent verification of our identification of
distinct elemental and alloyed W (and Mo and Cr) states as detected in samples
immersed in neutral solutions where preferential oxidation of the Al leaves the interta-
cial region of the alloy W-rich and promotes dealloying[7]. Extrapolating ‘rom pure W
and several alloy compaositions, their data indicate that a W atom in an infinitely dilute
Al alioy would have a 4f binding energy shift of 0.8 eV, relative to pure W, which com-
pares very well to our measured shift of 0.7 eV for low concentration (1-10%) alloys.
Similar data on their AlTa alloys show a smaller shift (~0.4 eV)[20], which is consistent
with our inability to resolve an alloyed-elemental shift in our AlTa alloys.[4]

Comparison of Mechanisms

It is interesting to compare the electrochemical behavior and passive film chemistry
of the various alloys we have examined with the different mechanisms put forth to
explain the enhanced passivity ot the nonequilibrium aluminum alloys. These mech-
anisms generally affect one or more of the steps involved in pitting: adsorption of CI,
transport of Cl- through the passive film or stabilization of the film, and dissolution or
repassivation at the passive film/metal interface. In comparing the models, it must be
anticipated that different mechanisms may be simultaneously active so that the
enhanced passivity could be a combined effect. Additionally, it is possible that the

dominant mechanism may change depending on the alloy and the conditions of expo-
sure/attack.

McCafferty and Natishan[12-15] have proposed that changes in the pH of zero
charge, pHp,. of the passive film control pitting by affecting the adsorption of CI- -- the
lower the pHp,c, the greater the negative charge on the oxide and the less likely that
Cl- ions or any negative anion will adsorb onto the surface. They have shown good
correlation plotting E,, versus pHy,¢ of the solute oxide (Fig. 28). Of particular note is
the very low pHp;c of WO3 and the high E,, of Al-W alloys. However, this correlation
implicitly assumes that the passive films of the alloys consist solely of oxidized solute.
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XPS measurements show that this is not the case and that the fraction of oxidized
solute varies according to alloy, alloy concentration (Al-Mo, Al-W), applied overpoten-
tial, and solution pH. It is not known how the pHp,c varies with mixed oxide compaosi-
tion. In Parks' extensive review,[43] the only mixed oxide work reported is that of
Johansen and Buchanan[44) which reported that Al,O5 in SiO, causes a shift in pHpzc
proportional to the molar fraction of AlO3. Roy and Fuerstenau[45] later showed that
small amounts of TiO, and MgO could cause significant shifts in the pHp,¢ of Al,O4 --
0.5-1.0%TiO, shifted the pHy,¢ by -1.5 compared to a -3.6 shift for pure TiO, and simi-
lar amounts of MgO shifted it by 0.6 compared to a 3.4 shift for pure MgO. In both
cases, there was no difference between 0.5 and 1.0% dopant. In light of the low con-
centration of oxidized W in the passive film (0.01-2%) near E in near neutral pH solu-
tions, it is reasonable to assume that the pH, is between that of Al;03 and WO3;, but
closer to that of Al,O3.

Figure 29 shows Ej, for a variety of alloys as a function of pHp,c where the pHp,e
was calculated from the passive film chemistry at or near Ep, assuming a linear
dependence of pHp,c with mixed oxide composition. Based on Roy and Fuerstenau's
results, this caliculation may overestimate the pszc by an unknown amount, especially
for Al-W alloys where little oxidized solute is present, but represents the only quantifi-
able first approximation. The figure fails to indicate any correlation between E; and
pHp,c for the nonequilibrium alloys. In particular, the low concentration of oxidized W
in the passive film coupled with their high E, suggests that the pHpzc mechanism
alone cannot explain the enhanced passivity of this alloy unless there is a process that
concentrates the oxidized W at defects or other local areas of attack. Other mecha-
nisms must be involved. Similarly, the scatter with the other alloys suggest that pHpz¢
considerations alone cannot explain their enhanced passivity and other mechanisms
must also contribute.

The SVIM model proposed by Urguidi and Macdonald[23] is consistent with our
data on Al-Mo alloys[1-3] which show an increase in Ep with increasing Mo+6 concen-
tration and a decreasing Mo+6 concentration prior to Ep- In this case, the Mo+6 in the
passive film is highly oxidized and could interact with cation vacancies. The electro-
static mechanism we proposed earlier{2,3] can be interpreted as a simplified version of
the SVIM model. However, different mechanisms are needed to explain the passivity
of Al-Cr and Al-W alloys. In Al-Cr, the Cr+3 has the same oxidation state as the Al+3
and should not interact with cation vacancies. In Al-W at near-neutral pHs, there

44




500
! ! ‘Al-w
a00 oaw
300 -
@ Al-Mo
200 —
W 100 —
Q
(7))
>" or @ A-Mo -
E @ Al-Ta
L 4
a -100[ 7
w
-200 [~ ACr @ QAHW —
’Al-Cr @ A-W
L ALCr ]
-300 @ ALMo
400 [~ —
@ ALZr
-500 [~ oA _
| | @A @A
-600 7 8 9
L921-9007-2a
PHpzc

Figure 29. Pitting potentials of nonequilibrium alloys as a function of pHp,c of the
passive film assuming a linear relationship between the composition of a
mixed oxide and the pHy,¢ of the individual oxides.
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would appear to be insufficient oxidized W to complex with the vacancies and provide
the high Ey's observed.

Previously, we had speculated that small amounts of oxidized W might stabilize the
passive film structure and make it less subject to attack.[7] Although this cannot be
ruled out in near-neutral pH solutions, the changing passive film chemistry but similar
Ep of Al-W alloys over a wide pH range suggests that structure considerations alone
cannot explain the enhanced passivity. It would be difficult for a single, stable struc-
ture to persist while the passive film chemistry is changing from oxidized/hydrated Al
with trace amounts of oxidized W (pH 8[7]) to comparable amounts of oxidized (pH 3)
Al and W and then to oxidized W (pH 0[18]).

To explain the passivity of Al-W alloys, we need a mechanism that wouid allow for
low oxidized W concentrations in the passive film at near-neutral pH, yet explain the
passivity that is present over a wide range of pH. The establishment of a sufficiently
aggressive solution within preexisting defects at the passive film/metal interface and
the resulting active dissolution of the metal have been proposed as the rate-determin-
ing steps tor the breakdown of passivity. Metastable pits in these corrosion-resistant
nonequilibrium alloys form when the metal dissolution rate within the pits is too low to
sustain a sufficiently low pH and repassivation occurs.[21,22] This mechanism
assumes the presence of preexisting flaws extending to the substrate/oxide interface. It
has also been speculated that the flaws are primarily located over grain boundaries in
the underlying metal.[21,22] As the volume fraction of the grain boundary region
increases (with smaller grains), the passive film, especiaily an epitaxial monolayer at
the interface, exhibits a larger number of uniformly distributed defects at the grain
boundaries. These defects reportedly provide a high degree of competition for
available CI- anions so that localized enrichment of Cl- and subsequent acidification
require a greater driving force and, hence, a higher potential for stable pit growth. If
the concentration of such detects control passivity, then one would expect a
correlation of E, with grain size and amorphous alloys should exhibit higher pitting
potentials than crystalline alloys with similar solute concentration. A compilation of
available grain size versus E, data (Fig. 15) shows little correlation over the entire
range of grain size. Furthermore, comparison of the pitting potentials for different W
compositions and crystallity in Fig. 30 shows that amorphous and crystalline
specimens with the same composition exhibit identical pitting potentials. Since the
passive films of these aluminum alloys are amorphous regardless of the crystallinity of
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the substrate (with the possible exception of an epitaxial monolayer of oxide), the
composition of the film (or composition-induced local structural changes) appears to
be a greater factor influencing passivity.

A version of this mechanism could explain passivity despite the low average con-
centration of oxidized W. Once a defect is formed at the passive finvinetal interface
and dissolution/acidification begins, an oxidized W film grows locally as the Al dis-
solves. This oxidized W is more stable than the original film at low pH and passivates
the site. Additional passivity may occur since, according to the pHp,c madel, less Cl-
would adsorb locally. Although the average concentration of W in the passive film may
be low at near-neutrai pH, it could be high in passivated pits. If this were the case, one
would expect its average concentration to increase with anodic overpotentials as the
concentration of passivated pits increases. We do indeed observe this increase in
oxidized W during polarization.[7] During polarization in the pH 3 solutions, the local
environment in a metastable pit is partially simulated over the entire specimen and
high oxidized W concentrations are seen. '

SUMMARY AND CONCLUSIONS:

We were unsuccessful in producing rapidly solidified single-phase Al-W and Al-Ta
powders; precipitates were present in all.

Dynamic compaction of Al-Ta powders and of Al-W powders with water did not lead
to the formation of new precipitates or to substantial growth of existing ones. Com-

paction of Al-W powders with air did affect precipitation, resulting in the disappearance
of an unidentified phase and nucleation of WAl,,.

The precipitates in the compacted material formed microgalvanic cells and led to
pitting. No enhanced passivity was observed.

Nonequilibrium, single-phase Al-W alloys exhibited enhanced passivity over a
wide range of pH (0-9.6) and CI- concentration (0.1-1.0 M), including artifical seawater.
The pitting potential was nearly constant over this range, with an apparent slight

maximum at pH 8. The passive current density showed a strong dependence on pH,
increasing with decreasing pH.
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The Al-Ta alloys exhibited enhanced passivity at high pH values and some evi-
dence of passivity at low pH values.

The passive film of Al-W alloys in pH 3 solutions is thicker that that observed in
near-neutral solutions and contains more than two orders of magnitude more oxidized
W. Because of a composition gradient in the film at E,, the surtace was more W-rich
than the substrate side. As an anodic potential was applied, the passive film became
more W-rich up to the pitting potential.

The excellent corrosion behavior of Al-W alloys over a wide range of pH coupled
with the low W concentration in the passive film formed at near-neutral pH suggest a
different mechanism is involved than for other "stainless" aluminum alloys. Many of
the proposed passivity mechanisms, such as barrier layer formation, vacancy-solute
complex formation, pHy,¢, structure stabilization, and grain boundary defect-competi-
tion are not consistent with the Al-W results.

The most likely mechanism to explain the passivity of Al-W alloy involves the local

passivation of a metastable pit due to the stability of the oxidized solute in low pH
conditions.
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