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2. Project Objectives

Aluminum is a reactive metal that survives in the environment by the formation of a
passive surface film. Anions such as chloride can adsorb on this film and accelerate is
dissolution, leading to the formation of pits in the underlying metal surface, i.e., chloride pitting
corrosion. The corrosion resistance of aluminum can be greatly enhanced by alloying with
solute metals, especially the transition elements, at concentrations greatly exceeding their normal
equilibrium solubilities. A variety of non-equilibrium alloying techniques, e.g., melt spinning,
ion implantation, reactive plasma spraying, and sputter deposition, have been devised to prepare
these "stainless" aluminum alloys as they are sometimes called, but these techniques are inferior
to electrodeposition methods because they are difficult to apply to objects with three dimensional
surfaces.

Aluminum cannot be electrodeposited from aqueous solutions because hydrogen is
generated before aluminum can be deposited. Thus, aluminum and its alloys can only be
electroplated from nonaqueous solutions or molten salts. Some of the solvent systems that are
used for this purpose include mixtures of aluminum hydrides such as AlH, or LiAlH; and AICl;3
dissolved in aliphatic ethers and mixtures of aluminum trialkyl compounds and either alkali
metal or tetraalkylammonium halides dissolved in aromatic hydrocarbons. These latter plating
solutions are toxic and pyrophoric. Chloroaluminate molten salts, which consist of aluminum
chloride mixed with an inorganic chloride salt such as sodium chloride (~ 175 °C) or an organic
chloride salt such as 1-ethyl-3-methylimidazolium chloride (~ 25 °C), constitute a concentrated
reservoir of reducible aluminum. Aside from their sensitivity to moisture, these ionic solvents
are relatively non-toxic and easy to handle.

The broad objective of this project was to investigate the electrodeposition of transition
metal-aluminum alloys from chloroaluminate molten salts, particularly those that are liquid at
room temperature. Included in this objective were the following goals: to identify and
characterize new alloys that can be prepared in these melts, to understand the electrochemical
mechanism by which aluminum-transitional metal alloys are formed, to determine the factors
that affect the structure, morphology, and composition of these alloys, to examine the corrosion

resistance of alloys that show promise for industrial applications, and to improve the in-situ
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electrochemical methods that are used to analyze electrodeposited alloys. To this end we have

succeeded in preparing a number of binary aluminum-transition metal alloys that show
considerable resistance to chloride-induced pitting corrosion compared to aluminum, we have
developed pulse-plating technology that can be used to electroplate compact aluminum alloy
deposits, and we have further refined a rotating-ring disk voltammetry technique for the in situ
analysis of electrodeposited alloys that was invented in our laboratory. The main DoD payoff for
this project is the development of a low temperature method for making corrosion-resistant
aluminum coatings on aircraft parts that are frequently exposed to chloride environments, €.g.,

aircraft landing gear and structural parts.
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6. Summary of Research Results

a. Galvanostatic pulse-plating of copper-aluminum alloy.- The electrodeposition of
transition metal-aluminum alloys from room-temperature chloroaluminate melts can be divided
into two classes. The first class consists of those systems where the transition metal electrodepo-
sits at potentials proximate to aluminum, e.g., Al-Cr and Al-Mn. In this class of alloys, the
concentration of aluminum greatly exceeds that of the transition metal. The second class
consists of those systems where the transition metal is reduced at potentials several hundred
millivolts positive of the aluminum reduction potential, e.g., Ag-Al, Co-Al, Cu-Al, Fe-Al, and
Ni-Al. In this case, there often exists a potential window wherein the pure transition metal can
be reduced at the mass transport-limited rate before the co-deposition of Al commences. Hence
the concentration of the transition metal component greatly exceeds the concentration of the
aluminum component. Furthermore, if these types of alloys are allowed to sit in the plating
solution without the benefit of cathodic protection, they experience rapid displacement of Al by
the transition metal, ie., they are thermodynamically unstable. Unfortunately, these
complications usually lead to practical electrodeposits with very poor morphologies, embedded
chloride, and less Al than predicted from transient electrochemical techniques. The use of
periodic current waveforms has been demonstrated to produce electrodeposits from aqueous
solutions with reduced porosity, improved surface topography, and reduced internal stress.

Therefore, we have carried out such investigations with the Cu-Al alloy system.




The electroplating of Cu-Al alloy (aluminum-bronze) was examined by using pulse
current, superimposed-pulse current, and reverse-pulse current methods. The composition of the
electrodeposited alloy was determined by using rotating ring-disk anodic linear sweep voltam-
metry (RRDE-ALSV). As mentioned above, the electrodeposition of Cu-Al is complicated by
the instability of the alloy in solutions containing Cu’. If the alloy is removed from cathodic
protection while immersed in the plating bath, a condition that occurs during the pulse plating
“off-time,” f, Cu" in the plating solution oxidizes Al from the electrodeposit. The rate of this
displacement reaction is greatest for small values of #., but decreases as #,i becomes longer,
suggesting that a copper-rich layer forms on the electrodeposit that blocks the displacement
reaction. The displacement reaction can be minimized by lowering the Cu* concentration at the
electrode surface through the application of a superimposed current during #.¢, Wwhose magnitude
is comparable to that of the limiting current for Cu’. A simple analytical model incorporating
the peak-pulse current, Cu" limiting current, peak-pulse current on-time, and superimposed-
current on-time, provided a reasonable representation of the experimental data. Reverse-pulse
current experiments indicated that the alloy composition can be controlled by manipulating the
peak-pulse current, duty cycle, and reverse current with changes in the former having by far the
greatest effect. Based on these results, reverse-pulse current and superimposed-pulse current are
the plating methods of choice for use in these melts. The results of this investigation were

reported in Q. Zhu and C. L. Hussey, J. Electrochem. Soc., 148, C395 (2001).

b. Bulk deposition of Cu-Al alloys.-The pulse plating of bulk Cu-Al alloy films was
investigated in the AICI;-EtMeImCl melt containing 45.4% (v/v) benzene at a demountable
nickel rotating disk electrode by using pulse current, superimposed-pulse current, and reverse-
pulse current methods. The resulting alloy films were characterized by using SEM/EDS and
were compared to those prepared by using conventional DC plating methods. Generally, the as-
deposited surface morphology was greatly improved and the chloride contamination was
decreased in those alloy electrodeposits prepared by using periodic current waveforms. This was
especially true for reverse-pulse current plating, which led to deposits with no detectable chloride
contamination. Cu-Al electrodeposits with specular surfaces containing approximately 4 %

atomic fraction aluminum were obtained by using superimposed-pulse current plating in which
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the superimposed current was equal in magnitude to the limiting current for the reduction of
copper (I). This Al content should be sufficient to impart corrosion resistance to the Cu. The use
of 1 % (w/w) methyl #-butyl ether as a leveling agent to improve the surface morphology of the
deposit was also investigated. Although this additive was found to improve the overall deposit
quality, it led to an unfortunate decrease in the Al content of the alloy. The bottom line of this
work is that it is possible to prepare a good quality chloride-free aluminum bronze plating from
room-temperature chloroaluminates by using pulse-plating techniques. The results of this
investigation were reported in Q. Zhu, C. L. Hussey, and G. R. Stafford, J. Electrochem. Soc.,
149, C268 (2002).

c. Electrodeposition of silver-aluminum alloy.-The electrodeposition of silver-aluminum
alloy was investigated at platinum and tungsten electrodes in the Lewis acidic aluminum
chloride-1-ethyl-3-methylimidazolium chloride molten salt containing electrogenerated silver(I)
at 25 °C. This system was investigated for its possible utility as a corrosion-resistant coating for
other metals. Sampled-current voltammetry indicated that it is possible to electrodeposit Ag-Al
alloys at potentials positive of that where the bulk deposition of aluminum is normally observed
(~0 V). The aluminum content of these alloys varied with the applied potential and displayed an
inverse dependence on the silver(I) concentration, indicating that the alloy formation process was
kinetically limited. Experiments conducted in melts with different compositions revealed that at
a fixed potential and silver(I) concentration, the atomic fraction of aluminum in the alloy is
virtually independent of the melt composition. At high concentrations, silver(I) adsorbs on
platinum and tungsten, but this process is inhibited by the addition of benzene. This
phenomenon is very unusual in that the adsorption of inorganic electroactive species on metal
electrodes in molten salts is seldom observed. However, the adsorption process does not appear
to affect the co-deposition of aluminum with silver. X-ray diffraction analysis of bulk Ag-Al
alloy electrodeposits prepared in melt containing benzene as a co-solvent indicated the presence
of both fcc Ag and hcp 6-AgyAl. Further work on this system will be directed at improving the
morphology of bulk deposits through the application of the pulse current techniques described
above. The results of this investigation were reported in Q. Zhu and C. L. Hussey, J.
Electrochem. Soc., 148, C88 (2001).
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d. Electrodeposition of magnetic alloys containing iron and aluminum.-The electrodepo-
sition of iron was investigated in solutions of Fe(Il) in the Lewis acidic aluminum chloride-1-
ethyl-3-methylimidazolium chloride molten salt with and without benzene co-solvent under
ambient temperature conditions. Chronoamperometry was used to study the nucleation of iron
on a Pt substrate. The electrodeposition of iron on Pt agrees very well with the progressive three-
dimensional diffusion-controlled nucleation/growth model. The density of intrinsic active sites
available for nucleation is estimated to be on the order of 10° cm™, which is an extremely low
value. Sampled current voltammetry indicated that it is possible to electrodeposit Fe-Al alloys
at potentials positive of that where the bulk deposition of aluminum is normally observed (about
0 V). Because Fe(II) is reduced at potentials several hundred millivolts positive of the aluminum
reduction potential, the Al in the Fe-Al alloy is displaced rapidly if the deposit is allowed to sit in
the plating solution in the absence of cathodic protection. This results in poor deposit
morphologies and less Al than predicted from transient electrochemical techniques. As described
above, the use of pulse current plating methodology has been demonstrated to produce smooth,
Cl-free Cu-Al alloy films from room- temperature chloroaluminates. Based on this information,
we attempted to do an initial survey of the pulse current plating of Fe-Al alloy films on copper
substrates in the molten salt with and without benzene co-solvent. SEM/EDS analysis of the
resulting deposits indicated that smooth Fe-Al alloy films can be obtained by pulse-current
plating and that the alloy composition can be easily controlled by changing the pulse-plating
parameters (such as current density, pulse time and pulse frequency). However, it did not prove
possible to prepare good quality deposits of Fe-Al alloy from these melts, and so we did not

pursue this research further.

e. Electrochemistry of titanium and the deposition of titanium-aluminum alloy.- The
electrochemical behavior of titanium was examined in acidic AlCl;-EtMeImCl at 80 °C. The
anodic dissolution of a titanium wire electrode results in the formation of Ti(III) as a reddish,
sparingly-soluble film of TiCl; on the electrode surface. This film eventually passivates the
titanium electrode. However, if the TiCl; precipitate is stirred with titanium metal, it dissolves

and the solution becomes greenish-yellow. A UV-vis spectrum of this solution was identical to
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that obtained by the direct dissolution of TiCl,. The rate of dissolution of Ti could be greatly
enhanced by adding Ti metal to the cell because Ti(Ill) produced during the electrolysis is

immediately converted to Ti(II)
Ti + 2Ti(IID) = 3Ti(ID)

Ti(IT) is converted to TiCl; by reaction with adventitious O, in the glove box; however, Ti(Il)
solutions are easily stabilized by adding a small amount of Ti metal. The electrochemistry of
Ti(Il) was investigated with cyclic voltammetry at a stationary Pt disk electrode. These
experiments revealed that Ti(Il) can be oxidized to Ti(Il[) and eventually Ti(IV) in
quasireversible one-electron reactions, but at slow scan rates the Ti(II)/Ti(II) electrode reaction
is complicated by the precipitation of Ti(III) as TiCl; in a classical E,C; reaction mechanism.
Assuming that Ti(II) is complexed by three bidentate AlCl;" ions according to the EXAFS study
reported by Kenneth Seddon’s group, this mechanism may take the following form

Ti[(AICL);]” = Ti[(AICL)s] + ¢
3AICL + Ti[(AICL)s] ~ TiCl(s) + 3ALCl

The Ti(ID)/Ti(IIl) and Ti(III)/Ti(IV) electrode reactions are independent of the source of Ti(I).
That is, the direct dissolution of Ti(I) and the electrolytic dissolution of Ti in the presence of Ti
metal produces solutions with identical electrochemical and spectroscopic characteristics. The
reduction of Ti(II) occurs at potentials negative of the Al(IIT)/Al electrode reaction, producing
Ti-Al alloy. Ti-Al alloy samples containing ~12 a/o Ti were prepared on the surface of a Cu
rotating-disk electrode at a current density of 10 mA cm™ over a wide range of rotation rates.
Electrodeposits containing 7.0 a/o to 18.4 a/o Ti metal were examined by x-ray
diffraction methods. All of the diffraction patterns were indexed to a disordered face-centered
cubic (fcc) structure and were very similar to that of pure aluminum. Two distinct changes in the
diffraction patterns with increased Ti metal content of the alloy were observed. The first was a

0.33 % decrease in the aluminum lattice parameter over this range of composition. This is to be
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expected as the smaller Ti atoms substitute for Al in the fcc lattice. The second change was
significant broadening of the x-ray reflections with increasing Ti metal content, suggesting a
decrease in the deposit grain size. This latter result supports the SEM analysis that showed a
decrease in grain size with an increase in the Ti metal content.

A typical diffraction pattern taken on the [001] zone axis from a deposit containing 18.4
a/o Ti metal was consistent with single phase fcc Al-Ti having a lattice parameter close to 0.405
nm. No superlattice reflections were found in any of the diffraction patterns indicating that the
detected phase has a random ordering of Al and Ti atoms. For comparison, the diffraction
patterns from films containing 16.0 a/o Ti and 24.0 a/o Ti, both deposited from AlCl;-NaCl at
clearly show the 100 and 110 superlattice reflections and their intensities grow progressively
relative to the fundamental 200 spots as the titanium concentration is increased. The presence of
superlattice reflections indicates that the crystal structure of the 423.2 K deposits is not
disordered fcc because the 100 and 110 reflections are forbidden for the fcc lattice. It is also
clear that the chemical disorder of the room temperature melt deposit is not simply due to the
low Ti content. These results strongly suggest that the Al-Ti alloy deposits in the disordered
state and that ordering occurs in the solid state, subsequent to the charge transfer step and adatom
incorporation into the lattice. The results of this investigation were reported in T. Tsuda, C. L.
Hussey, G. R. Stafford, and J. Bonevich, J. Electrochem. Soc., 150, C234 (2003).

f. Electrodeposition of Al-V alloys.-The electrochemical behavior of vanadium(II) was
examined in VCl,-saturated 66.7-33.3 m/o AICl;-EtMeImCl at 353 K. Voltammetry
experiments revealed that V(II) could be oxidized to V(III) and eventually V(IV) in quasi-
reversible, one-electron reactions. However, at slow scan rates the V(II)/V(III) electrode
reaction is complicated by the rapid precipitation of V(III) as VCl;. The reduction of V(II)
occurs at potentials considerably negative of the Al(IIT)/Al electrode reaction, and Al-V alloys can
not be electrodeposited from this melt. However, electrodeposition experiments conducted in
VClp-saturated melt containing the additive, 1-ethyl-3-methylimidazolium tetrafluoroborate,
resulted in the production of Al-V alloys. The vanadium content of these alloys increased with

increasing cathodic current density or more negative applied potentials.
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Bulk Al-V samples were electrodeposited on Cu-wire substrates using galvanostatic and
potentiostatic techniques. In all cases, the Al-V alloys appear to nucleate along the striations of the
drawn copper wire surface. The surface morphology is clearly dependent on the applied current
density; as the cathodic current density is increased, the resulting electrodeposits assume a more
compact, nodular structure and become relatively smooth and compact at the highest practical
current density. Thus, grain refinement is apparently driven by the incorporation of vanadium into
the aluminum deposit because an increase in the deposition current density would ordinarily lead to
an increase in grain size. Similarly, both of the samples that resulted from potentiostatic
electrodeposition experiments exhibited a reasonably smooth, compact surface morphology. EDS
elemental compositional maps were prepared for the Al-V electrodeposit with the highest vanadium
content, and these maps show a very uniform micro distribution of aluminum and vanadium. EDS
analysis of the various Al-V alloy samples prepared during the course of this study indicated that all
were free from chloride contamination.

An XRD pattern collected for an Al-V sample containing 9.1 a/o V gave peaks that could be
identified with aluminum or with the copper substrate. Reflections for o~Al;yV, an intermetallic
compound that might be expected based on the Al/V elemental ratio of this deposit did not match
any of these reflections. The lack of any reflections that can be assigned to discrete Al-V
intermetallic compounds, suggests that vanadium has alloyed substitutionally with aluminum in this
deposit to form a non-equilibrium or metastable solid solution. Similar results were found for Al-Ti
alloys prepared in the Lewis acidic AlCl;-EtMeImCl1 melt as described above.

The corrosion resistance of the Al-V alloys was investigated by recording potentiodynamic
anodic polarization curves in N,-saturated aqueous NaCl. The Al-V alloy samples display a stable
passive region characterized by a very small potential-independent current followed by a sudden
rise in current at the pitting potential. This same result was also noted for electrodeposited Al-Ti
alloys. The addition of ~ 10 a/o V increases the pitting potential of the alloy by about +0.3 V. This
increase is only about 50 % that seen for Al-V alloys with the same composition that were prepared
by sputter deposition, but it is comparable to the improvement in pitting potential seen for Al-Ti
alloys containing ~ 10 a/o Ti that were prepared in this same molten salt by using similar
techniques. One possible explanation for the difference in the pitting potentials of the
electrodeposited and sputter-deposited Al-V alloys is the fact that the latter were aged for about 2
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years before they were tested whereas the pitting potentials for these electrodeposited samples were
measured within a few weeks of their preparation. The results of this investigation were reported in
T. Tsuda and C. L. Hussey, Journal of Mining and Metallurgy, 39B, 3 (2003) and in T. Tsuda
and C. L. Hussey, Proc. Symp. Magnetic Materials, Processes, and Devices VII and
Electrodeposition of Alloys, PV 2002-27 (2003), The Electrochemical Society, Inc., Pennington,
NJ.

g. Electrodeposition of Al-Zr alloys.-The electrochemistry of Zr(IV) and Zr(II) and the
electrodeposition of Al-Zr alloys were examined in the Lewis acidic 66.7-33.3 mole percent
aluminum chloride-1-ethyl-3-methylimidazolium chloride molten salt at 353 K.  The
electrochemical reduction of Zr(IV) to Zr(I) is complicated by the precipitation of ZrCls; however,
solutions of Zr(Il) can be prepared by reducing Zr(IV) with Al wire. Al-Zr alloys can be
electrodeposited from plating baths containing either Zr(IV) or Zr(I), but for a given concentration
and current density, baths containing Zr(IV) lead to Al-Zr alloys with the higher Zr content. This
result was traced to the diminutive concentration-dependent diffusion coefficient for Zr(I). It was
possible to prepare Al-Zr alloys containing up to ~17 percent atomic fraction (a/o) Zr. The structure
of these deposits depended on the Zr content. Alloys containing less than 5 a/o Zr could be indexed
to a disordered fcc structure similar to pure Al, whereas alloys containing ~17 a/o Zr were
completely amorphous (metallic glass).

Two-phase regions are often observed in electrodeposited aluminum-transition metal
alloys when the concentration of the transition metal exceeds the limit of supersaturation in the
fcc Al solid solution. The appearance of the second phase, which often has an amorphous
structure, generally causes a relaxation in the supersaturation of the solid solution. This has been
observed in Al-Cr and Al-Mn alloys electrodeposited from AlCl;-NaCl electrolytes. The two-
phase region observed in electrodeposited Al-Zr is clearly different from that that reported in
alloys deposited from the high-temperature melt. We have not observed the fine-grained duplex
structure that is typically observed in homogeneous two-phase alloys, nor have we observed a
relaxation in the supersaturation of Zr in the fcc phase when the amorphous phase is present.
This suggests that the two-phase Al-Zr deposits are not intimately co-deposited but consist of

large, discrete regions of single-phase material. The non-uniform distribution of Zr and the
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resultant inhomogeneous surface morphology revealed by SEM is consistent with this
conclusion. The phase distribution appears to follow the composition distribution that appears to
be the result of a non-uniform current distribution along the copper wire electrode.

The corrosion resistance of the electrodeposited Al-Zr alloys was investigated by recording
potentiodynamic anodic polarization curves in N,-saturated aqueous 0.1 M NaCl. As noted for Al-
Mn alloys examined under similar conditions Al-Zr alloys display a stable passive region
characterized by a very small potential-independent current followed by a sudden rise in current at
the pitting potential as the deposit undergoes electrodissolution. The addition of 8 a/o or more Zr
increases the pitting potential of the alloy by about +0.3 V versus pure Al. This increase is close to
the value for the Aly;Zr; alloy that was prepared by sputter deposition. The chloride pitting
potentials of alloys with more than 8 a/o Zr were approximately +0.3 V relative to pure Al. The
results of this investigation were reported in a manuscript submitted to the Journal of The
Electrochemical Society. This article has been accepted for publication and will appear in 2004.

A copy of the revised manuscript that has been accepted appears in Appendix 1.

h. Electrodeposition of Al-Mo alloys.-The electrodeposition of aluminum-molybdenum
alloys was examined at copper rotating disk and wire substrates in the Lewis acidic 66.7-33.3
mole percent aluminum chloride-1-ethyl-3-methylimidazolium chloride molten salt containing
Mo(Il) in the form of dissolved (MosClg)Cls. The molybdenum content of the electrodeposits
depended on the electrode rotation rate, Mo(Il) concentration, and the bath temperature. Because

the cathodic current for the reaction

4ALCl; + 3¢ = Al+7AICly

rises sharply with small negative changes in potential, it was found impractical to investigate the
electrodeposition of bulk Al-Mo alloys with any degree of precision by using controlled-potential
techniques. Therefore, we used controlled-current techniques to prepare alloy samples for detailed
compositional and morphological analysis. During previous investigations involving the
electrodeposition of Al-Ti alloys on rotating electrode substrates, the alloy composition was found
to depend on the electrode rotation rate below a certain threshold value. Because some of the Al-
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Mo alloy samples were to be electrodeposited on Cu RDE and RWE substrates, we examined the

electrodeposition of bulk Al-Mo alloys on the former by using dc galvanostatic methods at a current
density of -10 mA cm?. The results of this investigation indicate that the Mo content of these
deposits becomes approximately independent of rotation rate above 500 rpm. Therefore, rotation
rates exceeding 500 rpm were employed when preparing electrodeposited samples for further
analysis.

The Al-Mo alloy composition depends on the applied current density, with the Mo content
of the alloy decreasing as the applied current density is increased. This result is expected because
the concentration of the reducible Mo(Il) species in the plating solution is much smaller than the
concentration of AL,Cl;. Thus, the limiting current density for the electrodeposition of Mo only
becomes a significant fraction of the total cathodic current density when the latter is small. That is,
the partial current density for {MosClg}*" reduction is fixed and small, and an increase in the total
cathodic current density simply amplifies the Al partial current density, leading to deposits with less
Mo.

The effects of temperature and (MogClg)Cly concentration on the Al-Mo alloy composition
were also investigated. Figure 4 shows the relationship between the current density and the alloy
composition for deposits plated at a fixed temperature from melt solutions containing three different
(MosClg)Cly concentrations and for deposits plated from solutions with the same (MogClg)Cly
concentration at two different temperatures. The results from both sets of experiments can be
explained by considering the effects of each variable on the limiting current for Mo deposition. For
example, increasing the (MogClg)Cls concentration increases the limiting current density for
{MosCls}** reduction (or the partial current density for Mo deposition). Thus, at a fixed cathodic
current density, the Mo partial current density increases as the (MogsCls)Cls concentration is
increased, leading to alloy deposits with a greater Mo content. Increasing the plating bath
temperature also seems to increase the partial current for Mo deposition relative to that for Al
deposition, leading to electrodeposits with larger amounts of Mo. Thus, increasing the temperature
of the plating bath has the same net effect as raising the (MosCls)Cls concentration.

It was possible to produce non-equilibrium alloys containing more than 10 atomic percent
Mo. All of these alloy deposits were compact and chloride-free. Electrodeposits containing 2.6 to

10.2 a/o Mo were examined by x-ray diffraction. Deposits containing less than 5 a/o Mo have
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diffraction patterns that can be indexed to a face-centered cubic (fcc) structure very similar to
that of pure aluminum, indicating that the Al-Mo alloy is a single phase, supersaturated solid
solution. These patterns indicate that the Al grains are randomly oriented and have no preferred
crystallographic texture. The primary change in the diffraction patterns with increased Mo
composition is the disappearance of the fcc reflections and the development of a broad reflection
centered on a 28 of about 41°, which indicates the presence of an amorphous phase. This broad
reflection first appears in deposits containing about 6.5 a/o Mo. The diffraction pattern of the 7.5
a/o Mo deposit indicated that this was a two-phase deposit, consisting of fcc and amorphous
material. As the Mo content of the deposit was increased, the amount of fcc phase in the alloy
decreases whereas that of the amorphous phasé increases. Deposits containing slightly more
than 10 a/o Mo are completely amorphous

The level of supersaturation in the two-phase deposits can only be estimated because the
Mo content, as measured by EDS, is partitioned between the fcc and amorphous phases. An
extrapolation of the lattice parameter data from single-phase deposits places the maximum
supersaturation at about 6 to 7 a/o Mo. This level of supersaturation matches that reported in
mechanically alloyed materials and is at least twice that observed in rapidly quenched alloys
reported to date. In addition to the level of supersaturation obtained in the fcc phase, it is
interesting to note that the supersaturation is maintained when the amorphous phase is co-
deposited. Similar behavior was also noted for Al-Zr alloys electrodeposited at ambient
temperature from AICL;-EtMeImCl. Aluminum alloys electrodeposited from higher temperature
AICI1;5-NaCl melts show very different behavior in that the appearance of the amorphous phase
results in a relaxation in the supersaturation of the solid solution to levels closer to equilibrium
values.

The pitting potentials of electrodeposited Al-Mo alloys were determined by carrying out
potentiodynamic anodic polarization experiments in deaerated aqueous NaCl. These experiments
were conducted with alloy samples that were deposited on copper wire substrates. As noted for
some other electrodeposited stainless aluminum alloys in aqueous chloride media, the Al-Mo alloys
are spontaneously passive at the rest potential of the solution. During anodic polarization, they
display a stable passive region characterized by a very small potential-independent current followed
by a sudden rise in current at the pitting potential. The addition of ~ 10 a/o Mo increases the pitting
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potential of the alloy by about +0.800 mV. This increase in the pitting potential is comparable to
that found for Al-Mo alloys prepared by sputter deposition. These materials are the most corrosion
resistant aluminum-transition metal alloys that have been deposited from chloroaluminate molten
salts to date. A manuscript reporting the results of this investigation has been submitted to the
Journal of The Electrochemical Society. This article has been accepted and will appear in 2004.
A copy of the galley proof appears in Appendix II.

i.  Electrodeposition of Al-Hf alloy.- The electrochemistry of Hf(IV) and the
electrodeposition of Al-Hf alloy was examined in the Lewis acidic 66.7-33.3 mole percent (m/o)
aluminum chloride-1-ethyl-3-methylimidazolium chloride (AIC;-EtMeImCl) molten salt
containing HfCl;. When cyclic staircase voltammetry was carried out at a platinum electrode in this
melt containing HfCl,, the deposition and stripping waves for Al shifted to negative and positive
potentials, respectively, suggesting that the aluminum stripping is more difficult due to the
formation of Al-Hf alloy. The Hf content of the Al-Hf deposits depended on the HfClL
concentration in the melt and the applied current density. Al-Hf alloy samples containing ~ 11
atomic percent (a/0) Hf were obtained on the surface of a Cu rotating wire electrode. The alloy
surface was covered with dense crystals, the alloy was completely chloride free, and the
morphology did not depend on the Hf content of the samples, but on the applied current density.
The pitting potential of the Al-Hf alloys was approximately +0.30 V against pure aluminum
when the Hf content was above 10 a/o. A manuscript describing these results is in preparation

for submission to Electrochimica Acta. A draft copy of this manuscript appears as Appendix III.

j. Electrodeposition of Al-W alloys.-The electrochemistry and spectrochemistry of tungsten
was examined in the Lewis acidic 66.7-33.3 m/o AICl;-EtMeImCl molten salt. UV-visible
spectroscopic data for a solution of WClg changed over a period of several hours at 353 K. We
concluded that this anomalous phenomenon is caused by transformation of the W(VI) monomer,
W(AICly)s, to a dimer, W2(AICly)0. The transformation process proceeds with an increase in the
bath temperature. The electrode reaction for W(VIyW(V) and W(V)/W(IV) is reversible one-
electron charge transfer process in the solution of WCls. In the solutions of WCly, the W(IV)/W(III)

electrode reaction involves a following irreversible chemical step in which W(III) is converted to
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insoluble WCl;. Melt solutions containing KsW,Cly were suitable for electroplating of Al-W alloy.
It was possible to prepare electrodeposits containing more than 14 a/o W. In these alloys, the
pitting potential is shifted to approximately + 1150 mV against pure aluminum. The chloride
pitting potential of this alloy is superior to that of all aluminum transition metal alloys that have
been prepared in this room-temperature molten salt. A manuscript describing these results is in
preparation for submission to the Journal of The Electrochemical Society. A draft copy of this

manuscript appears in Appendix IV.

k.  Electrodeposition of Al-Mn-Mo alloys.- The electrodeposition of aluminum-
manganese-molybdenum alloy was examined in the Lewis acidic 66.7-33.3 mole percent (m/o0)
aluminum chloride-1-ethyl-3-methylimidazolium chloride (AICL-EtMeImCI) molten salt
containing MnCl, and (MosClg)Cls under various conditions. The ratio of these two components in
the melt strongly affected both the electrodeposition behavior and the surface morphology of the
resulting Al-Mn-Mo alloys. The addition of Mo to the Al-Mn alloy resulted in a considerable
irriprovement in its resistance to chloride-induced pitting corrosion. The pitting potential of the Al-
Mn-Mo alloys shifted to approximately +500 and +800 mV against AlosgMny, alloy and pure
Al, respectively, and depended on the total Mo content. This increased resistance to chloride-
induced pitting corrosion is comparable to that found for pure Al-Mo alloys electrodeposited from
the 66.7 m/o melt. Thus, the addition of Mo into the Al-Mn alloy is an effective method to improve
its chloride-induced pitting potential and may have other beneficial effects as well A manuscript
describing these results is in preparation for submission to Electrochimica Acta. A draft copy of

this manuscript is attached as Appendix V.
7. Conclusions

The primary goal of this project was attained. Corrosion-resistant, non-equilibrium
binary aluminum alloy films such as Al-Ti, Al-V, Al-Zr, Al-Mo, Al-Hf, and Al-W were prepared
by electrodeposition from the room-temperature chloroaluminate molten salt, aluminum
chloride-1-ethyl-3-methylimidazolium chloride. It was also possible to electrodeposit the ternary
alloy, Al-Mn-Mo, from this ionic solvent. In every case, those alloys that are supersaturated
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transition metal solutes exhibited greatly enhanced resistance to chloride-induced pitting
corrosion compared to pure aluminum, especially Al-Mo ad Al-W. In most cases, the corrosion
resistance of these alloys increases with increasing solute concentration and is comparable to that
observed for their counterparts that were prepared by using conventional nonequilibrium
alloying methods such as melt spinning, ion implantation, reactive plasma spraying, sputter
deposition, and thermal evaporation. The results of this project also suggest that isothermal
electrodeposition in chloroaluminate ionic liquids may be a more facile route to these
nonequilibrium alloys. Future investigations should be directed at the development of an

inexpensive pilot-scale process for electroplating these alloys in an industrial setting.
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Introduction

The maximum solubility of zirconium in face-centered cubic (fcc) aluminum is
0.08 % atomic fraction (a/o). This occurs at the peritectic transformation point at
660.5 °C. At room temperature, zirconium has negligible solubility in aluminum.!
However like most aluminum-transition metal alloys, supersaturated solid solutions
greatly exceeding the equilibrium solubility can be obtained by non-equilibrium
processing methods. For example, solid solutions containing up to 3.0 a/o zirconium
have been produced by rapid solidification 26 and vapor deposition.” The Al-Zr solid
solution, although metastable, shows good thermal stability up to temperatures of ~400-
450 °C. This observation is consistent with the general trend that the thermal stability of
the solid solution is related to the melting point of the alloying addition; i.e., the higher
the melting point, the more stable the solid solution.® The thermal decomposition of the
superséturated solid solution results in the nucleation of a metastable AZr phase having
an ordered cubic L1, structure (CusAu-type)™®*"* and eventually the equilibrium AlsZr
phase having a tetragonal structure. These twb phases, namely cubic ALZr and
tetragonal Al;Zr, have also been observed in supersaturated Al-Zr solid solutions
produced by rapid quenching.**

The propertties of aluminum and its alloys are significantly altered by the addition
of zirconium. The rapid solidification of binary Al-Zr alloys with more that 0.15 a/o

zirconium produces considerable grain refinement,'> ¢

resulting in aluminum grain sizes
typically less than 10 um. The general explanation for this phenomenon is that L1, Al;Zr
acts as a low energy nucleation site for fcc Al due to the similar crystal structures. Rapid
quenching is required to ensure that the AlsZr solidifies with the metastable L1, structure

rather than the equilibrium tetragonal structure. The presence of these fine Al:Zr
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precipitates also raises the recrystallization temperature of aluminum, extending the good
mechanical properties of the alloy to more elevated temperatures. Zirconium is also
added to commercial high-strength aluminum alloys to improve toughness, stress-
corrosion resistance, and quench sensitivity.”> ' The addition of about 0.15 a/o Zr to |
several of the commercial aluminum alloys makes them superplastic due in part to the
resulting grain refinement.!* ' Typical elongations of 1000 % can be consistently
obtained with Aly76Cuz2Zr02 alloys, whereas identically processed binary Alg74Cuzs is
comprised of large grains and has limited plasticity.

Although Al-Zr alloys with many interesting properties can be obtained by standard
non-equilibrium processing methods as noted above, the industrial application of these
materials requires a processing method ‘such as isothermal electrodeposition that can be used
to produée alloy coatingsvof uniform thickness with reproducible ‘composition and structure.
A number of corrosion-resistant aluminum-transition metal alloys similar to Al-Zr have
been electrodeposited from Lewis acidic chloroaluminate molten salts. These well-known
melts are obtained by mixing a molar excess of anhydrous aluminum chloride with an
appropriate chloride salt. Typical salts that have been used to prepare these melts include
alkali chlorides such as NaCl or quaternary ammonium chloride salts such as 1-(1-
butyl)pyridinium chloride (BuPyCl) or 1-ethyl-3-methylimidazolium chloride (EtMeImCl).
Chloroaluminate molten salts have been used as baths for the electrodeposition of several
corrosion resistant aluminum-transition metal alloys; some examples of these alloys include
Al-Cr,ZO' 21 Al-Mn, 22 AL-Ti, %2 and Al-V.% Progress in this area was recently reviewed.”’
Recently, Kawase and Tto? reported the electrodeposition of Zr and Al-Zr alloy films on

carbon-coated ceramic substrates from solutions of electrogenerated Zr(Il) in the LiCl-KCl




eutectic molten salt at 823 K. AI(III) was the source of Al during the deposition of the Al-
Zr alloys, and it was generated by the chemical oxidation of Al metal with Zr(II).

The electrochemistry of zirconium has been investigated in the Lewis acidic AlCl;—
NaCl melt” 1In this study, insoluble green crystals of ZrCl; resulted from the
electrochemical reduction of Zr(IV) in melt containing 51-52 m/o AICl; at 448 K. It was
possible to reduce Zr(IV) to soluble Zr(Ill) in very acidic melt (60 m/o AICL) if the
temperature was raised to 523 K or more, but the Zr(I) thus produced rapidlyv
disproportionated to Zr(IV) and Zr(Il). The precipitation of Zr(IIl) as ZrCl; was used to
efficiently separate hafnium from zirconium in AICl:-NaCl melts éf low‘ acidity.® The
electrochemistry of hexanuclear zirconium halide clusters was investigated in the AlCk-
EtMeImCl melt containing 60 m/o AlCL.*' However, no evidence for the electrgdeposition
of zirconium metal or Al-Zr alloy was obtained during this or any of the investigations
described above. In this article, we report the electrodeposition of Al-Zr alloys on Cu
substrates from the Lewis acidic AIC:—-EtMeImCl molten salt and the electrochemistry of

Zr(IV) and Zr(IT) in this melt as it pertains to the electrodeposition of these alloys.




Experimental’

The procedures used for the synthesis of EtMeImCl, the purification of AlCl; by
sublimation, and the preparation and purification of the AlCl;-EtMeImCl molten salt
were identical to those described in a previous article.® Anhydrous ZrCls (Aldrich, 99.9
+ %) was used as received. The preparation of the molten salt and all electrochemical
experiments were carried out in a nitrogen gas-filled glove box (VAC Atmospheres
NEXUS system) with O; and H,O concenﬁations <S5 ppm.

The UV-visible spectra of dissolved Zr ions were obtained by using a Varian CARY
5 spectrometer employing a Wilmad No. 107-7 closed type quartz cells. The path length of
these cells was 0.10 cm.

Electrochemical experiments were conducted by using an EG&G Model 273
potentiostat/galvanostat controlled with EG&G PARC M270 software running on a
Pentium ITI computer. Electronic resistance compensation was employed during all
staircase voltammetry experiments. The step size used for staircase voltammetry, 2 mV,
was small enough to permit the analysis of these resulting voltammograms with the
conventional theories developed for linear scan voltammetry.*

A three-electrode Pyrex glass cell with a Teflon cap similar to that described in a
previous article®® was used for all experiments. A Pine Instruments Teflon-sheathed
platinum rotating disk electrode (geometrical area = 0.099 cm?) was used for the working
electrode during voltammetry experiments. Coils of 0.10 cm diameter aluminum wire
(Alfa Aesar, 99.999 %) were used for the counter and reference electrodes. These

electrodes were immersed in pure melt with the same composition as the bulk melt, but

2 Certain trade names are mentioned for experimental information only; in no case does it imply a
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were separated from the bulk melt by a porosity E glass frit (Ace Glass). The aluminum
electrodes were cleaned with a mixture of concentrated aqueous H,SO4- HNO;3-H3POy,
rinsed with distilled H,O, and dried under vacuum before use. All electrochemical
experiments were carried out at 353 K unless noted.

The electrodeposition of Al-Zr alloys was performed with an EG&G PARC
Model 173 potentiostat/galvanostat equipped with a Model 179 digital coulometer plug-
in module. Alloy samples of approximately 10 um thickness were deposited onto a
length of 1.25 mm diameter copper wire (99.9 % purity) from solutions of Zr(IV) or
Zx(II) in the AICl;-EtMeImClI molten salt. The exposed surface area of the copper wire
electrode was 0.798 cm”. The wire was lightly sanded with emery cloth and then washed
successively with distilled water and anhydrous ethanol. The copper wire was rotated at
2000 rpm during deposition. The electrodeposits were washed in distilled water and
dried under vacuum in the glove box antechamber. The surface morphology of the
elecﬁbdeposits was examined at NIST with scanning electron microscopy (SEM) by
using a JEOL JXA-840 scanning electron microscope. The electrodeposits were also
examined by x-ray diffraction (XRD) with a Siemens D-500 diffractometer employing
Cu-Ka radiation. The lattice parameters of the deposits were refined using the copper
substrate reflections as an internal standard.

Potentiodynamic pitting corrosion measurements were carried out on these alloy
samples at room temperature in deaerated, aqueous 0.1 mol L solutions of NaCl. The
reference electrode for these measurements was a sodium-saturated calomel electrode
(SSCE), and the counter electrode was a large surface area platinum wire coil. A kno@

length of the plated Cu wire was exposed to the NaCl solution by using a heat-shrink tubing

recommendation or endorsement by NIST.




mask, and the sample was scanned at 0.5 mV s by using linear staircase voltammetry with

a step-size of 2 mV.




Results and Discussion

Electrochemistry of ZrCl,. — Z1Cly appeared to be very soluble in the melt. Figure 1
shows typical cyclic staircase voltammograms recorded at a stationary Pt disk electrode in
the 66.7 m/o AlICL-EtMeImCl melt at 353 K before and after the addition of ZrCl,. Before
the addition of ZrCly, the only waves appearing in the former voltammogram are those due

to the deposition and stripping of aluminum according to the following well-known reaction
4ALCl +3¢ = Al+7AICL (1]

After the dissolution of ZrCly, a small, ill-defined reduction wave with a peak potential, Ey,
of about 0.92 V was also apparent (see Fig. 1 inset). In addition, the wave ascribed to the
reduction reaction in Eq. 1 shows a small negative shift, the oxidation wave due to the
stripping of the pure Al deposit from the Pt electrode in pure melt is absent, and new
stripping waves are evident at more positive potentials. The latter stripping waves are
attributed to the oxidation of one or more electrodeposited Al-Zr alloy phases that are more
stable toward oxidation than pure Al. The electrodeposition of Al-Zr alloys from these
solutions will be discussed in more detail below.

The voltammetric wave ;t Eyc ~0.92 V is shown in more detail in Fig. 2. It was
difficult to obtain reproducible results for this wave. In many cases, it was only possible
to obtain a well-defined wave by polishing the platinum electrode surface before each
scan. The difference in the peak potential and half-peak potential, Epc-Epcn, for this wave
varied between 0.08 and 0.12 V and did not display any obvious dependence on the scan

rate over the range extending from 0.005 to 0.500 V s™. The smaller values of Epc-Epcn




are reasonably close to the theoretical value of 0.07 V for a one-electron reversible
reaction at 353 K, leading us to conclude that the reduction wave in Fig. 2 corresponds to
the Zr(IV)/Zr(IIT) electrode reaction. If the voltammetric scan is reversed immediately
after the reduction wave at 0.92 V and scan rates greater than 50 mV s are employed,
then an associated oxidation wave is observed at E,, ~ 1.09 V. Experiments conducted at
a fixed scan rate revealed that the voltammetric peak reduction current, i, for the wave
at 0.92 V did not alWays display a linear dependence on the ZrCls concentration. This
behavior was most pronounced at high ZrCls concentrations and slow scan rates, and it
was traced to the formation of a surface film on the electrode during the reduction of
Zr(IV), which led to a decrease in the active area of the electrode and to many of the
other anomalous results that were obtained for this voltammetric wave.

The reduction of Zr(IV) was also examined as a function of scan rate at a fixed
concentration. Figure 3 shows a plot of fhe peak reduction current, ., versus the square
root of the scan rate, V2. Each data point in this figure is the average of several
measurements. The linearity of this plot indicates that the reduction of ZK(IV) is a diffusion-
controlled process. An estimate of the peak current ratio, i/jip] Was obtained by using
Nicholson’s semi-empirical method.** This ratio is less than one at very slow scan rates, but
increases to one at faster scan rates (Fig. 3). This latter result suggests that an irreversible
homogeneous following chemical step is coupled to the electron transfer reaction.®
Because ZrCls, but not ZrCl,, is known to be insoluble in Lewis acidic chloroaluminate
melts and in molten AICl;, this coupled chemical step must be due to the precipitation of
ZrCl; as was found during the reduction of Zr(IV) in Lewis acidic A1C-NaCl.?® Thus,

the reduction wave at ca. 0.92 V most likely involves the following sequence of reactions:




Zr(IV)solv te - Zr(IH)solv . [2]
Zr(I)sor, + 6AICLT — ZrCly(s) + 3ALCl (3]

The latter reaction is the source of the passivating film that forms on the electrode surface
at slow scan rates or high Zr(IV) concentrations. We also attempted to investigate the
Zr(IV)/Zi(III) reaction by carrying out controlled potential reduction at a large su;'face area
platinum screen electrode at an applied potential of 0.80 V. After the passage of a fraction
of the charge necessary to reduce all of the Zr(IV), the electrode became completely
passivated by the aforementioned surface film, and the solution became cloudy from a
precipitate.

The diffusion coefficient for Zr(IV), Dzqv), and the Stokes-Einstein product,
Dzqvy7/T, where 7 is the absolute viscosity of the molten salt, were calculated from the data
in Fig. 3. The viscosity data taken from Fannin et al.* were used for the latter calculation.
The diffusion coefficient for the related Group 4 species, Ti(IV), that was measured in the
60.0 m/o melt at 300 K is given in Table I for comparison. Driqvy can be compared to Dzv)
through the Stokes-Einstein product, D7yT, which considers both the temperature of the
measurement and the absolute viscosity of the solvent. D1/ is a relative measure of the
solvodynamic radius of the diffusing species.’” Comparison of the calculated Stokes-
Einstein products given in Table I shows that despite the seemingly large differences in
Dzyqvy and Dryqv), the two Group 4 species have roughly comparable solvodynamic radii.
The somewhat smaller value of Driqv)7/T may simply reflect the fact that Ti(IV) vaporizes

rapidly from the melt as TiCl,® Thus, the diffusion coefficient data reported in the
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literature for Ti(IV) may have been measured under conditions that did not take into account
the vaporization loss of TiCls, which would lead to smaller values of Driqv) and Driquy/T.
Overall, these electrochemical results are very similar to those obtained during an
investigation of the related titanium system in this same molten salt3® In this case, the
Ti(IV)/Ti(Ill) reaction was also found to be complicated by a coupled irreversible
following chemical reaction involving precipitation of the trivalent chloride, TiCl.** The
insolubility of TiCl; was also noted during previoué investigations involving the
electrodeposition of Al-Ti alloys from the Lewis acidic AlCl3-EtMeImC‘1 and AICl;-NaCl
molten salts.2*2>3° A recent investigation of the related vanadium system indicated that
VCl; was virtually insoluble in the Lewis acidic AICl;-EtMeImCl melt, whereas the
divalent species, VCl,, was soluble.?® Thus, the insolubility of the Group 4 and 5
trivalent chlorides appears to be a general trend in Lewis acidic chloroaluminate melts.
Chemical Reduction of ZrCl, — The voltammogram recorded for the solution
containing Zr(IV) shown in Fig. 1 does not exhibit any obvious wave fdr the reduction of
Zx(II) to a lower oxidation state species, even at fast scan rates where the coupled chemical
step is unimportant. However, as shown below, compact, chloride-free deposits containing
Zr metal can be obtained by the electrochemical reduction of Zr(IV). This indicates that
Zx(IID), irrespective of its chemical or physical form, must eventually undergo reduction as
the potential approaches 0 V versus AI(II)/AL.  Therefore, we carried out a series of
experiments to determine if it is possible to obtain Zr(Il) by the chemical reduction of
Zr(IV). There is considerable evidence for the existence of this species. For example, Ruff
and Wallstein® reported that Zr(I) can be obtained by the chemical reduction of molten
Z1Cl, with Al. Larsen et al*! obtained the characteristic green crystals of ZrCl; by the

reduction of ZrCl, dissolved in molten Al,Clg with Al or Zr metal at 503-583 K. However,
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the resulting ZrCl; is unstable in molten Al,Cls and slowly disproportionates to an insoluble
brown-colored Zr(Il) species, (ZrCl,),AlCl;, and ZrCls. Based on previous work with the
related V(II) and Ti(II) species, % there is good reason to expect that Zr(IT) will be stable
and soluble in the acidic AIC-EtMeImCl melt.

Figure 4 shows UV-vis spectra of a solution of Zr(IV) in the 66.7 m/o melt before
and after this solution was stirred with Al metalvat 353.2 K for three days. During the
reaction between Zr(IV) and Al, the solution changed from colorless to reddish-brown with
no evidence of the formation of the green precipitate of ZrCl; reported by Larsen et al* in
molten ALClg and by Gilbert et al” in acidic AICl;-NaCl. We ascribe this soluble reddish-
brown reduction product to a Zn(Il) species; tﬁis assignment is supported by the
electrochemical experiments described below. When we repeated these experiments in the
60.0 m/o melt containing approximately the same initial concentration of Zr(IV), we
obtained a different result. Under the less acidic conditions of this melt, the reduction of
Zr(IV) by Al also results in a reddish-brown solution, but the visual density of the color and
the intensity of the absorption bands in the spectrum of this solution were greatly diminished
compared to the solution resulting from similar experiments in the 66.7 m/o melt. In
addition, the reaction vessel contained a considerable quantity of the green crystals of ZrCls.
Likewise, when we repeated these experiments with Zr(IV) in the 66.7 m/o melt by using Zr
metal as the reducing agent, the green precipitate of ZrCl; was obtained in abundance and
only a small amount of Zr(IT) was obtained. Thus, it would appear from these results that
Zr(IV) can only be completely reduced to Zr(II) by using Al metal and employing the very
acidic 66.7 m/o melt (Fig. 4).

During the chemical reduction of Zr(IV) with Al in the 66.7 m/o melt described

above, the rest potential of a Pt-RDE electrode immersed in the solution shifted to a value
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considerably negative of the Zr(IV)/Zr(I]l) couple. Figure 5 shows a series of
voltammograms that were recorded at a Pt-RDE at different rotation rates in two solutions
that were prepared in this melt by the chemical reduction of Zr(IV) with Al metal. The
concentrations of Zr(IV) used to prepare these two solutions were different, and the
voltammograms were initiated from the rest potential of each solution. Each of the
voltammograms in Fig. 5 shows two well-defined oxidation waves, and plots of E versus
log[(i - i1)/i] were linear for both waves. Analysis of the intercepts of these plots gave half-
wave potentials, Eip, of 0.80 + 0.01 and 1.29 + 0.01 V for the first and second waves,
respectively, in the voltammograms recorded in the 5.40 mM solution, and E;, = 0.66 +
0.00 and 1.28 + 0.00 V, respectively, for the oxidation waves acquired in the 19.5 mM
solution. Thus, Eip for the first oxidation wave, but not the second wave in these
voltammograms, displays a dependence on the concentration of the electroactive species.
Calculations based on the slopes of these plots yielded » = 0.9 £ 0.1 and 1.0 + 0.2 for the
first and second waves, respectively, indicating that both waves correspond to one-electron
reactions. Overall, the voltammograms in Fig. 5 are very similar in appearance to those
recorded during the oxidation of Ti(Il) in this same melt” Taken together, these
observations provide good evidence that the species produced during the chemical reduction
of Zr(IV) with Al is indeed Zr(Il). The maximum concentration of Zr(Il) that could be
obtained by the Al reduction of Zr(IV) was about 19 mmol L.

The inset of Fig. 5 shows that the limiting current densities for the ﬁfst oxidation
waves in Fig. 5 obey the Levich relationship. Diffusion coefficients and Stokes-Einstein
products that were calculated from these limiting current density data are collected in Table
I along with values for Dy and #Driqy/T. Generally, the values of Dz are in reasonable

agreement with those for Driq in this same molten salt. However, like Driqm, Dz varies
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with the concentration of the electroactive solute, becoming smaller as the solute
concentration increases. In the case of Ti(Il), this phenomenon is attributed to
polymerization of the Ti(Il) species as [Ti(AICL),],, with m increasing as the Ti(I)
concentration is increased.? %> Given the overall similarity of the chemistry of Ti(Il)
and Zr(IT), polymerization of Zr(IT) would also be expected. The observed concentration
dependence of E;, for the first Zr(IT) oxidation waves, but not the second waves, in Fig. 5
may also be related to such a phenomenon. | However, additional experiments beyond the
scope of the present investigation are required in order to fully characterize the complicated
electrochemistry of Zr(IV) and Zr(I) in the Lewis acidic A1C13-E£tMeImCI melt.

Electrodeposition of Al-Zr alloys. - The electrodeposition of bulk Al-Zr alloys was
examined by using dc galvanostatic methods at 353 K in the 66.7 m/o melt containing either
Zx(IV) or Zr(IT) prepared by the Al reduction of Zr(IV) (vide supra). Because there are no
side reactions to compete with the Al-Zr deposition process, the current efficiency is nearly
100 %. The substrate for these deposition experiments was a copper rotating wire electrode.
A rotation rate of 2000 rbm was used for these experiments in order to be consistent with
previous studies involving the electrodeposition of ALT? and Al-V® from this same
molten salt. The compositions of the Al-Zr alloys resulting from these experiments are
shown as a function of current density in Fig. 6. The data in this figure lead to two
conclusions. First, the Zr content of the electrodeposited alloys decreases with increasing
current density. Second, solutions of Zr(IV) lead to Al-Zr alloys containjng greater amounts
of Zr than Zr(TI) solutions of equal concentration.

The first result is expected because at low reduction current densities and
correspondingly less negative potentials, the partial current density for Zr. would be a larger

fraction of the total current. As the current density is increased, the partial current for the
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reduction of the Zr species should reach a limiting value whereas the partial current for the
reduction of Al,Cl;, which is present in this melt at a concentration of 3.24 M at 353 K,
continues to increase. This behavior is a common feature of overpotential alloy deposition
in chloroaluminate melts and was observed during the electrodeposition of Al-Cr’* ' Al-
Mn, > * Al-Mo,* and AL-Ti.?*? 3% The finding that plating solutions containing Zr(IV)
lead to alloys with higher Zr content than plating solutions containing equal concentrations
of Zr(I) may be reconciled by considering the diffusion coefficient data in Table I. Because
the concentration-dependent diffusion coefficient for Zr(Il) is only a small fraction of that
for Zr(IV), the observed inefficiency of Zr(Il) for plating Al-Zr alloys must be directly
related to the mass-transport limitations imposed by the diminutive diffusion coefficient of
the latter species.

Characterization of Electrodeposited Al-Zr Alloys. —The surface morphology of Al-
Zr deposits of varying composition is shown in Figure 7. The 1.4 a/o Zr, deposit, Fig. 7a,
is nodular and the nodules tend to follow the defecfs, i.e., striations, that were introduced
into the drawn wire substrate as the result of its processing. The nodules are typically 5-
10 um in diameter and appear to be single crystals. The 4.9 a/o Zr deposit, Fig.- 7b,
shows significant grain refinement. The nodules are typically 1 pm in diameter or less.
Although the 4.9 a/o Zr deposit was made at a lower current density than the 1.4 a/o Zr
deposit, it has a smaller nodule size, suggesting that the grain refinement is driven by the
incorporation of Zr into the alloy rather than the deposition overpotential. Similar
behavior was recently reported for electrodeposited AL-Ti alloys? The deposit
morphology changes significantly with further additions of Zr. Figure 7c shows the
surface of a 15.9 a/o Zr deposit having a compact, rounded nodular structure that is

generally associated with metallic glasses.
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Electrodeposits containing 1.4 to 16.6 a/o Zr were examined by x-ray diffraction.
The diffraction patterns for selected deposits are shown in Figure 8. Deposits containing
less than 5 a/o Zr have diffraction patterns that can be indexed to a chemically disordered
fce structure very similar to that of pure aluminum, indicating that the Al-Zr alloy is a
single phase, supersaturated solid solution. The lack of 100 and 110 superlattice
reflections at 21.9° and 31.2°, respectively, indicates that the alloy does not exhibit L1,
ordering. These patterns indicate that the Al grains are randomly oriented and have no
preferred crystallographic texture. Two distinct changes in the diffraction patterns with
increased Zr composition are observed. The first is a shift in the reflections to lower
values of 20. This is to be expected as the larger Zr atoms (lattice volume of 23.3 Al
atom’") substitute for Al (lattice volume of 16.6 A® atom™) in the fcc lattice. The second
change is the development of a broad reflection centered around a 20 of about 39°. The
deposit containing 9.7 a/o Zr appears to be comprised of an amorphous phase in addition
to fcc Al, whereas the deposit containing 16.6 a/o Zr is completely amorphous.

The lattice parameters of the fcc Al phase were refined by using the copper
substrate reflections as an internal standard. These parameters are plotted as a function of
alloy composition in Fig. 9. In addition, literature values for single-phase solid solutions
produced by rapid solidification are plotted for comparison.z"' As-quenched alloys
containing more that 3.0 a/o Zr were noted to be two-phase. Similar levels of
supersaturation have been produced by vapor deposition.” It is clear that solid solutions
containing up to about 2 a/o Zr follow Vegard’s Law; i.e., the lattice volumes of the solid
solution are simply linear combinations of the constituent lattice volumes. In the region
of 2 to 5 a/o Zr, the lattice volumes are smaller than those predicted by Vegard’s Law. It

appears that this deviation is real because there is no evidence for any second phase
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present in either the rapidly solidified* or electrodeposited material in this composition
range, e.g., see Fig. 7b. The highest degree of supersaturation was observed in deposits
nominally containing 8 to 10 a/o Zr. SEM examination of these deposits indicated that
the Zr was not homogeneously distributed throughout the deposit. EDS clearly showed
regions containing high levels of Zr with a surface morphology similar to Fig. 7c and
regions containing low levels of Zr that had a surface morphology similar to Fig. 7b. In
certain areas, a supersaturated fcc phase was seen to nucleate on top of a Zr-rich
amorphous layer, suggesting that insufficient Zr was available to maintain deposition of
the amorphous phase. Because the Zr is partitioned between the fcc and amorphous
phases in these two-phase deposits, the actual amount of Zr retained in solid solution can
be estimated from the lattice parameter to be about 6 a/o in these electrodeposits. This
level of supersaturation is at least twice that observed in vapor deposited or rapidly
quenched alloys reported to date.

Two-phase regions are often observed in electrodeposited aluminum-transition
metal alloys when the concentration of the transition metal exceeds the limit of
supersaturation in the fcc Al solid solution. The appearance of the second phase, which
often has an amorphous structure, generally causes a relaxation in the supersaturation of
the solid solution. This has been observed in AI-Cr”® and Al-Mn*’ alloys electrodeposited
from AIC13-NaCl electrolytes. The two-phase region observed in electrodeposited Al-Zr
is clearly different from that that reported in alloys deposited from the high-temperature
melt. We have not observed the fine-grained duplex structure that is typically observed
in homogeneous two-phase alloys, nor have we observed a relaxation in the
supersaturation of Zr in the fcc phase when the amorphous phase is present. This

suggests that the two-phase Al-Zr deposits are not intimately co-deposited but consist of
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large, discrete regions of single-phase material. The non-uniform distribution of Zr and
the resultant inhomogeneous surface morphology revealed by SEM is consistent with this
conclusion. The phase distribution appears to follow the composition distribution that
appears to be the result of a non-uniform current distribution along the copper wire
electrode.

A similar mechanism has also been postulated to explain the two-phase structure
observed in Al-Mn alloys electrodeposited under conditions where the Mn*" is reduced
near the diffusion-limited rate.*” It is assumed that the electrode surface can become
depleted of Mn®" during deposition of the Mn-rich amorphous phase. At this point,
deposition of the amorphous phase can no longer be sustained and a crystalline phase
depleted in Mn is deposited. Because only limited amounts of Mn can be incorporated
into the fcc structure, the Mn surface concentration recovers td a level that again favors
the amorphous structure. This oscillatory behavior in the Mn surface concentration
results in a fine-scale duplex structure of the amorphous and slightly supersaturated solid
solution phases. Similar results have been observed in Al-Cr alloys electrodeposited
from AICI;-NaCl electrolytes.® An fcc-amorphous two-phase region has also been
observed in Al-Mn alloys electrodeposited at ambient temperature from AICls-
EtMeImCl;*® however, the level of supersaturation in the fcc phase as a function of alloy
composition was not reported.

The rounded nodular structure that is often associated with amorphous deposits is not
.necessarily obtained in all of the amorphous electrodeposits. Figure 10 shows the as-
deposited surfaces of three alloys deposited at different current densities. Each contains
15.6 to 16.6 a/o Zr and has an identical amorphous XRD structure. The morphologies are

quite different. Deposits formed at low current density (less than 10 mA cm™) are poorly
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nucleated and have a particulate or platelet morphology, Fig. 10a and 10b. In contrast,
the amorphous deposit formed at 20 mA cm? is dense and compact. To the naked eye, it
also has a specular appearance. We believe that this may be due to a Zr** intermediate
that may be more prevalent at the lower current densities, i.e., more positive deposition
potentials. The limited solubility of Zr** may lead to its precipitation onto the electrode
surface and to disruption of Al-Zr alloy film growth.

Pitting potential measurements of Al-Zr alloys. — The corrosion resistance of the
electrodeposited Al-Zr alloys was investigated by recording potentiodynamic anodic
polarization curves in N,-saturated aqueous 0.1 M NaCl. These polarization curves are
-shown in Fig. 11. As noted for Al-Mn alloys examined under similar conditions,” Al-Zr
alloys display a stable passive region characterized by a very small potential-independent
current followed by a sudden rise in current at the pitting potential as the deposit undergoes
electrodissolution. The variation of the Al-Zr pitting potential with alloy composition is
shown in Fig. 12. The addition of 8 a/o or more Zr increases the pitting potential of the
alloy by about +0.3 V versus pure Al. This increase is close to the value for the Aly;Zr;

alloy that was prepared by sputter deposition.®
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Figure Captions
Fig. 1. Cyclic staircase voltammograms recorded at a platinum stationary disk electrode in
the 66.7-33.3 m/o AIC;-EtMeImCl melt: 19.5 mmol L™ ZrCly (—); pure melt (- - -).
Inset: magnified region of the voltammogram recorded in melt containing ZrCls. The

sweep rate was 10 mV s, and the step size was 2 mV.

Fig. 2. Cyclic staircase voltammograms recorded at a platinum stationary disk electrode in
the 66.7-33.3 m/o AICL-EtMeImC! melt containing 11.6 mmol L™ ZrCly: first scan (—)
and (- - -) fifth scan by continuous voltammetry. The sweep rate was 100 mV' s, and the

step size was 2 mV.

Fig. 3. Peak reduction current density and ratio of the anodic to cathodic peak currents as

a function of sweep rate for a series of voltammograms similar to that shown in Fig. 2.

Fig. 4. UV-visible spectra of the 66.7-33.3 m/o AICl-EtMeImCl melt containing 5.04
mmol L ZrCl, before (—) and after reduction of the Zr(IV) with Al metal (- - -) and with

Zr metal (- - -).

Fig. 5. Staircase voltammograms recorded at. a Pt-RDE in the 66.7-33.3 m/o AICl—
EtMeImCl melt containing (—) 19.5 and (- - -) 5.40 mmol L Zr(I). The sweep rate
was 10 mV s'; the rotation rates were 1000, 1250, 1500, 1750, and 2000 rpm; and the
step size was 2 mV. (Inset) Relationship between the limiting current densities and the
square root of the angular frequency of rotation: (®) 19.5 mmol L Zr(II), 0.80 V and (o)

5.40 mmol L™ Zr(II), 0.90 V
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Fig. 6. Relationship between the applied current density and Zr content of Al-Zr deposits
prepared in the 66.7-33.3 m/o AICl;-EtMeImCl melt: (o) 19.5 mmol L Zr(IV), (0) 195
mmol L Zr(II), (A) 4.85 mmol L Zr(IV), and (A) 4.85 mmol L™ Zr(IT). The electrode

rotation rate was 2000 pm.

Fig. 7. Scanning electron micrographs of Al-Zr alloys electrodeposited from the 66.7-
33.3 m/o AICl;-EtMeImCl melt: (a) 1.4 a/o Zr, 20 mA cm?, 4.85 mmol L™ Zr(IV); (b)
4.9 a/o Zr, 10 mA cm™, 4.85 mmol L Zr(IV); and (c) 15.9 a/o Zr, 20 mA cm?, 10.2

mmol L™ Zr(IV).

Fig. 8. X-ray diffraction patterns (Cu-Ka) from as-deposited Al-Zr alloys containing: (a)
1.4, (b) 4.9, (c) 9.7, and (d) 16.6 a/o Zr. Copper reflections from the substrate are

denoted by V¥ at the top of the figure.

Fig. 9. Lattice parameter for fcc Al as a function of Al-Zr alloy composition: (e) this

work, (0) Burov and Yakunin,? (O) Sahin and Jones,* and (—) Vegard’s Law.

Fig. 10. Scanning electron micrographs of Al-Zr alloys electrodeposited from 66.7-33.3
m/o AlCl;-EtMeImCl melt: (a) 15.6 a/o Zr, 5 mA cm2, 19.5 mmol L™ Zr(IV); (b) 16.6
a/o Zr, 10 mA cm, 19.5 mmol L Zr(IV); and (c) 15.9 a/o Zr, 20 mA cm%, 10.2 mmol

.L'l Zr(IV).

Fig. 11. Anodic polarization curves recorded in deaerated 0.1 mmol L™ aqueous NaCl for

Al-Zr alloys electrodeposited from the 66.7-33.3 m/o AICh-EtMeImCl melt: (a) Al
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(99999 %), (b) Alg7,gZI'2,2, (C) A197_ZZr2,3, (d) A195.5Z1’4,5, and (e) Alg4.3Zl'15.7. The sweep rate

was 0.5 mV s, the step size was 2 mV, and the experiments were conducted at room

temperature.

Fig. 12. Pitting potentials as a function of composition for the Al-Zr alloys described in

Fig. 11. Alloys electrodeposited from solutions containing Zr(If) (e) and Zr(IV) (o).
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Chloride Molten Salt

Electrodeposition of Al-Mo Alloys from the Lewis Acidic
Aluminum Chloride-1-Ethyl-3-Methylimidazolium

Tetsuya Tsuda,** Charles L. Hussey,“**” and Gery R. Stafford"*
?Department of Chemistry and Biochemistry, The University of Mississippi, University,

MlSSlSSlppl 38677, USA

5Materials Science and Engineering Laboratory, National Institute of Standards and Technology,

Gaithersburg, Maryland 20899, USA

The electrodeposition of aluminum-molybdenum alloys was examined at copper rotating disk and wire substrates in the Lewis
acidic 66.7-33.3 mol % aluminum chloride-1-ethyl-3-methylimidazolium chloride molten salt containing Mo(Il) in the form of
dissolved (MogClg)Cl, . The molybdenum content of the electrodeposits depended on the electrode rotation rate, Mo(II) concen-
tration, and bath temperature. It was possible to produce nonequilibrium alloys containing up to 11 atom % Mo. These alloy
deposits were compact and chloride-free. Al-Mo alloys containing more than 8 atom % Mo exhibited a chloride corrosion pitting
potential of approximately +800 mV against pure aluminum. The corrosion resistance of this alloy is superior to that of all the
aluminum-transition metal alloys that have been electrodeposited to date from chloroaluminate molten salts.

© 2004 The Electrochemical Society. [DOI: 10.1149/1.1704611] All rights reserved.

Manuscript submitted October 10, 2003; revised manuscript received November 11, 2003.

The resistance of aluminum to chloride-induced pitting corrosion
can be enhanced considerably when it is alloyed with transition
metals. Although a number of different transition metals have been
examined for their efficacy in this role, molybdenum has proven to
be one of the most effective additives for imparting corrosion resis-
tance to Al.! The maximum solubility of Mo in face-centered cubic
(fce) Al is only 0. 07 atom %, and this occurs at the peritectic tem-

perature of 661°C At room temperature, Mo has negligible solu- -

bility in AL® As a consequence, extended solid solutions must be
prepared by nonequilibrium alloymg methods such as rapld'
solidification,*” laser-surface melting,® mechanical alloying,'° ion
implantation,''>  and radio  frequency  (rf)-magnetron
sputtering."'?! These metastable solid solutions are being consid-
ered as 5precursors for prec1p1tatlon hardenable alloys. Polyesya and
Stepina® and Logan et al.” have reported supersaturations of 2.7 and
2.45 atom % Mo, respectively, in rapidly solidified alloys. In the
latter case, two metastable crystallme phases were observed along
with the solid solution. Enzo et al.!® have observed extended solid
solutions following the mechanical alloying of an Al;sMo,s mixture
of pure elemental powders in a high-energy mixer mill. Lattice pa-
rameter measurements were used to estimate a supersaturation of
about 6 atom % Mo following 78 h of mechanical alloying.
Isothermal electrodeposition is an attractive method for the
preparation of metal or metal alloy coatings because it can lead to
thin films with uniform composition and thickness. A number of
binary aluminum-transition metal alloys showing improved resis-
tance to chloride-induced pitting corrosion relative to Al have been
electrodeposited from plating baths based on Lewis acidic chloro-
aluminate molten salts. Among these alloys are AI-Cr,>%¢
Al-Mn, 2526 A1-Ti,?-% and Al-V.*! Industrial applications of chloro-
aluminate plating baths for coating sheet steel with Al-Mn alloy
have been explored.3** Ternary aluminum-transition metal alloys
such as Al-Mn-Ce and Al-Mn-Ti have also been electrodeposited
from chloroaluminate melts, and both alloys show improved resis-
tance to chloride-pitting corrosion relative to Al. However, there is a
paucity of reports describing the electrodeposition of Al-Mo alloys
from these melts. In this article, we report the electrodeposition
of Al-Mo alloys from the 66.7-333 mol %
AICl;-1-ethyl-3-methylimidazolium chloride (EtMeImCl) molten
salt® containing dissolved (MogClg)Cl, as a source of Mo(II). The
aim of this investigation is to study the effects of the Mo(II) con-

* Electrochemical Society Active Member.
** Electrochemical Society Fellow.
? E-mail: cheth@chem!.olemiss.edu
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centration, bath temperature, applied current density, and hydrody-
namic transport rate on the composition and chloride-corrosion pit-
ting potential of the electrodeposited Mo-Al alloy films. These
alloys may have applications in a saltwater environment.

Experimental

Preparation of the plating bath.—The procedures used for the
synthesis of EtMeImCl, the purification of AICl; by sublimation,

:* and the preparation and purification of the A1C13 EtMeImCl molten
;salt were identical to those described in previous articles.
- drous molybdenum(Il) chloride [(MogClg)Cly] of 99.5% purity

Anhy

(Cerac) was used as received and was dissolved in the
AICI;-EtMeImCl molten salt to prepare the plating bath. All experi-
ments except the aqueous corrosion measurements were carried out
in a nitrogen gas-filled glove box (VAC Atmospheres NEXUS sys-
tem) with an O, and H,O content <5 ppm.

Electrochemical and spectroscopic  experiments—Electro-
chemical experiments were conducted using a three-electrode cell. A
Pine Instruments Teflon-sheathed platinum rotating disk electrode
(RDE) with a geometrical area of 0.099 cm? was used as the work-
ing electrode for voltammetry experiments. Coils of 0.10 cm diam
aluminum wire (Alfa Aesar, 99.999%) were used for the counter and
reference electrodes. These electrodes were immersed in melt with
the same composition as the bulk melt but were separated from the
bulk melt by a porosity E glass frit (Ace Glass). The aluminum
electrodes were cleaned with a:mixture of concentrated aqueous
H,S0,, HNO;, and H;PO,, rinsed with distilled H,O, and dried
under vacuum before use. Alloy samples approximately 10 pm thick
were deposited from solutions of (MogClg)Cly; in the
AICl;-EtMeImCl molten salt onto working electrodes consisting of
either a length of 1.25 mm diam copper wire (Cu RWE) or a Teflon-
sheathed Cu RDE (geometrical area 0.798 cm?). Both substrates
could be rotated at a fixed rate with a Pine Instruments AFMSRX
electrode rotator. At the conclusion of each deposition experiment,
the alloy-plated substrate was removed from the glove box and
cleaned with distilled water.

Cyclic voltammetry (CV) experiments were conducted by using
a Pine Instruments Co. model AFCBP! bipotentiostat/automatic po-
larization system controlled with PineChem for Windows software.
The electrodeposition of Al-Mo alloys was performed with an
EG&G Princeton Applied Research Corp. (PARC) model 173
potentiostat/galvanostat equipped with a model 179 digital coulom-
eter plug-in module. Potentiodynamic pitting measurements were
carried out on these alloy samples at room temperature in a 0.1 mo!
L~! solution of NaCl in distilled H,O by using an EG&G PARC
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model 263 potentiostat/galvanostat. This potentiostat was controlled
with EG&G PARC model 270 software. This solution was thor-
oughly deaerated with N, gas before each experiment. The reference
electrode for these measurements was a sodium chloride-saturated
calomel electrode (SSCE), and the counter electrode was a large-
surface-area platinum wire coil. To carry out these measurements, a
known length of the plated Cu wire was exposed to the NaCl solu-
tion by using a heat-shrink tubing mask, and the sample was
scanned at 0.5 mV s~! by using linear staircase voltammetry.
UV-visible spectroscopic measurements were obtained using a
Varian CARY 5 spectrometer. Samples were contained in Wilmad
no. 107-7 closed-type quartz cells with a 0.10 cm optical path

length.

Characterization of the Al-Mo electrodeposits—The crystal
structure of the Al-Mo electrodeposits was examined with standard
X-ray diffraction (XRD) techniques by using a Siemens D-500
X-ray diffractometer at the National Institute of Standards and Tech-
nology (NIST). This instrument was operated in the 6-20 scan mode
and employed Cu Ko radiation. The lattice parameters of the fcc Al
phase in the alloy deposits were accurately determined by employ-
ing the copper substrate reflections as an internal standard. A mini-
mum of five well-resolved reflections was required for lattice pa-
rameter refinement. Surface morphology and elemental analysis of
the alloy samples were performed with a JEOL JSM-6100 (UM) or
JEOL JXA-840 (NIST), or Hitachi S-2600H (Kyoto University)
scanning electron microscopes (SEMs). Alloy composition was
measured with energy-dispersive X-ray spectroscopy (EDS) on the
as-deposited surfaces with pure Al and Mo as standards. The re-
ported composition values are the averages of at least nine measure-
ments made along the length of the copper wire substrate. -

Results and Discussion

Molybdenum(II) chloride, (MogClg)Cl,, is an octahedral hexa- .

nuclear metal cluster compound with formal single bonds between
the Mo atoms and is normally prepared by the Al reduction of
MoCls in molten AICl;-NaCl.3® The chemistry and electrochemistry
of this species has been investigated in the AlCl;-EtMeImCl molten
salt.3 In basic melt, i.e., melt containing less than 50 mol % AICl;,
this species reacts with excess chloride ion to form the hexanuclear
chloride complex, [(MogClg)Clg]?>~. This species could be reduced
near the negative limit of the melt, but the reduction product is
completely unstable, suggesting complete destruction of the cluster.
No Mo metal or alloys could be deposited from this composition of
the molten salt. (MogClg)Cl, is soluble in acidic melt, ie., melt
containing more than 50 mol % AICl;, but no oxidation or reduc-
tion waves that can be attributed to this species are apparent. How-
ever, it seems likely that the {MogClg}** core structure is preserved
in acidic AICl;-EtMeImCl because the metal-centered luminescence
spectrum typically observed at 700 nm* for this molybdenum core
can still be observed after (MogClg)Cl, is dissolved in this
solvent.® [Because the coordination/solvation of dissolved
(Mo, Clg)Cl, is unknown, we refer to the dissolved Mo(II) entity by
its core structure, {MogClg}**.]

Absorption spectroscopy of {MosClgf*t.—(MogClg)Cl, dis-
solved readily in the 66.7 mol % melt to produce a yellow solution.
An electronic absorption spectrum of this solution is shown in Fig.
1. The overall appearance of this spectrum is similar to that ob-
served for this compound in the less acidic 55.5 mol % melt,>®
except that the absorption maximum at 304 nm in this melt is shifted
to 277 nm in the 66.7 mol % melt. This shift in wavelength implies
that interactions between the solvated {MogzClg}** species and the
ionic species in the melt change as the melt acidity is altered. Plots
of absorbance vs. the {MogClg}** concentration for data recorded at
277 and 352 nm are shown in the inset of Fig. 1, and they demon-
strate that Beer’s law is obeyed at both wavelengths. This result is
important because in the absence of any voltammetric waves corre-
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Figure 1. UV-visible spectra of (MogClg)Cl, dissolved in the 66.7 mol %
AICL-EtMeImCl melt: (a) 5.94, (b) 3.96, (c) 2.98, and (d) 1.46 mmo! L™,
Inset: Beer’s Law plots at (@) 276.9 and (O) 352.4 nm. Spectra were re-
corded at room temperature, and the cell path length was 0.10 cm.

» -sponding to the oxidation or reduction of {MogCls}** in this melt, it
. is possible to monitor the concentration of dissolved (MogClg)Cl,

by using absorption spectroscopy.

~Effect of (MosClg)Cl, on the electrodeposition of alumi-
num—The negative potential limit of the Lewis acidic
AICl1;-EtMeImCl molten salt arises from the reduction of the coor-
dinately unsaturated Al,Cl; ion to Al metal according to the follow-
ing reaction

C4ALCI + 3e” = Al + 7AICI; -

On a thermodynamic basis, the deposition and stripping of Al in the
66.7 mol % should take place at potentials very close to 0 V vs. a
reference electrode consisting of an Al wire immersed in the same
melt. In practice, a significant cathodic overpotential is usually re-
quired to initiate the electroctystallization of a three-dimensional
bulk Al electrodeposit on a foreign substrate such as Pt. However,
electrodissolution of the resulting Al electrodeposit may still occur
at potentials very close to 0 V.if the deposit is thick enough to
exhibit the properties of bulk Al. -

Figure 2 shows CVs recorded at Pt stationary and rotating disk
electrodes in the 66.7 mol % melt before and after the addition of
(MogClg)Cl,. To record these voltammograms, the potential scan
was initiated from 1.0 V to a potential sufficiently cathodic to ini-
tiate the electrodeposition of Al. The scan was then reversed until it
reached the positive limit of the melt at about 2.2 V and was finally
returned to the initial potential. This figure shows that a cathodic
overpotential of about 100 mV is required to initiate Al deposition
on the Pt electrode. However, Al deposition continues on the devel-
oping Al deposit as the electrode potential is scanned back to 0 V,
producing a classical “nucleation loop.” Stripping of the bulk Al
electrodeposit begins at 0 V and continues until the aluminum de-
posit is depleted from the electrode surface. Because the concentra-
tion of AL,Cl; is 3.4 mol L~! in the 66.7 mo! % melt at 298.2 K,
large currents are encountered if the potential is scanned more than
a few hundred millivolts negative of 0 V. The overall current-
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Figure 2. CVs recorded at platinum (a) stationary and (b) rotating disk
electrodes in the 66.7 mol % AICl;-EtMeImCl melt before and ‘after the 0 500 1000 1500 2000
addition of (MosClg)Cl, . All expenments were conducted at room tempera- ROt&tiOIl rate (rpm)

ture at a scan rate of 0.01 V s™! and an electrode rotation rate of 2000 rpm:
(—) pure melt and (— — —) melt containing 9.42 mmol L !
(M06C18)Cl4 R

potential behavior of the Al deposition process is largely unaffected

by the addition of (MogClg)Cl, (Fig. 2). However, the Al stripping

waves found in the pure melt are absent, and new waves are present
at an anodic peak potential of ca. 0.65 V in both the stationary
electrode and RDE voltammogams. These new stripping waves are
due to the oxidation of electrodeposited Al-Mo alloys. The presence
of Mo in these electrodeposits and the lack of reduction waves for
{MosClg}** in the voltammograms in Fig. 2 suggest that this Mo(II)
reduction reaction takes place simultaneously with the reaction in
Eq. 1

*{MocClg}** + 8(3 — 2x)ALCIy + 6(3 — x)e~
= 6Al,_,Mo, + 2(21 — 13x)AICI; [2]

Electrodeposition of Al-Mo alloys.—As shown in Fig. 2, the ca-
thodic current for the reaction Eq. 1 rises sharply with small nega-
tive changes in potential, making it impractical to investigate the
electrodeposition of bulk Al-Mo alloys with any degree of precision
using controlled-potential techniques. Therefore, we used
controlled-current techniques to prepare alloy samples for detailed
compositional and morphological analysis. During previous investi-
gations involving the electrodeposition of Al-Ti alloys on rotating
electrode substrates, the alloy composition was found to depend on
the electrode rotation rate below a certain threshold value.*® Because
some of the Al-Mo alloy samples were to be electrodeposited on Cu
RDE and rotating wire electrode (RWE) substrates, we examined the
electrodeposition of bulk Al-Mo alloys on the former by usmg de
galvanostatic methods at a current density of —10 mA cm ™2 The
results of this investigation are shown in Fig. 3, and they 1nd1cate
that the Mo content of these deposits becomes approximately inde-
pendent of rotation rate above 500 rpm. Therefore, rotation rates
exceeding 500 rpm were employed when preparing electrodeposited
samples for further analysis.

Figure 3 also shows that the Al-Mo alloy composition depends
on the applied current density, with the Mo content of the alloy
decreasing as the applied current density is increased. This result is
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Figure 3. Relationship between the applied current density, electrode rota-
tion rate, and Mo content of bulk Al-Mo alloys electrodeposited from the
66.7 mol % AICl;-EtMeImCl melt containing 1.78 mmol L™! (MosClg)Cl,

‘at room temperature: (@) 2000 rpm and (O) —10 mA cm™2,

expected because the concentration of the reducible Mo(II) species
in the plating solution is much smaller than the concentration of
A12Cl7 ‘Thus, the limiting current density for the electrodeposition
of Mo ‘only becomes a 51gn1ﬁcant fraction of the total cathodic cur-
rent density when the latter is small. That is, the partial current
den51ty for {MO5C13}4+ reduction is fixed and small, and an increase
in the total cathodic current density simply amplifies the Al partial
current density, leading to deposits with less Mo.*

The effects of ‘temperatiue and (Mo Clg)Cl, concentration on the
Al-Mo alloy composition were also investigated. Figure 4 shows the
relationship between the current density and the alloy composition
for deposits plated at a fixed temperature from melt solutions con-
taining three different (MoGCls)CL, concentrations and for deposits
plated from solutions with the same (MogClg)Cl, concentration at
two different temperatures. The results from both sets of experi-
ments can be explained by considering the effects of each variable
on the limiting current for Mo deposition. For example, increasing
the (Mo4Clg)Cl, concentration increases the limiting current density
for {MogClg}** reduction (or the partial current density for Mo
deposition). Thus, at a fixed cathodic current density, the Mo partial
current density increases as the (MogClg)Cl, concentration is in-
creased, leading to alloy deposits with a greater Mo content. Increas-
ing the plating bath temperature also seems to increase the partial
current for Mo deposition relative to that for Al deposition, leading
to electrodeposits with larger amounts of Mo. Thus, increasing the
temperature of the plating bath has the same net effect as raising the
(MosClg)Cl, concentration.

SEM/EDS characterization of the Al-Mo alloy deposits —Figure
5 shows SEM images of some typical bulk Al-Mo alloy samples that
were prepared under a variety of deposition conditions on copper
substrates with different geometries. The deposition charge used to
prepare these samples was sufficient in theory to produce an atomi-
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Figure 6. (a) SEM and EDS images of (b) Al and (c) Mo in the Aly; Moy,
alloy in Fig. 5b.

nodules that are 5-25 pm diam. These nodules appear to nucleate
along the striations of the drawn copper wire substrate in Fig. 5c and
d. The deposition conditions used to prepare the sample shown in
Fig. 5b resulted in an alloy deposit with a nearly specular surface.
The SEM image of the sample shown in Fig. 5b is shown at greater
magnification in Fig. 6. Also shown in this figure are EDS maps for

4 Journal of The Electrochemical Society, 151 (6) 1-0 (2004)
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Figure 4. Relationship between the applied current density and Mo content
of Al-Mo electrodeposits prepared in the 66.7 AICL;-EtMeImCl melt at vari-
ous bath temperatures and (MogClg)Cl, concentrations: (@) 328 K and 9.42
mmol L™, (O) 328 K and 5.92 mmol L™}, (M) 328 K and 1.78 mmol L™/,
and ({J) room temperature and 1.78 mmol L™, v

cally smooth layer of pure Al that was 10 pum thick. The alloy
a Cu RDE substrate, whereas those shown in Fig. 5c and d were

deposited on a Cu RWE substrate. The samples shown in Fig. 5a, c,
and d exhibit a surface morphology consisting mainly of spherical

Figure 5. SEM images of bulk Al-Mo alloys electrodeposited from the 66.7
mol % AICl;-EtMeImCl melt containing (MogClg)Cl, at 328 K under dif-
ferent conditions: (a) Alyy )Mo, ; on Cu RDE, —5 mA ¢cm™2, 5.92 mmol L™!
(Mo4Cl)Cly ; (b) Alg; Mog, on Cu RDE, —40 mA cm™2, 5.92 mmol L™!
(MogCl)Cly; (6) Algy Mo, 4 on Cu RWE, —20 mA cm™?, 9.42 mmol L™!
(MogCl)Cly; and (d) Algy sMogg on Cu RWE, —30 mA em™2, 9.42 mmol
L™! (MogClg)Cl,. The electrode rotation rate was 2000 rpm during
deposition.
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the Al and Mo in this electrodeposit. These maps indicate that both
elements are distributed more or less evenly over the surface of
these deposits. EDS analysis also revealed that all the Al-Mo alloy
deposits prepared during this investigation were chloride-free.

XRD analysis of Al-Mo alloy deposits.—Electrodeposits contain-
ing 2.6-10.2 atom % Mo were examined by XRD, and the diffrac-
tion patterns for selected deposits are shown in Fig. 7. Deposits

% containing less than 5 atom % Mo have diffraction pattemns that can
‘be indexed to an fcc structure very similar to that of pure aluminum,

samples depicted in Fig. 52 and b were deposited on the surface of _indicating that the Al-Mo alloy is a single phase, supersaturated

solid solution. These patterns indicate that the Al grains are ran-
domly oriented and have no preferred crystallographic texture. The
primary change in the diffraction patterns with increased Mo com-
position is the disappearance of the fcc reflections and the develop-
ment of a broad reflection centered on a 26 of about 41°, which
indicates the presence of an amorphous phase. This broad reflection
first appears in deposits containing about 6.5 atom % Mo. The dif-
fraction pattern of the 7.5 atom % Mo deposit shown in Fig. 7b
indicates that this is a two-phase deposit, consisting of fcc and amor-
phous material. As the Mo content of the deposit is increased, the

1000

A 102 /oMo

W L-..._ j 10.0 s/o Mo

Tntensity

a0 [ 7.5000M0 A J

11

..P?F

@)

Figure 7. XRD patterns (Cu Ka) from as-deposited Al-Mo alloys: (a)
AlysMoyg, (b) AlgysMoys, (c) AlggogMojgg, and (d) AlgggMoyyy. (V)
Copper reflections from the substrate (JCPDS card no. 4-0836, Powder Dif-
fraction File).
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Figure 8. Lattice parameters of fcc Al as a function of alloy composition: J
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amount of fcc phase in the alloy decreases whereas that of the amor-
phous phase increases (Fig. 7¢). Deposits containing slightly more
than 10 atom % Mo are completely amorphous (Fig. 7d).

The lattice parameters of the fcc Al phase were accurately deter-
mined using the copper substrate reflections as an internal standard.
The values of the lattice parameters for both single-phase and two-
phase deposits are plotted as a function of alloy composition in Fig.
8. The lattice parameter is seen to decrease with increasing Mo

content. This is to be expected as the smaller Mo atoms (lattice

volume 15.6 A? atom™!) substitute for Al (lattice volume 16.6 A>
atom™!) in the fcc lattice. In addition to our experimental data, the
lattice parameter dependence on composition reported by Varich
et al.* and Polesya and Stepina® for rapidly solidified solid solutions
is plotted for the pertinent composition ranges using the accepted

ST
@ ®)©9 (@) |

—1.5 4 N 1 N 1 N 1 N 1
-1.5 -1 -0.5 0 0.5

E (V) vs. SSCE

Figure 9. Anodic polarization curves recorded in a N,-saturated aqueous 0.1
mol L™! NaCl solution for Al and selected Al-Mo alloys electrodeposited
from 66.7 mol % AICl;-EtMeImCl: (a) Al (99.999%), (b) Aly; Mo, 3, (c)
Aly; 9Mog | , and (d) Alg; Mog. The scan rate was 0.5 mV s~'.
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Figure 10. Pitting potentials of electrodeposited Al-Mo alloys.

JCPDS lattice parameter for pure Al of 0.40494 nm (JCPDS card no.
4-0787, Powder Diffraction File). The lattice parameter values pre-
dicted by Vegard’s Law in which the lattice volume of the solid

- solution is considered to be a simple linear combination of the con-
stituent lattice volumes is also plotted for comparison. Our lattice

/parameter dependence on composition is similar to that reported by

-“ Polesya et al.;> however, the level of supersaturation observed in the

electrodeposits is significantly higher than that reported for rapidly
solidified alloys. This is consistent with observations that the excess
free energy possible in electrodeposited alloys is similar to that ob-
tained by vapor deposition and sputtering, which is typicall“y much
greater than that possible from solidification from the melt.****

The level of supersaturation in the two-phase deposits can only
be estimated because the Mo content, as measured by EDS, is par-
titioned between the fcc and amorphous phases. An extrapolation of
the Polesya and Stépina® data as well as the lattice parameter data
from single-phase deposits places the maximum supersaturation at
about 6-7 atom % Mo. This level of supersaturation matches that
reported in mechanically alloyed materials'® and is at least twice
that observed in rapidly quenched alloys reported to date.>’” An es-
timate of the supersaturation limit has been made by Logan et al. )
who calculated the free energies of the Al-Mo fcc solid solution and
the liquid as a function of composition and temperature. The maxi-
mum supersaturation was then estimated from the intersection of the
free energy-composition curves, which represented the point where
the compositionally invariant transformation of the liquid to the
solid solution might become thermodynamically possible, assuming
no other phases were nucleated. This treatment yielded a maximum
solubility of 6.5 atom % Mo at 10 K and 4.5 atom % Mo at room
temperature.”

In addition to the level of supersaturation obtained in the fcc
phase, it is interesting to note that the supersaturation is maintained
when the amorphous phase is codeposited. Similar behavior was
also noted for Al-Zr alloys electrodeposited at ambient temperature
from AICL-FtMeImCL.* Aluminum alloys electrodeposited from
higher temperature AlCl;-NaCl melts show very different behavior
in that the appearance of the amorphous phase results in a relaxation
in the supersaturation of the solid solution to levels closer to equi-
librium values.?*

Pitting potential measurements.—The pitting potentials of elec-
trodeposited Al-Mo alloys were determined by carrying out poten-
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Figure 11. SEM images of the Aly, Mo alloy (a) before and (b) after
anodic polarization in a deaerated aqueous 0.1 mol L™! NaCl solution.

tiodynamic anodic polarization experiments in deaerated aqueous
NaCl. These experiments were conducted with alloy samples that
were deposited on copper wire substrates. Some examples of the
resulting potentiodynamic current-potentlal curves are shown in Fig.
9. As noted for some other electrodeposited stamless aluminum al-
loys, e.g., Al-Mn, 26 AL-Ti,®® A1-V;*! and Al-Zr,*® the Al-Mo alloys
are spontaneously passive at the rest potential of the solution. Dur-
ing anodic polarization, they display a stable passive region charac-
terized by a very small potential-independent current followed by a
sudden rise in current at the pitting potential. The variation of the
pitting potential with alloy composition is shown in Fig. 10. The
addition of ~10 atom % Mo increases the pitting potential of the
alloy by about +0.800 mV. This increase in the pitting potential is
comparable to that found for Al-Mo alloys prepared by sputter
deposition.”'? These materials are the most corrosion-resistant
aluminum-transition metal alloys that have been deposited from
chloroaluminate molten salts to date.

Figure 11 shows SEM images of the surface of the Alg,, 4M056
alloy before and after this sample was subjected to pitting potential
measurements. The surface morphology of the alloy deposit under-
goes considerable modification during anodic polarization in that the
dense aggregate of surface nodules disappears and the surface be-
comes relatively flat. In addition, EDS analysis revealed an increase
in the Mo surface concentration, indicating that Al was the primary
element lost during oxidation. Because the oxidation was carried out
in aqueous solution, surface oxygen was also detected.
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ABSTRACT
The electrochemistry of H(IV) and the electrodeposition of Al-Hf alloy was examined in
the Lewis acidic 66.7-33.3 mole percent (m/o) aluminum chloride-1-ethyl-3-
methylimidazolium chloride (AICl;-EtMeImCl) molten salt containing HfCl,. When cyclic
staircase voltammetry was carried out at a platinum electrode in this melt containing HfCla,
the deposition and stripping waves for Al shifted to negative and positive potentials,
respectively, suggesting that the aluminum stripping is more difficult due to the formation of
Al-Hf alloy. The Hf content of the Al-Hf deposits depended on the HfCl concentration in
the melt and the applied current density. Al-Hf alloy samples containing ~ 11 atomic
percent (a/o) Hf were obtained on the surface of a Cu rotating wire electrode. The alloy
surface was covered with dense crystals, the alloy was completely chloride free, and the
morphology did not depend on the Hf content of the samples, but on the applied current
density. The pitting potential of the Al-Hf alloys was approximately +0.30 V against

pure aluminum when the Hf content was above 10 a/o.

Keywords: chloroaluminate melts, 1-ethyl-3methylimidazolium chloride, room-temperature molten salt,
Al-Hf alloy, pitting potential.
* Corresponding author; E-mail: chclh@chem1.olemiss.edu
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INTRODUCTION

A great number of corrosion-resistant aluminum-transition metal alloys [1], e.g., Al-
Cr [2-7], Al-Mn [8-11], Al-Mo [12], Al-Ti [13-17], Al-Zr [18], and Al-V [19], have been
electrodeposited from Lewis acidic chloroaluminate molten salts because this method
rea&ily produces Al alloy coatings of uniform thickness with reproducible composition and
" structure. The molten salts used to deposit these alloys consist of aluminum chloride
(AICl;) and alkali chlorides, such as sodium chloride (NaCl) and/or potassium chloride
(KCl), or quaternary ammonium chloride salts, such as 1-(1-butyl)pyridinium chloride
(BuPyCl) or 1-ethyl-3-methylimidazolium chloride (EtMeImCl). However, inorganic
Lewis acidic chloroaluminate melts exhibit high vapor pressure due to the escape of AICl;
and are not appropriate for use in electroplating baths. Although the electrochemistry of
hafnium has been investigated in the Lewis acidic AIC1;-NaCl melt [20], no effort has been
made to electrodeposit Al-Hf alloys from the low temperature systems like AlCls-
EtMeImCl. In this article, we report the electrodeposition of Al-Hf alloy on Cu substrates
from the Lewis acidic AICI;-EtMeImCl molten salt, and the electrochemistry of HRIV) in

this melt as it pertains to the electrodeposition of these alloys.




EXPERIMENTAL’

The procedures used for the synthesis of EtMeImCl, the purification of AICl; by
sublimation, and the preparation and purification of the AlCl-EtMelmCl molten salt
were identical to those described in previous articles [21, 22]. Anhydrous hafnium (IV)
chloride (Cerac, 99 %) was used as received.

All experiments were conducted using a three-electrode cell. A Pine Instruments
Teflon sheathed platinum rotating disk electrode (geometrical area = 0.099 cm?) was used
for the working electrode, and coils of 0.10 cm diameter aluminum wire (Alfa Aesar,
99.999 %) were used for the counter and reference electrodes. These electrodes were
immersed in the melt of the same composition as the bulk melt, but were separated from the
bulk melt by a porosity E glass frit (Ace Glass). The aluminum electrodes were cleaned
with a mixture of concentrated H,SO,, HNO;, and H3PO,, rinsed with distilled H,0, and
dried under vacuum before use. All experiments were carried out in a nitrogen gas-filled
glove box (VAC Atmospheres NEXUS system) with O, and H;O <5 ppm. Alloy samples
of approximately 10 um thickness were deposited from the 66.7-33.3 m/o AlCk-EtMeImCl
melt containing HfCl, onto a length of 1.25 mm diameter copper wire (geometrical area =
0.798 cm?). The copper wire was rotated at 2000 rpm during the electrodeposition
experiments. The resulting electrodeposits were washed in distilled water and dried
under vacuum.

Cyclic staircase voltammetry experiments were conducted by using an EG&G
Model 273 potentiostat/galvanostat. Electrodeposition of AI-Hf alloy was performed

with an EG&G PARC Model 173 potentiostat/galvanostat equipped with a Model 179

2 Certain trade names are mentioned for experimental information only; in no case does it imply a
recommendation or endorsement by NIST.
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digital coulometer plug in module. All electrochemical experiments were carried out at
353 K unless noted.

Potentiodynamic pitting measurements were carried out on these alloy samples at
room temperature in a 0.1 mol L™ solution of NaCl in distilled HO. This solution was
deaerated with nitrogen gas for more than 6 hours befofe each experiment. The reference
electrode for these measurements was a sodium-saturated calomel electrode (SSCE), and
the counter electrode was a large surface area platinum wire coil. A know length of the
plated Cu wire was exposed to the NaCl solution by using a heat-shrink tubing mask, and
the sample was scanned at 0.5 mV s by using linear staircase voltammetry. Electronic
resistance compensation was employed during all staircase voltammetry experiments.
The step size used for staircase voltammetry, 2 mV, was small enough to permit the
‘analysis of the resulting voltammograms with the .conventional theories developed for
linear scan voltammetry [23].

UV-visible spectra of dissolved hafnium ions were obtained by using a Varian
CARY 5 spectrometer employing a Wilmad No. 107-7 closed type quartz cells. The path
léngth of these cells was 0.10 cm.

The surface morphology and elemental analysis of alloy samples were investigated
with a JEOL JSM-6100 scanning electron microscope (SEM) equipped with a Link energy

dispersive X-ray (EDX) spectrometer at the University; of Mississippi SEM/EDX facility

located in the Department of Mechanical Engineering or with a JEOL JXA-840 field-

emission scanning electron microscope at the National Institute of Standards and
Technology. The electrodeposits were also examined by X-ray diffraction (XRD) by using

a Siemens D-500 diffractometer with Cu-Ka radiation.




RESULTS AND DISCUSSION

Electrochemistry of HfCl,. — Figure 1 shows typical cyclic staircase voltammograms
recorded at a stationary Pt disk electrode in a 66.7 m/o AlCl;-EtMelmCl melt containing
HfCl,. In pure melt, oxidation and reduction waves appear because of the deposition and

stripping of aluminum according to the following well-known reaction:

4ALCly +3¢ = Al+7AICIy (1)

After dissolution of the HfCL,, the wave ascribed to the reduction reaction in Eq.(1) shows
small negative shift. The stripping wave of the pure Al deposit from the Pt electrode is
absent, and a new stripping wave is evident at slightly more positive potential. The positive
shift of the stripping wave suggests the dissolution of an aluminum that is more difficult to
oxidize than the pure melt. The bulk electrodeposition of the Al-Hf alloy will be discussed
in detail below.

In this voltammetric experiment, we found out that a small and an ill-defined
reduction wave appears at +0.95 V (Fig. 1, inset), but it was difficult to obtain reproducible
results for this wave without polishing the platinum electrode surface before each scan.
As shown in Fig. 2, another reduction wave appears with the original wave at faster scan
rates. We have attempted to explain the reaction theoretically by the use of cyclic
staircase voltammetry at different scan rates. The peak potential-half peak potential
separation for this wave, Epcn-Eip, is given in Table I. At a scan rate of 0.025 V s”, the
slowest scan rate employed, this separation was 0.094 V. However, this value is

considerably larger than the theoretical value of 0.070 V for a one-electron reversible




reaction at 353 K. It implies that this electrode reaction is quasireversible. Figure 3
shows a plot of the peak reduction current, i, versus the square root of the scan rate, 2.
This plot shows a good linear relationship at slow scan rates. However, the deviation from
the linear relationship increases with the scan rate, suggesting the presence of weak
adsorption of the reactant [25]. The peak current ratio, ip/lipd|, for this wave was calculated
by using Nicholson’s semi-empirical method [25]. This ratio is less than one at very slow
scan rates, but increases to 1.4 at faster scan rates, again indicating the presence of weak
adsorption of the reactant. In addition, the waveform is not in agreement with that derived
from theoretical calculations, but is very similar to that seen for a reduction reaction with a
coupled irreversible chemical step [26]; i.e., the peak ratio is less than one at very slow scan
rates and increases to one at faster scan rates. Weak adsorption of the reactant causes this
ratio to increase to more than one. The new wave appearing at faster scan rates may also
affect the result that the peak ratio does not converge to one. Figure 4 shows
voltammograms recorded over different scan ranges at 0.50 V s'. The reduction waves A
and C correspond with oxidation waves E and D, respectively. However, we could not see
an oxidation wave for B at faster scan rates. This wave must arise from the reduction of a
precipitated hafnium chloride species on the Pt electrode, which is produced by an
irreversible following chemical reaction. In fact, similar results have beenvreported for
some other Group 4 elements, Ti and Zr, in this molten salt system [16, 18, 27, 28].
Taken together, the reduction reaction at ca. 0.95 V most likely involves the following

-

sequence of reactions:

Hf(IV)sow + € = Hf(II)so1v  (quasireversible reaction) 2)




HA(III)s1y + 6AICI, — HfCly(s) + 3ALCly (irreversible chemical reaction) 3)

The reaction in Eq. 3 is the source of the passivating film that forms on the electrode
surface.

The diffusion coefficient for HAIV), Dumv), and the Stokes-Einstein product,
Dusrvyn/T, where 77 is the absolute viscosity of the molten salt, were calculated from the
linear relationship in Fig. 3, assuming that the reaction behaved reversibly at slow scan rates.
The viscosity data taken from Fannin et al. [29] were used for the latter calculation. The
diffusion coefficient is given in Table I along with the data for some related Group 4 species,
Ti(IV) and Zr(IV). Driqvyand Dzqv, can be compared to Dy, through the Stokes-Einstein
product, D7y/'T, which considers both the temperature of the measurement and the absolute
viscosity of the solvent. D#/T is a relative measure of the solvodynamic radius of the
diffusing species [30]. The somewhat smaller value of Driqv)7/T may simply reflect the fact
that Ti(IV) vaporizes rapidly from the melt as TiCl, [28]. Thus, the diffusion coefficient
data reported in the literature for Ti(IV) may have been measured under conditions that did
not take into account the vaporization loss of TiCls, which would lead to smaller values of
Driqvy and Driqyyn/T. The diffusion coefficient of HR{IV) is smaller than that of Zr(IV)
because Hf(TV) has larger ion-radius than Zr(IV).

Chemical reduction of Hf(IV). — Figure 5 shows UV-vis spectra of a coiorless
solution of HRIV) in the 66.7 m/o melt along with the data the related Group 4 elements.
The absorption maximum of tetravalent cations shifts to lower wavelength with an increase
in the atomic radius of the species, suggesting that greater energy is required for the electron
transitions as the volume of the cation increases. It must be noted that spectra cannot be

recorded below 250 nm due to interference from absorption by the organic cation of the melt.
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In previous investigations, we produced Ti(Il) and Zr(II) in the 66.7 m/o melt by
reducing the higher oxidation state species with Al wire. Therefore we carried out a series
of experiments to determine if it is possible to obtain Hf{(IT) by the chemical reduction of
Hf(IV). The reduction of H{TV) with Al produced an orange solution with no visible
precipitate. However, we could not see any absorption peaks for this solution (Fig. 5f).
During previous investigations TiCl; and ZrCls solutions in this melt, we noticed that the
rest potential of the Pt working electrode shifts to negative values after the chemical
reduction of these species to Ti(Il) and Zr(Il), respectively [16, 18]. In order to be certain
that we were generating Hf(IT) during the reduction of HfTV) with Al, we conducted similar
electrochemical experiments with this solution. However, in the case of Hf{(IV), the
potential did not change appreciably, and we concluded that it was difficult to produce large
amount of Hf{I). This is consistent with the observation that species with the highest
oxidation number become more stable with increasing atomic number [31].

Electrodeposition of Al-Hf alloys. —The electrodeposition of bulk Al-Hf alloys was
examined by using dc galvanostatic methods at 353 K in the 66.7 m/o melt containing HfCLs.
The substrate for these deposition experiments was a copper rotating wire electrode. Based
on previous investigations, a rotation rate of 2000 rpm, was employed for all experiments [6,
12, 18]. The compositions of the Al-Hf alloy resulting from the experiment are shown as a
function of current density in Fig. 6 together with the data obtained from similar
experiments carried out with Zr(IV) solutions in this same melt. The Hf content of the

'electrodeposited alloys decreases with increasing of the current density, but this is not the
case if the applied current density is less than 5 mA cm™. Usually, as the current density is
increased, the partial current for the reduction of the transition metal cation alloying with Al

reaches a limiting value, whereas the partial current for the reduction of Al,Cly, which is




present in this melt at a concentration of 3.24 M at 353 K, continues to increase. This
behavior is a common feature of overpotential alloy deposition in chloroaluminate melts
containing divalent transition metal cations [1, 12, 16, 18]. However, in solutions
containing either HRIV) or Zr(IV), this behavior is obviously different from that observed
with solutions of containing divalent cations. We deduce from this observation that the
ir;eversible chemical reaction given in Eq. 3, i.e., the precipitation of insoluble HfCls or
ZrCls on the electrode, is related to this anomalous behavior.

Characterization of electrodeposited Al-Hf alloys. — The surface morphology of
selected Al-Hf deposits is shown in Fig. 7. The surface morphology is dependent on the
applied current density, but is independent of the Hf content in the samples. At low current
density (Fig 7a and 7c), the alloys have a very smooth surface. However, the grain size
becomes larger as the applied current density increases (Fig 7b and 7d).

Pitting potential measurements of Al-Hf alloys. — The corrosion résistance of the Al-Hf
alloys was investigated by recording potentiodynamic anodic polarization curves in Np-
saturated aqueous 0.1 M NaCl. These polarization curves are shown in Fig. 8. As noted for
AL-Ti and Al-Zr alloys examined under similar conditions [16,18], Al-Hf alloys display a
stable passive region characterized by a very small potential-independent current followed
by a sudden rise in current at the pitting potential. The variation of the Al-HF pitting
potential with alloy composition is shown in Fig. 9. Included are the values for Al-Ti and
Al-Zr alloys produced in the 66.7 m/o melt. The addition of Hf in amounts exceeding 10 a/o
increases the pitting potential of the alloy by ca. +0.3 V. This increase is close to the value

found for Al-Zr alloy electrodeposited under the same conditions [18].
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Table I. Summary of voltammetric data for the reduction of 4.6

mM Hf(IV) at a Pt stationary disk electrode at 353.2 K

v -103 jpv!? ina / Jipd] Ex Epcn-Epe

(Vsh (Acm? V12§12 V) V)

. 0.005 1.67 0.59 0.953 0.099
0.010 1.53 0.65 0.966 0.100
0.025 1.62 0.67 0.970 0.094
0.050 1.66 0.79 0.967 0.098
0.075‘ 1.62 0.89 0.965 0.095
0.100 1.69 0.90 0.946 0.114
0.150 1.62 1.03 0.919 0.141
0.200 1.63 1.15 0.928 0.134
0.300 1.69 1.26 0.959 0.104
0.500 1.78 1.32 0.955 0.097
0.750 1.85 1.36 0.932 0.107
1.000 2.01 1.37 0.925 0.107

1.500 2.08 139 0.879 0.129
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Table ITI. Summary of absorption spectral data for Group IV species in

the 66.7-33.3 m/o AICl;-EtMeImCl melt at 298 K.

Concentration Amax (nm) Reference

Anion _
(mmol L™)

Ti(IV) 22 ~ 250, 287 [16]
Zr(IV) 5.0 ~ 250 [18]
Hf(IV) 7.5 ~250 This work
Ti(IIL) 49 - [16]
Ti(IT) 4.1 340, 407, 433 [16]
Z(1I) 5.0 276, 327, 455 [18]
Hf(IT) 4.8 - This work

* Shoulder
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Table IV. Summary of aluminam-Group IV alloys produced in the 66.7-33.3 m/o AlICL-EtMeImCl melt.

Maximum content  Amorphous Transition metal content in alloys Reference
in alloy (a/o) structure Increase of M(II) or _ Increase of current
M(IV) concentration density
Ti 19 x 1 ) [16]
Zr 17 10~17 1 v [18]
Hf 11 X, 1 v This work

x: no amorphous structure; *: over -10 mA cm™
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Figure Captions

Figure 1. Cyclic staircase voltammograms recorded at a platinum stationary disk electrode
in the 66.7-33.3 m/o AIC-EtMeImCl molten salt: (- - -) pure melt; (—) after the addition
of 4.6 mmol L™ HfCl,. The temperature was 353.2 K; the sweep rate was 10 mV s'l; and

the step size was 2 mV.

Figure 2. Cyclic staircase voltammograms recorded at a platinum stationary disk electrode
in the 66.7-33.3 m/o AlCL-EtMeImCl molten salt containing 4.6 mmol L' HfCl,. The
scan rates were: 0.05 V s (—) and 0.50 V s1(---). The temperature was 353.2 K, and

the step size was 2 mV.

Figure 3. The cathodic peak current, iy, and ratio of anodic to cathodic peak currents,

ina/lipd), as a function of sweep rate constructed from the data in Table 1.

Figure 4. Cyclic staircase voltammograms recorded at a platinum stationary disk electrode

in the 66.7-33.3 m/o AICL:-EtMeImCl molten salt containing 4.6 mmol L HfCl, The

~ scan rate was 0.50 V s’; the temperature was 353.2 K; and the step size was 2 mV.

Figure 5. UV-visible spectra recorded at room temperature in the 66.7-33.3 m/o AlCls-
EtMeImCl molten salt: (a) 2.2 mmol L TiCls, (b) 5.0 mmol L™ ZrCls, (c) 7.5 mmol L*
HfCL, (d) 8.2 mmol L™ TiCl,, (¢) after reduction of 5.0 mmol L™ ZrCl, by using Al metal at
353 K for three days, and (f) after reduction of 8.6 mmol L HfCl, by using Al metal at 353

K for three days. The cell path length was 0.10 cm.
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Figure 6. Relationship between the applied current density (mA cm2) and Hf content (a/0)
of the deposits prepared in the 66.7-33.3 m/o AlCl3-EtMeImCl molten salt containing ZrCls
or HfCly: (®) 19.5 mmol L ZrCl, [18]; (o) 4.9 mmol L™ ZrCl, [18]; (A) 27.9 mmol L
HfCly; (A) 4.5 mmol L™ HfCl,. The electrode rotation rate was 2000 rpm; the temperature

was 353.2 K.

Figure 7. SEM images of the Al-Hf alloy samples prepared in the 66.7-33.3 m/o AICl3-
EtMeImCl molten salt: (a) 4.5 mmol L' HfCL, -5 mA cm?, Alys,Hfsg; (b) 4.5 mmol L™
HfCLy, -40 rﬁA cm’?, Algs sHfs 2; () 27.9 mmol L HfCly, -5 mA cm™, Alo; Hfg4; (d) 27.9
mmol L HfCL,, -40 mA cm, Algo3Hf 7. The electrode rotation rate was 2000 r.p.m.; the

temperature was 353.2 K.

Figure 8. Anodic polarization curves recorded in deaerated, aqueous 0.1 M-NaCl for Al-Hf
alloys obtained in the 66.7-33.3 m/o AlCl3-EtMeImCl molten salt containing HfCls: (a) Al
(99.999 %); (b) AlessHfss; (¢) Al Hfro; (d) AloioHfoo; and (e) Algo7Hfio3. The

temperature was 353.2 K; the sweep rate was 0.5 mV s™'; and the step size was 2 mV.

Figure 9. Pitting potentials as a function of alloy composition for the Al-Group 4 alloys

electrodeposited from chloroaluminate melts. (A)AI-Ti [16]; (A) Al-Zr [18]; and (e) Al-Hf.
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APPENDIX IV

T. Tsuda, W. E. Cleland, C. L. Hussey, and G. R. Stafford, “Electrochemistry of Tungsten
Species and Electrodeposition of Al-W alloy in the Lewis Acidic Aluminum Chloride—1-Ethyl-

3-methylimidazolium Chloride Melt,” (Draft manuscript for submission to J. Electrochem. Soc.)
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Electrochemistry of Tungsten Species and Electrodeposition of AI-W alloy in the

Lewis Acidic Aluminum Chloride—1-Ethyl-3-methylimidazolium Chloride Melt

Tetsuya Tsuda, Walter E. Cleland, Jr.,* Charles L. Hussey,”"* and Gery R.
Stafford™"

*Department of Chemistry and Biochemistry, The University of Mississippi, P.O. Box
1848, University, Mississippi 38677, USA
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Technology, Gaithersburg, Maryland 20899, USA

The electrochemistry and spectrochemistry of tungsfen solutes were examined in the
Lewis acidic 66.7-33.3 mole percent (m/o) aluminum chloride-1-ethyl-3-
methylimidazolium chloride (AIC,—EtMeImCl) molten salt. UV-visible spectroscopic
data for a solution of WCls changed slowly over several hours at 353 K, leading to the
conclusion that the W(VI) monomer, W(AICly)s, was transformed to dimeric species,
possibly W5(AICly);0. The W(VI/W(V) and W(V)/W(IV) electrode reactions are
reversible one-electron charge transfer processes. In solutions of WCly, the electrode
reaction for W(IV)/W(III) involves a following irreversible chemical step in which W(III)
precipitates as WCls(s). The electroplating of Al-W alloys proceeded most efficiently
from melt containing K3W,Cls, and it was possible to obtain alloy samples containing
about 14 atomic percent (a/o) tungsten. The pitting potential of these alloys was
approximately 1150 mV positive of that for pure aluminum. This is the most corrosion-

resistant alloy that we have electrodeposited from chloroaluminate melts.

* Electrochemical Society Active Member
** Electrochemical Society Fellow
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INTRODUCTION

The electrodeposition of a number of non-equilibrium aluminum alloys' has been
achieved in the Lewis acidic compositions of the room-temperature chloroaluminate molten
salt, AlCl3—1-ethyl-3-methylimidazolium chloride (EtMeImCl). These alloys include Al-
TiZ® AlV,* A-Cr,>® Al-Mg® Al-Mn, ' Al-Mo,"? Al-Zr,”® and AI-HE™ (Lewis acidic
chloroaluminate contain a molar excess of AlCl; over the organic chloride salt, i.e., the mole
fraction of the former, x4, is greater than 0.500. Electrodeposition is a powerful and
efficient method for preparing these alloys because this approach can easily make non-
equilibrium alloy coatings of uniform composition and structure.

Non-equilibrium aluminum-transition metal alloys are of interest because of their
outstanding resistance to chloride-induced pitting corrosion. Among the alloys in this class
that have been investigated in the past, sputter-deposited Al-W alloys show excellent
resistance to chloride-induced pitting corrosion.">"® In fact, if the W content of the alloys
exceeds 10 atomic percent (a/0), the passive region is extended to more than 2600 mV
positive of pure ALY Furthermore, low W content Al alloys (< 10 a/o W) are also ekpected
to be an important component for liquid crystal display (LCD) devices® and cellular
phones® However, there is no report of the electrodeposition of Al-W alloys in
chloroaluminate melts or other non-aqueous solvents, and previous investigations of

tungsten solutes in chloroaluminate melts?*%

indicated that the electrochemistry of tungsten
is very complicated in these ionic solvents. In this article, we report an electrochemical
investigation of tungsten in the Lewis acidic 66.7-33.3 m/o AlICL-EtMeImCl melt s as it

pertains to the electrodeposition of the Al-W alloys.




EXPERIMENTAL

The procedures used for the synthesis of EtMeImCl, the purification of AICl; by
sublimation, and the preparation and purification of-the AlCl;—EtMeImClI ionic liquid
were identical to those described in previous articles.”?’  Anhydrous tungsten (IV)
chloride of 97 % purity (Aldrich) and anhydrous tungsten (VI) chloride of 99 % purity (Alfa
Aesar) were used as received. The preparation of KsW,Cly has been described in a
previous a;rticle 2

All the experiments were conducted using a three-electrode cell. A Pine
Instruments Teflon-sheathed platinum rotating disk electrode (geometrical area = 0.099 cm?)
was used for the working electrode. A coil of 0.10 cm diameter aluminum wire (Alfa
Aesar, 99.999 %) was used for the counter and reference electrodes. These electrodes were
immersed in melt with the same composition as the bulk melt, but were separated from the
bulk melt by a porosity E glass frit (Ace Glass). The aluminum electrodes’ were cleaned
with a mixture of concentrated H,SO4, HNO3, and H;PO,, rinsed with distilled H,O, and
dried under vacuum before use. All experiments were carried out in a nitrogen gas-filled
glove box (VAC Atmospheres NEXUS system) with O, and H;0 <5 p.p.m. Alloy samples
of approximately 10 um thickness were deposited from solutions of different tungsten ionic
species in the 66.7-33.3 m/o AIC;—EtMeImCl ionic liquid onto a length of 1.25 mm
diameter copper wire (geometrical area = 0.798 cm?). The electrodeposits that were
obtained were washed in distilled water and dried in vacuo.

Voltammetry experiments were wnduded by using an EG&G Model 273
potentiostat/galvanostat. Electrodeposition of Al-W alloy were performed with an EG&G

PARC Model 173 potentiostat/galvanostat equipped with a Model 179 digital coulometer




plug-in module. Potentiodynamic pitting-potential measurements were carried out on these
alloy samples at room temperature in a 0.1 mol L solution of NaCl in distilled H,O. This
solution was deaerated with nitrogen gas for more than 6 hours before each experiment. The
reference electrode for these measurements was a sodium-saturated calomel electrode
(SSCE), and the counter electrode was a large surface area platinum wire coil. A known
length of the plated Cu wire was exposed to the NaCl solution by using a heat-shrink tubing
mask, and the sample was scanned at 0.5 mV s by using linear staircase voltammetry.
Electronic resistance compensation was employed during all staircase voltammetry
experiments. The step size used for these experiments was 2 mV.

The UV-visible spectra of dissolved tungsten ions were obtained by using a Varian
CARY 5 spectrometer employing a Wilmad No. 107-7 closed type quartz cells. The path
length of these cells was 0.10 cm.

The surface morphology and elemental analysis of alloy samples were investigated
with a JEOL JSM-6100 scanning electron microscope equipped with a Link energy
dispersive X-ray (EDX) spectrometer at the University of Mississippi SEM/EDX facility
located in the Department of Mechanical Engineering or with a JEOL JXA-840 field-

‘emission scanning electron microscope at the National Institute of Standards and
Technology (NIST). The electrodeposits were also examined by X-ray diffraction (XRD)

by using a Siemens D-500 diffractometer with Cu-Ka radiation at NIST.




RESULTS AND DISCUSSION

Electrochemistry of W(VI). — Tungsten (VI) chloride, WClg, dissolved readily in a
Lewis acidic 66.7-33.3 m/o AlCL—EtMeImCl melt to produce a red solution. Cyclic
staircase voltammograms‘ recorded at a Pt disk electrode in melt containing 9.0 mmol L™
WCls are shown in Fig. 1(a). This voltammograms is fairly similar to those recorded in the
Lewis acidic 63—37 m/o AlC,—NaCl melt by Mamantov et al.> We first investigated the '
electrochemical reaction corresponding. to wave A. Here, voltammetric data obtained at
0.10 V s is given in Table I along with data from the 63 m/o AICL;—NaCl melt> The
value for E, shows good agreement with the reported data, considering the differences in
bath temperature. The number of electrons involved in the reaction was approximately one.
An anodic potential sweep from the rest pofential did not reveal any oxidation waves except
that attributed to oxidation of the melt (Fig. la, dashed line).! Thus, the reaction
corresponding to wave A must correspond to the reversible, one-electron charge transfer

reaction:

W(VD +e < W(V) M

However, the W(VI) reduction wave disappeared completely, and the rest potential shifted
to negative values within hours of the addition of WCls (compare Fig. 1a and b), and the
solution changed from a red color to orange. A similar phenomenon has been reported in
Lewis basic 44.4-55.6 m/o AIC,—EtMeImCl melt containing WCls,?* but the cause of this
behavior reason has not been elucidated. We investigated this phenomenon by using UV-

visible spectroscopy (Fig. 2 and Table II) and found that the spectrum of the solution of




WCls obtained after stirring for several hours at 353.2 K is definitely different from the
solution soon after the addition of WCls. However, the solution of WCls was stable for
several days and the spectrum was unchanged if the melt is kept at room temperature. In
addition, it is well known that tungsten (V) chloride readily forms a dimeric species, W2Cl,o,
consisting of two WClg octahedra sharing an edge®® Considering these results, the changes
in the voltammograms and UV-vis spectra may be due to the structural transformation from

a monomeric to a dimeric species:
2 W(AICL ) — WQ(A1C14)10 +2 AICl; [ >300K] 2

After the rest potential reached a steady-state value of about ca. 1.50 V vs. AI(TIT)/Al
wave B in Fig. 1b was analyzed by using pulse voltammetry.” Figure 3 shows normal pulse
voltammograms at various pulse widths. The inset of this figure shows plots of In[(i; - )/7]
vs. E constructed from this voltammetric data, where j is the limiting current density and 7 is
the current density corresponding to the ascending portion of the wave. The number of
electrons involved in the reaction, », and the half wave potential, Ey», was estimated from
the plots in the inset and are given in Table III. The resulting values of # were close to 1,
and E;,; ranged from 1.37 to 1.40 V, depending on the pulse width that was employed. The
limiting current density ratio of wave B to C, ic / is, increased with increasing pulse width.
This implies that the reaction corresponding to wave C is not simple process, but involves

. coupled homogeneous chemistry. Waves B and C were also investigated by using
differential pulse voltammetry,?® and the results are shown in Fig. 4. The waves in this
figure that correspond to B in Fig. 3 are narrow and symmetrical with a width at half-height,

Win, in the range expected for a one-electron reversible reaction at the temperature of the




experiment (Table 4) in good agreement with the normal pulse voltammetry results.
However, the waves corresponding to C in Fig. 3 are small and asymmetric, suggesting that
the reaction corresponding to wave C is complicated. Thus, the reaction corresponding to

wave B is the reversible one-electron shown below:

W(V) +e < W(IV) €)

In order to investigate this process further, experiments were conducted by dissolving
WCl, in the 66.7 m/o melt.

Electrochemistry of W(IV). — Tungsten (IV) chloride, WCly, was found to be slightly
soluble in the 66.7 m/o melt. The solubility was estimated by using UV-vis spectroscopy
and found to be less than 3.0 mmol L™ at 353 K (Fig. 2d). A cathodic staircase
voltammogram recorded in the WCly-saturated melt revealed only a singe small reduction
wave at ca. 1.0 V vs. AI(TIT)/Al (Fig. 1c). This wave was examined as a function of scan
rate; Fig. 5 shows that the reduction potential is nearly the same as the potential of wave C
in Figs. 1(a) and (b). After the sweeping through this reduction wave, the Pt electrode
became covered with a gray-colored film. Therefore, it was necessary to wipe the electrode
surface after every measurement to obtain accurate electrochemical data. The voltammetric
data from Fig. S are given in tabular form as a function of scan rate in Table V. The
cathodic peak current function, ipev™?, converged to a constant value, 2.130.1 x 10 A cm?
V12 12 when the sweep rate exceeds 0.075 V s’. The peak current ratio, ipa/|ipd, Which
was estimated by using Nicholson’s semi-empirical method, is less than one at slow scan
rates, but increases toward one as the scan rate is increased (Table V and Fig. 5). Thus, the

electrode reaction involves a reduction reaction with a coupled irreversible chemical step.*'




At 0.025 V s, the peak potential;half peak potential separation for this wave, Epcn-Fypc,
approaches the 0.067 V value expected for a one-electron reversible electrode reaction at
353.2 K. However, Eyn-Ey. increased slightly as the sweep rate increases, suggesting that
the electron transfer reaction may not be completely reversible. Similar reactions are often
reported in the 66.7 m/o acidic melt containing the transition metal chlorides.>*"* We
concluded that wave C in Fig. 5 arises from the one-electron quasi-reversible reduction ‘of

W(IV) to W(III) followed by precipitation of WCls(s) onto the electrode:
W(IV) +e « W(ID @
W(I) — WCls(s) &)

The diffusion coefficient for W(IV), Dwav), and the Stokes-Einstein product,
Dwavy/T, where 7 is the absolute viscosity of the molten salt, were calculated from the data
in Fig. 5. The viscosity data taken from Fannin et al > were used for this calculation. The
former was found to be 7.3 x 10° cm? s™ at 353.2 K, and the latter was estimated to be 10 x
10™ gcm s2K!,

Chemical reduction of W(VI). — In order to produce W(II), we attempted to reduce
W(VI) by using Al metal in the 66.7 m/o melt containing WClg at 353 K. However, several
hours after the addition of Al, the melt became dark due to the formation of a black
.precipitate. This precipitate may be WC14 because the solubility of WCl, was quite low in
the melt and the color was identical our commercial sample of WCly, but the UV-visible

spectrum of the solution prepared from the Al reduction of a melt containing a low




concentration of WCls concentration melt differed from the spectrum prepared by dissolving
WCL, (Fig. 2e).

Electrochemistry of W.Cls". — Figure 6b shows cyclic staircase voltammograms
recorded at a Pt electrode in the melt containing 3.2 mmol L™ KsW,Cly. After the
dissolution of this compound, the potential for Al deposition shifts to slightly more negative
values (ca. 20 mV) and the wave for Al oxidation shifts to more positive potentials.‘ Such
behavior is often observed when aluminum is alloys with transition metals."***

The oxidation of W,Cls> was examined by the use of cyclic staircase voltammetry at
different scan rates (Fig. 7). The voltammetric data are collected in Table VI as a function
. of the scan rate. The anodic peak current function, ipav'm, shows af)proaches a constant
value of 0.80.1 x 10 A cm? V2 s if the scan rate exceeds 0.01 V's™. The peak current
ratio, Jipc)/ip, Which was estimated by the aforementioned methods,*’ is less than one at slow
scan rates, but increases toward 1 as the scan rate increases (Table VI and Fig. 7(inset)).
This indicates that the electrode reaction involves a reduction reaction with a coupled
irreversible chemical step.' The peak potential-half peak potential separation for this wave,
Epa-Epan, is close to the 0.067 V expected for a one-electron reversible electrode reaction at
353.2 K. It suggests that the oxidation of W,Cly> proceeds by E.C;; mechanism as found in
the Lewis basic 44.4-55.6 m/o melt.> However, we could not identify the chemical step in
this mechanism. The diffusion coefficient for W,Cls>, Dwacw, and the Stokes-Einstein
product, Dwacio /T, estimated from Fig. 7 was 9.8 x 107 cm?® s™ at 3532 K and 1.4 x 10!
gcm s2K, respectively.

The oxidation of W,Cly* was also examined by the use of a Pt rotating disk
electrode (Pt-RDE) in the same solution (Fig. 8). Each limiting current was sampled at 1.50

V. The electrochemical data estimated from plots of In[i / (i; - /)] vs. E(V) is given in Table




VIL. The inset of Figure 8 shows a Levich plot, i.e., a plot of the limiting current density, #,
versus the square root of the electrode rotation rate, @2, that was constructed from the data
in Figure 8 and Table VII. The slope of this plot was used with the Levich equation to
calculate the diffusion coefficient, Dwaci, and the Stokes-Einstein product, Dw20193'n/T.
The aforementioned viscosity data was employed for the calculation® These
electrochemical data are summarized in Table VIII along with that reported in the 44.4 m/o
melt. The diffusion coefficient for W,Cly> in the 66.7 m/o melt is considerably larger than
the reported data for the 444 m/o melt, but taking into account differences in the
temperature and corresponding differences in the viscosity of the molten salts, i.e., by using
the Stokes-Einstein product for comparison, the diffusion coefficient reported herein is very
similar to that measured in the 44.4 m/o melt.

In order to estimate the standard heterogeneous rate constant, ¥, and the transfer
constant, o, for the W,Clo>/ WaCls> electrode reaction, we constructed Koutecky-Levich
plots of i* vs. @™, from the data in Fig. 8. As shown in Fig. 9, these plots are linear and

exhibit potential-dependent intercepts. From the intercepts at 0=0 and following

equation,® the potential dependent heterogeneous rate constants, kAE), were estimated.
1/i = 1/ir + 1/(0.620nFACy D**v0'?) ©)
i = nEAK(E)Cy )

K and o can be determined with equation (8) and the intercept and the slope for the plot of In

K(E) vs. E-E":
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In k(E) = In & + anF(E-E”YRT ®)
E¥ = Eyp + RT/(0F)In[(Dr/Do)*"] ©)

Usually the formal potential, £, is estimated by the use of equation (9).” However, the
diffusion coefficient for the W,Cls* is not known. Therefore, we assumed that the diffusion
coefficient for this species is equal to that for W,Cly> and that E* = Ey. The average value
of Ey, given in Table VII was used estimate £° and o from the plot shown in the inset of Fig.
9 and are given in Table VIIL

As expected, the UV spectrum of the K3W,Cly differed from that for the other
.tungsten cations (Fig. 2 and Table IT). The overall appearance of this spectrum is similar to
that observed for this compound in the basic 44.4 m/o melt?? The shift in wavelength
~ implies that interactions between the W,Cls® species and the ionic species in the melt
~ change as the melt acidity is altered. The solubility of this species was estimated to be 3.3
mmol L™ at 298 K and 8.0 mmol L™ at 353 K by using cyclic staircase voltammetry and
UV-vis spectroscopy. However, we employed low concentrations of K3W;Clo during the
preparation of Al-W alloys described below because alloys containing large amount of W do
not adhere well to the Cu substrate.

Electrodeposition and characterization of AI-W alloys. — The electrodeposition of
bulk Al-W alloys was examined by using dc galvanostatic methods at a current density of -5
~ -80 mA cm. The substrate for these experiments was a copper-wire rotating electrode.
In keeping with previous investigations, we used an electrode rotation rate of 2000 rpm.>'
As shown in Fig. 10, the W content of bulk Al-W alloys prepared in a 9.0 mmol L™ WCis

solution and a 3.2 mmol L K3;W,Cls solution increases as the applied current density
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decreases. Just for reference, we also show the W content of the alloys obtained from the
solution containing W(I) (unknown concentration). These results are a well known feature
of overpotential aluminum alloy deposition from the Lewis acidic chloroaluminate ionic
liquids." This behavior results from a decrease in the ratio of the partial currents for
transition metal reduction compared to Al reduction with increasing cathodic current
density. This occurs because the transition metal is being reduced at the mass-transport
limited rate, whereas the current for Al deposition increases as this current is increased.
In fact, we could prepare Al-W alloys in the K3W;Clo-saturated melt at 353 K having
higher W content, but the alloys were too fragile to characterize.

Figure 11 shows SEM images of the Al-W alloys prepared from the solution
containing 3.2 mmol L K3W2Clg. When the W content is low, the surface morphology
of these alloys was similar to that of some other transition metal aluminum alloys >*1214
The surface of the Al-W alloy became covered with powdery crystals appeared as the W
content was increased.

Pitting potential measurements. - Potentiodynamic anodic polarization curves
recorded in deaerated aqueous NaCl for Al-W alloys eleétrodeposited on copper wire
rotating electrodes are shown in Fig. 12. As noted in previous reports,>*!*!* alloys with
a low W content alloy (Fig.12b) displayed a stable passive region characterized by a very
small potential-independent current followed by a sudden rise in current at the pitting
potential. Ho§vever, the anodic polarization curves become complicated with increase of
the W content. Such behavior implies that the samples have several crystal structures in
the alloy because changes in the crystal structure of the Al-W alloys is known to affect
the pitting potential.'” The variation of the pitting potential with alloy composition is

shown in Fig..13 along with the data for Al-Mo alloys discussed in a previous article

12




from this laboratory. prepared in previous investigationsby the electrodeposition.”> The
pitting potential of the Al-W alloys was shifted approximately 1150 mV against pure
aluminum when the W content was ca. 14 a/o. At low W content (~ 5 a/0), the result was
essentially identical to the data for sputter-deposited Al alloys reported by Frankel et al.,'®
but the value for alloys with a high W content was greatly inferior to that for sputter-

15,16,19

deposited Al-W alloys.
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Table L Cyclic voltammetric data for WClg in the 66.7 m/o melt.

Solvent () Ex EEn Temp. n Reference
vsh W " ®
63 m/o AICL;-NaCl' 002 1615 009 448 0.99° 23
005 1620 009 448 0.99° 23
010 1620 0090 448 099 23
66.7m/o AIC;-EtMeImCl ~ 0.10 1634 0068 353 1.02°  This work

*Working electrode: glassy carbon.

Theoretical value of Epc-Ep, at 448 K: 0.089 V*; at 353 K: 0.070 V.°
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" Table ITL Normal pulse voltammetric data for the redaction of 9.0 mmol L?

W(V) at a stationary Pt electrode in the 66.7 m/o melt..

Pulse width (ms) Limiting current density (mA ecm?) n En (V)
Wave B Wave C (ic/ i) WaveB WaveB

25 2.797 2.686 (0.96) 0.91 1.395

50 4.280 5.686 (1.33) 0.99 1.384

100 4324 6.745 (1.56) 1.08 1.371
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Table IV. Differential pulse voltammetric data for the reduction of 9.0 mmol L W(V) at a

stationary Pt electrode in the 66.7 m/o melt.

Wave B Wave C
Pulse width (ms) 25 50 100 25 50 100
E, (V) 1.419 1.428 1.440 0.945 0.955 0.966
ipn (mA cm®) 0.192 0.370 0.460 0.094 0.188 0.260
Wi (V) 0.100 0.093 0.092 0.214 0.206 0.190
n* 1.07 1.15 1.16 0.50 0.52 0.56

*Values for number of electrons (1) were determined using the equation: Wy, = 3.52 RT/ nF.®

Pulse height: 25 mV.
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Table V. Voltammetric data for the reduction of 3.0 mmol L™

W(IV) at a stationary Pt electrode in the 66.7 m/o melt at 353 K.

v 10% jpev™? ia/ lipe]  Epe  Epon-Epe
(V S-l) ( A cm-z V-l/2 S1/2) : (V) (V)
0.005 2.78 060 0962  0.090
0.010 2.37 0.73 0.973 0.084
0.025 2.25 083 0982  0.075
0.050 2.27 083 0962  0.085
0.075 2.04 082 0939  0.091
0.100 2.05 083 0921  0.102
0.125 2.10 084 0916  0.105
0.150 2.23 0.83 0.900 0.108
0.200 2.14 0.83 0.885 0.111
0.300 2.00 085 085  0.124
0.500 2.07 089 0816  0.143
0.750 211 093 0754  0.180

1.000 1.96 0.96 0.699 0.215
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Table VL. Voltammetric data for the reduction of 3.2 mmol L

W2C193“ at a stationary Pt electrode in the 66.7 m/o melt at 353.2 K.

v 107 4,012 lige /ipa ~ Epa  Epa-Epan
(V S-l) (A cm-2 V-l/2 sl/2) (V) (V)
0.005 1.00 065 1443 0057
0.010 0.91 084 1442 0057
0.025 0.89 103 1442 0056
0.050 0.85 111 1447  0.059
0.100 0.83 115 1457  0.065
0.150 0.83 117 1459  0.067
0.200 0.81 118 1466  0.070
0.250 0.81 117 1472 0072
0.300 0.79 119 1478 0075
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Table VIL Voltammetric data for the reduction of 3.2 mmol L

W.Cls* at a Pt-RDE in the 66.7 m/o melt at 353.2 K.

® i Ein & n
(rpm) (mA cm?) V)
1000 0.317 1.411 0.024 1.25
1250 0.353 1.411 0.024 1.25
1500 0.387 1.412 0.025 1.20
1750 0.413 1.412 0.025 1.20
2000 0.442 1.412 0.025 1.20

*The theoretical value for » =1 is 0.030.
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Figure Captions

Figure 1. Cyclic staircase voltammograms recorded at a platinum disk electrode in the 66.7-
33.3 m/o AIC-EtMeImCl melt: (a) immediately after the dissolution of 9.0 mmol L™
WCls; (b) several hours after the dissolution in (a); (c) containing 3.0 mmol L WCly; (----)

pure melt. The temperature was 353 K, and the sweep rate was 0.10 V s™.

Figure 2. UV-visible spectra of the 66.7-33.3 m/o AlCI;-EtMeImCl melt: (a) containing
3.1 mmol L WCls; (b) several hours after the dissolution of 0.5 mmol L WClg; (c)
containing 1.2 mmol L™ KsW,Cly; (d) containing 3.1 mmol L™ WCly; (e) after reduction of
the melt containing 1.4 mmol L™ WCls by using Al wire at 353 K for three days. The cell

path length was 0.10 cm.

Figure 3. Normal pulse voltammograms recorded at a platinum disk electrode in the 66.7-
33.3 m/o AICL;-EtMeImCl melt containing 9.0 mmol L W(V). The pulse width was (a) 25
ms; (b) 50 ms; (c) 100 ms. The temperature was 353 K, and the sweep rate was 4 mV s,

(inset) Plots of In [(7; - #) / I} vs. E(V) constructed from the data in Fig. 3 and Table III.

Figure 4. Differential pulse voltammograms recorded at a platinum disk electrode in the
66.7-33.3 m/o AICL;-EtMeImCl melt containing 9.0 mmol L™ W(V). The pulse widths
“were (a) 25 ms; (b) 50 ms; (c) 100 ms. The temperature was 353 K; and the sweep rates

were 4 mV s™. The pulse height was 25 mV.
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Figure 5. Cyclic staircase voltammograms recorded at a platinum disk electrode in the 66.7-
33.3 m/o AICh-EtMeImCl melt containing 3.0 mmol L™ WCl,. The temperature was 353
K and the sweep rates are shown in Table V. (inset) Peak reduction current density and the
ratio of the anodic to cathodic peak currents as a function of sweep rate for the series of

voltammograms shown in Fig. 5.

Figure 6. Cyclic staircase voltammograms recorded at a platinum disk electrode in the 66.7-
33.3 m/o AIC-EtMeImCl melt: (a) Al wire + 9.0 mmol L WClg at 353 K for three days;
(®) 3.2 mmol L™ K3W,Cls melt; (- - - -) pure melt. The temperature was 353 K, and the

sweep rates were 0.10 Vs,

Figure 7. Cyclic staircase voltammograms recorded at a platinum disk electrode in the 66.7-
33.3 m/o AIC;-EtMeIlmCl melt containing 3.2 mmol L™ KsW,Cls melt. The temperature
was 353 K and the sweep rates are given in Table VI. (inset) Peak reduction current
density and ratio of the cathodic to anodic peak currents as a function of sweep rate for te

series of voltammograms shown in Fig. 7.

Figure 8. Cyclic staircase voltammograms recorded at a Pt-RDE in the 66.7-33.3 m/o
AICL;-EtMeImCl melt containing 3.2 mmol L™ K3W,Clo. The temperature was 353 K,a nd
the sweep rates were 0.01 V s™'. The angular rotation frequencies are (from bottom up)
105, 131, 157, 183, and 209 rad s [1000, 1250, 1500, 1750, and 2000 rpm.]. (Inset)
relationship between the limiting current densities at 1.50 V and the square root of the

angular rotation frequency, »'?.
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Figure 9. Plots of inverse of the current, i, vs. the inverse of the square root of the angular
rotation frequencies, w?, at selected potentials in Fig. 7. The potentials are (from top
down) 1.40, 1.41, 1.42, 1.43, 1.44, 1.45, 1.46, 1.47, 1.48, 1.49, and 1.50 V. (Inset)

Relationship between E-E® and Ink(E).

Figure 10. Relationship between the applied current density (mA cm®) and W content (a/0)
of the deposits prepared in the 66.7-33.3 m/o AlCl;-EtMeImCl melt: (A) 9.0 mmol L!
WClg; () W(I) produced from 9.0 mmol L WClg and Al metal at 353.2 K; (©) 3.2 mmol

L K3W,Clo. The rotation rate was 2000 rpm; and the temperature was 353.2 K.

Figure 11. SEM images of the Al-W alloy samples prepared in the 66.7-33.3 m/o AlCl;-
EtMeImCl melt containing 3.2 mmol L™ KsW,Cls at different applied current densities: (a)
-20 mA cm?, Aly;7W23; (b) -10 mA cm?, Algz7Wrs; (¢) -5 mA cm™, AlgsoWiso. The

rotation rates were 2000 rpm; and the temperatures were 353.2 K.

Figure 12. Anodic polarization curves recorded in a deaerated aqueous 0.1 M-NaCl for Al-
W alloys obtained in the 66.7-33.3 m/o AICL-EtMeImCl melt: (a) Al (99.999 %); (b)
Aly77Wa3; (©) AlgsoWso; and (d) AlgsoWiso. The temperatures were 353.2 K, and the

sweep rates were 0.5 mV s™. The step size was 2 mV.
Figure 13. Pitting potentials as a function of alloy composition for electrodeposited Al-W

alloys (e) and Al-Mo alloys (A).”> (a) Al (99.999 %); (b) Aly77Wa3; () AlssoWsy; (d)

AlgsoWiao0.
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Electrodeposition of Aluminum-Manganese-Molybdenum Alloy from the Lewis

Acidic Aluminum Chloride-1-Ethyl-3-methylimidazolium Chloride Melt

Tetsuya Tsuda,® Charles L. Hussey,” and Gery R. Stafford”

Department of Chemistry and Biochemistry, The University of Mississippi, P.O. Box
1848, University, Mississippi 38677, USA

®Materials Science and Engineering Laboratory, National Institutes of Standards and

Technology, Gaithersburg, Maryland 20899, USA

ABSTRACT

The electrodeposition of aluminum-manganese-molybdenum alloy was examined in the
Lewis acidic 66.7-33.3 mole percent (m/o) aluminum chloride-1-ethyl-3-
methylimidazolium chloride (AICL-EtMeImCl) molten salt containing MnCl; and
(MoeClg)Cly under various conditions. The ratio of these two components in the melt
strongly affected both the electrodeposition behavior and the surface morphology of the
resulting Al-Mn-Mo alloys. -The addition of Mo to the Al-Mn alloy resulted in a
considerable improvement in its resistance to chloride-induced pitting corrosion. The
pitting potential of the Al-Mn-Mo alloys shifted to approximately +500 and +800 mV
against AlgsgMny alloy and pure Al, respectively, and depended on the total Mo content.
This increased resistance to chloride-induced pitting corrosion is comparable to that found
for pure Al-Mo alloys electrodeposited from the 66.7 m/o melt. Thus, the addition of Mo
into the Al-Mn alloy is an effective method to improve its chloride-induced pitting potential
and may have other benéﬁcial effects as well

Keyword: Al-Mn, Al-Mn-Mo, Pitting potential, Room temperature molten salt, Chloroaluminate melt.
* Corresponding author; E-mail: chclh@chem]1.olemiss.edu
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INTRODUCTION

Al-Mn is a typical example of a “stainless” Al alloy that has been prepared by |
electrodeposition from chloroaluminate melts [1-20]. The electroplating of this alloy
from chloroaluminate melts is a promising method for surface finishing because the
resulting alloy coatings exhibit good metallic brightness and a reasonably good resistance
to chloride-induced pitting corrosion (< ca. +400 mV against pure Al). Recently, we
have succeeded in preparing Al-Mo alloy coatings in the 66.7-33.3 mole percent (m/o)
AICI;-EtMeImCl melt containing (MoeClg)Cls that show excellent corrosion
resistance[21]. This alloy forms a metallic glass if the Mo content exceeds ca. 10 atomic
percent (a/0). In this case, the chloride induced-pitting potential of the alloy shifts to
approximately +800 mV versus pure Al [12, 21]. Therefore, we investigated the
simultaneous co-deposition of Al, Mo, and Mn from the 66.7-33.3 m/o AlICl;-EtMeImCl
melt containing dissolved MnCl, and (MogClg)Cls ‘in order to ascertain whether the
resulting ternary Al-Mn-Mo alloy would be more corrosion resistant than éither of the

related binary alloys, i.e., Al-Mn or Al-Mo.




EXPERIMENTAL’

Preparation of the plating bath.- The procedures used for the synthesis of
EtMeImCl, the purification of AICl; by sublimation, and the preparation and purification
of the AlCL;-EtMeImCl molten salt were identical to those described in previous articles
[22-24]. Anhydrous manganese (II) chloride of 99.999 % purity (Aldrich) and anhydrous
molybdenum (II) chloride, (MosCls)Cls, of 99.5 % purity (Cerac) were used as received.
These compounds were dissolved in the AlCl;-EtMeImCl molten salt in order to prepare
the plating bath. All experiments were carried out in a nitrogen gas-filled glove box (VAC
Atmospheres NEXUS system) with an O, and H,O content <5 ppm.

Electrochemical and spectroscopic experiments.- Electrochemical experiments
were conducted using a three-ele&rode cell. A Pine Instruments Teflon-sheathed platinum
disk electrode with a geometrical area of 0.099 cm® was used as the working electrode for
voltammetry experiments. Coils of 0.10 cm diameter aluminum wire (Alfa Aesar,
99.999 %) were used for the counter and reference electrodes. These electrodes were
immersed in melt with the same composition as the bulk melt, but were separated from the
bulk melt by a porosity E glass frit (Ace Glass). The aluminum electrodes were cleaned
with a mixture of concentrated H,SO4, HNO;, and H;PO,, rinsed with distilled H,O, and
dried under vacuum before use. Alloy samples of approximately 10 um thickness were
plated from the solution described above onto working electrodes consisting of a length of
1.25 mm diameter copper wire, which was rotated at a fixed rate with a Pine Instruments
AFMSRX electrode rotator. At the conclusion of each, the alloy-plated substrate was

removed from the glove box and cleaned with distilled water.

* Certain trade names are mentioned for experimental information only, in no case does it imply a
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Electrochemical experiments were conducted by using an EG&G Model 263A
potentiostat/galvapostat. This potentiostat was controlled with an EG&G PARC Model 270
software. Electrodeposition of the Al-Mn-Mo alloy was performed with an EG&G PARC
Model 173 potentiostat/galvanostat equipped with a Model 179 digital coulometer plug in
module. Potentiodynamic pitting measurements were carried out on these alloy samples at
room temperature in a 0.1 mol L™ solution of NaCl in distilled H,O. This solution was
deaerated with nitrogen gas for more than 6 hours before each experiment. The reference
electrode for these measurements was a sodium-saturated calomel electrode (SSCE), and the
counter electrode was a large surface area platinum wire coil. A know length of the plated
Cu wire was exposed to the NaCl solution by using a heat-shrink tubing mask, and the
sample was scanned at 0.5 mV s” by using linear staircase voltammetry. UV-visible
spectroscopic measurements were obtained by using a Varian CARY 5 spectrometer.
Samples were contained in Wilmad No. 107-7 closed-type quartz cells with a 0.10 cm
optical path length.

Characterization of the Al-Mn-Mo electrodeposits.- The crystal structure of the Al-
Mn-Mo electrodeposits was examined with standard X-ray diffraction (XRD) techniques
by using a Siemens D-500 X-ray diffractometer at NIST. This instrument was operated
in the 6-20 scan mode and employed Cu-Ka radiation. The lattice parameters of the fcc
Al phase in the alloy deposits were accurately determined by employing the copper
substrate reflections as an internal standard. A minimum of five well-resolved reflections
were required for lattice ‘parameter refinement.  Surface morphology and elemental
analysis of the alloy samples were performed with a JEOL JSM-6100 (The University of

Mississippi) or JEOL JXA-840 (NIST) scanning electron microscopes (SEM). Alloy

recommendation or endorsement by NIST.




composition was measured with energy dispersive X-ray spectroscopy (EDS) on the as-

deposited surfaces with pure Al, Mn, and Mo As standards.




RESULTS AND DISCUSSION

Absorption spectroscopy.- Manganese (II) chloride, MnCl,, and Molybdenum (II)
chloride, (MosClg)Cly, dissolved readily in the 66.7 m/o melt to produce a transparent and a
yellow solution, respectively. Because the coordination/solvation of dissolved (MosCls)Cla
is unknown, we will refer to the dissolved Mo(II) entity by its core structure, {MocClg}*" or
as Mo(I). Electronic absorption spectra of these solutions are shown in Fig. 1. A spectrum
for (MosClg)Cly is identical to that reported in a previous article [21]. No absorption
spectrum was observed in the solution of Mn(II), indicating that any absorption bands for
this species must occur below the UV cut-off of the melt at about 250 nm.

Effect of MnCl, and (MosClg)Cl, on the electrodeposition of aluminum .- Figure 2(a)
shows cyclic staircase voltammograms recorded at a Pt stationary disk electrode in the 66.7
m/o melt after addition of Mn(IT) as MnCl, or Mo(Il) as (MogClg)Cls. To record these
voltammograms, the potential scan was initiated from a rest potential to a potential
sufficiently cathodic to initiate the electrodeposition of Al. The scan was then reversed until
it reached the positive limit of the melt at +2.2 V and was finally returned to the initial
potential. The negative and positive potential limits of the Lewis acidic AlCl;-EtMeImCl
molten salt arises from the reduction of the unsaturated Al,Cl; ion to Al metal and to the

oxidation of AICl, ion to chlorine gas, respectively:

“4ALCly + 3¢ = Al + TAICIS Q)

2AICL = ALCl +112Cly +e @




The general appearance of these voltammograms was the same as reported previously [18,
19, 21] in that the stripping waves attributed to Al in pure melt are shifted to more positive
potentials because they now correspond to the oxidation of Al-Mn or Al-Mo alloys. In melt
containing both Mn(IT) and Mo(Tl), the voltammetric behavior varied significantly with the
Mn(I)/Mo(II) concentration ratio, Cwynm/Cmam.  When Cunm/Cumoan is < 1, the
voltammogram exhibits only é single stripping wave and is similar to that seen in the
voltammogram recorded in a melt solution containing only Mo(Il) (Fig. 2b), however, the
current for this stripping wave decreases as the Mn(IT) concentration is increased. When
Cunany Cumoqmy is adjusted to four, the current density for the stripping wax}e characteristic of
Al-Mo is greatly diminished and several other poorly defined oxidation waves become
apparent (Fig. 2(c)). As described below, these voltammetric results are due to the effects of
Cuinry Cmoqmy and current density on the Al-Mn-Mo alloy composition.

Electrodeposiﬁon of Al-Mn-Mo alloys.- Controlled-current techniques were used to
prepare alloy samples for detailed compositional and morphological analysis. Bulk
deposition experiments were conducted at a rotating copper wire substrate as noted in
previous articles [21, 25]. Figure 3 shows th¢ Mn and Mo content of electrodeposited Al-
Mn-Mo alloys as a function of the applied current density and the concentration of Mn(II)
and Mo(Il). The plot that simply decreases with increasg of the applied current densities
remains basically unchanged when the ratio of Mn(II) and Mo(T) in the melt, CyvnayCwmoqm
is less than one. This is similar to the result given in the 66.7 Am/o melt containing only
(MosClg)Cls [21]. This behavior is typically observed when the transition metal
electrodeposition reaction begins at or about the same potential as the reaction in Eq. (1) [21,
25-29]. However, if the CaimaryCmoqn €xceeds one, the behavior is quite different, especially

at high applied current densities. In order to better understand this behavior, we plotted the
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Mn and Mo content of the samples individually in Fig. 4. In all cases, the Mo content
decreases with the applied current density, as was observed during Al-Mo alloy deposition
[21]. In addition, at a fixed current density, the Mo content of the alloy decreases with an
increase in the Mn(II) concentration in the plating bath. The latter is expected because the
fraction of the total current density corresponding to the reduction of Mo(I) decreases as the
fraction of the total current due Mn(Il) reduction incréases. On the other hand, the Mn
content increases with the applied current density, and this tendency is enhanced if
CunryCumoqy €xceeds one. That is, the electrodeposition behavior is similar to that of the
Al-Mo system until Cyunry/Cumoy €xceeds one. In this case, the electrodeposition of Mn
predominates. This result is in accord with the variations of the voltammograms shown in -
Fig. 2.
Characterization of the Al-Mn-Mo alloy deposits.- Figure 5 shows SEM images of

some typical bulk Al-Mn and Al-Mn-Mo alloy samples that were prepared under a
variety of deposition conditions. The deposition charge used to prepare these samples

was sufficient in theory to produce an atomically smooth layer of pure Al that was 10 pm

in thickness. All of the alloy deposits prepared during this investigation were chloride-

free. The alloy samples depicted in Figs. 5a and 5b are pure Al-Mn alloys. At the Mn

content of these samples, the deposit is known to exhibit a crystal structure consistent

with fcc solid solutions [1, 9, 10, 14, 16, 17, 19]. As a result, the surface morphology

changed with the applied current density like pure Al electrodeposits [30]. Theoretically,
.this result is expected [31].

Figures 5¢ and 5d show the surface morphology of the electrodeposited ternary
Al-Mn-Mo alloy produced when CammyCmomy < 1. The surface morphologies of the

alloys are almost the same even if the Mn and Mo content of the samples is varied




considerably, and the morphologies depend only on the applied current density. The
sample deposited at the lowest current density (-10 mA cm’®) exhibits a surface features
consisting mainly of spherical or cone-shaped nodules that are 5-15 pm in diameter.
However, the deposit obtained at high current density (-40 mA cm?) is very smooth,
being covered only with very small crystals. Figure 6 shows that when CunmyCvom
exceeds one, the deposit surface is covered with spherical nodules that are 5-10 pm in
diameter and coalesce as the applied current density is increased. This results in an Al-
Mn-Mo electrodeposit with a nearly specular surface.

Pitting potential measurements.- The pitting potentials of the electrodeposited Al-
Mn-Mo alloys described above were determined by carrying out potentiodynamic anodic
polarization experiments in a deaerated aqueous NaCl. Some examples of the resulting
potentiodynamic current-potential curves resulting from these experiments are shown in Fig.
7. As noted for some other electrodeposited stainless aluminum alloys, e.g., Al-Mn [12, 20]
and Al-Mo [21], the Al-Mn-Mo alloys are spontaneously passive at the rest potential of the
solution. During anodic polarization, they display a stable passive region characterized by a
very small potential-independent current followed by a sudden rise in current at the pitting
potential. The variation of the pitting potential with alloy composition is shown in Fig. 8
along with data recorded for the Al-Mo alloy [21]. The top axis represents the concentration
of Mn + Mo. The alloy obtained by adding 4.2 a/o Mn to pure Al exhibits a pitting potential
about +300 mV more positive than that for Al alone. This data coincides with the pitting
potential data reported by Moffat et al [20]. If ~ 4 a/o Mo is added to this AlgssMny alloy,
the pitting potential of the resulting ternary alloy shifts to +500 mV versus the AlossMny
alloy. The increase in the pitting potential afforded by the addition of Mo to the‘ Al-Mn

alloy is comparable to that found for Al-Mo alloys electrodeposited from this same melt [21],




except that less Mo is required to attain the same pitting potential as found for the binary Al-
Mo alloy. Thus, the addition of small amounts of Mo to Al-Mn alloys is an effective
method for improving the chloride-induced pitting potential of these materials.
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Figure Captions

Figure 1. UV-visible spectra recorded in the 66.7-33.3 m/o AICI;-EtMeImCl melt
containing: (a) 36.2 mmol L Mo(Il), (b) 36.2 mmol L' Mn(Il), and (c) 36.2 mmol L!
Mo(II) and 72.5 mmol L" Mn(Il). The spectra were recorded at room temperature in 0.10

cm path length cells.

Figure 2. Cyclic voltammograms recorded at a stationary Pt disk electrode in the 66.7-33.3
m/o AlCl-EtMelmCl melt: (a) (- - -) pure melt; (——) 35.5 mmol L™ Mn(ID); (- —-) 35.5
mmol L Mn(Il); (b) (——) 35.5 mmol L™ Mo(Il) + 17.8 mmol L™ Mn(ID), (- - -) 35.5
mmol L™ MoIT) + 35.5 mmol L Mn(II); (¢) (——) 35.5 mmol L™ Mo(II) +71.0 mmol L™
Mn(I), (- - -) 35.5 mmol L™ Mo(I) + 142.5 mmol L Mn(II). The temperature was 328 K,

and the scan rate was 10 mV s™

Figure 3. Relationship between the applied current density and the total Mo + Mn content

of Al-Mn-Mo electrodeposits prepared in the following solutions: (#)17.8 mmol L™ Mn(ID)

+ 35.5 mmol L™ Mo(II); (0)35.5 mmol L™ Mn(II) + 35.5 mmol L™ Mo(ID); (A)71.0 mmol

L™ Mn(IT) + 35.5 mmol L™ Mo(lI); (4)142.5 mmol L™ Mn(II) +35.5 mmol L™ Mo(Tl).

. Figure 4. Relationship between the applied current density and the Mo and Mn content of

the deposits in Fig. 3. (a) 35.5 mmol L™ Mn(TI) + 35.5 mmol L Mo(Il): (#) Mn, (0) Mo;

(b) 35.5 mmol L' Mo(I) + 17.8 mmol L™ Mn(ll): () Mn, (¢) Mo; (c) 35.5 mmol L!
Mo(ID) + 35.5 mmol L™ Mn(II): (o) Mn, (A) Mo; (d) 35.5 mmol L™ Mo(Il) + 71.0 mmol
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L Mn(ID), (V) Mn, (V) Mo; (e) 35.5 mmol L Mo(Il) + 142.5 mmol L™ Mn(TI): () Mn,

(o) Mo.

Figure. 5. SEM images of electrodeposited A-Mn and Al-Mn-Mo alloys: (a) Aly7.sMnae,
-10 mA cm?; (b) Algs3Mnss, -40 mA cm?; (c) AlgosMn;z3Mogo, -10 mA cm?; and (d)

Alg 4Mns sMog2, -40 mA cm™.

Figure. 6. SEM images of electrodeposited Al-Mn-Mo alloys: (a) AlgssMng3Moas, -10

mA cm; and (b) Algs2Mn;3,Moy6, -40 mA cm™
Figure 7. Anodic polarization curves recorded in a deaerated 0.1 mol L? aqueous NaCl
solution: (a) Al (99.999 %), (b) AlsssMny s, (¢) Aloo.sMn37Mos s, and (d) Alg7sMny sMoz.

The scan rate was 0.5 mV s™.

Figure 8. Pitting potentials of Al-Mn-Mo alloys: (a) AlsogMn3 7Mos s, (b) Alg7.sMnssMoz.,

and (c) Alg; oMns sMozs.
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