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Electrodeposition of Aluminum-Tungsten Alloy Films Using
EMIC-AICI3-WCl;; Ionic Liquids of Different Compositions
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Electrodeposition of Al-W alloy films with high W contents has been carried out using 1-ethyl-3-methylimidazolium chloride (EMIC)-
aluminum chloride (AICls) ionic liquids containing tungsten(I) chloride (W¢Cly,). Although the corrosion resistance and hardness of the alloy
films are expected to be improved with an increase in the W content, dense films with W contents higher than ~12 at% have not been obtained
by electrodeposition to date. This study has demonstrated that electrodeposition using a EMIC-AICl;-W4Cl;, bath with a lower AICl;/EMIC
molar ratio can yield AI-W alloys with higher W contents. The maximum W content of the alloys electrodeposited using the EMIC-1.5AICl;
bath reached 19.4 at%. The alloy films with up to ~18at% W were dense and smooth, whereas those with >~18at% W exhibited increased
surface roughness. The hardness and Young’s modulus of the dense and smooth 17.7at% W film were determined by nano-indentation. The
hardness of this film was confirmed to be higher than those of the AI-W alloy films previously obtained from the EMIC-2AICl; baths.
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1. Introduction

Aluminum alloys have attracted significant research
attention as corrosion-protective coatings for reactive
metallic materials such as magnesium alloys."? In
particular, aluminum-tungsten (Al-W) alloys are known to
have the highest resistance to pitting corrosion among Al-
based binary alloys.>* Many researchers have studied the
formation of Al-W alloy films by using sputtering,>~'?
electrodeposition,''®  jon implantation,!” and laser
alloying.'® Among these methods, electrodeposition is
advantageous in that a thick film can be rapidly formed on
a large substrate with simple equipment. A number of studies
on the electrodeposition of Al and Al alloys in molten
salts, %29 jonic liquids,?'>> and organic solvents?®=3> have
been reported. Several review articles are available in
literature.>*? Recently, electrodeposition using ionic liquids
such as 1-ethyl-3-methylimidazolium chloride (EMIC)—
aluminum chloride (AICI;) has become popular because of
their low melting point and vapor pressure.*?)

Electrodeposition of AI-W alloy films with high W
contents has been pursued using an EMIC-2AICI; ionic
liquid (AICl;/EMIC =2 in molar ratio) containing a W
precursor. EMIC-2AICI; ionic liquids containing K3W,Clg
yielded AI-W alloys with >15 at% W.'® However, the alloys
from these baths had a powdery morphology when the W
content exceeded 3 at%. In contrast, when the W precursor
was replaced with tungsten(Il) chloride, WCly,, dense
Al-W alloy films with up to ~12at% W were successfully
electrodeposited.”>'®  The resultant dense films were
confirmed to exhibit a good corrosion resistance.

In terms of practical application as corrosion-protective
coatings, it is preferable that the coatings have not only a high
corrosion resistance but also a high mechanical strength.
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Wear resistance of a coating material can be predicted
from its hardness and the ratio of hardness to Young’s
modulus.***> We have previously examined Al-W alloy
films with up to ~12at% W for hardness and Young’s
modulus, and showed that these alloy films are harder and
have a higher ratio of hardness to Young’s modulus than Al
metal.'® This study suggested that AI-W alloy films with
a higher W content could have an even higher mechanical
strength.

However, Al-W alloy films with W contents higher
than ~12at% could not be electrodeposited using EMIC—
2AICI;-WCl;, baths.'® The W content of the alloy films
electrodeposited at a constant current density increased
linearly up to ~12at% with increasing W¢Cl;, concen-
tration of the bath in a low WCly, concentration range, but
the W content of the films saturated at ~12 at% at a higher
WCly, concentration. Potentiostatic electrodeposition at
various potentials in an EMIC-2AICI; bath saturated with
WCl,, also failed to yield alloy films with >~12at% W.'%

One of the parameters that have not yet been explored in
this system is the AICl;/EMIC molar ratio of the bath. A
decrease in the AlICl;/EMIC molar ratio below the previously
tested value of 2 is expected to suppress the electrodeposition
rate of Al, and therefore, increase the W content of the
resulting films. In the present study, electrodeposition in
EMIC-AICI;—W{Cl,; baths with an AlCl;/EMIC molar ratio
of 1.5 was carried out to obtain Al-W alloy films with a
higher W content. The surface morphology, crystal structure,
hardness, and Young’s modulus of the electrodeposited films
were investigated.

2. Experimental Procedure

Electrochemical experiments using EMIC-AICl;-W¢Cl,,
baths were carried out in an argon-filled glove box (SDB-
1AO, MIWA MFG). The electrolytic bath was prepared by
adding anhydrous aluminum chloride (AICl3, 99%, Fluka) to
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EMIC (97%, Tokyo Chemical Industry) in a molar ratio of
AICI;:EMIC = 1.5:1. The EMIC was dried under vacuum at
120°C prior to use. The prepared EMIC-AICl; melt was
stored in a 25-mL glass vessel used as an electrolytic cell.
WeCly, was synthesized by a method described in our
previous report,'>!®) and was added to the melt maintained at
80°C throughout the experiment. The bath temperature was
controlled by a thermostat (TJA-550, AS ONE) connected to
a rubber heater wound around the cell and a thermocouple
immersed in the bath.

Electrodeposition was performed on a polished copper
(Cu) plate. A section of the Cu plate was covered with
polytetrafluoroethylene tape so that a defined area (5 mm x
5mm) was exposed to the bath. An Al plate was used as the
counter electrode. An Al wire immersed in an EMIC-2AICI,
ionic liquid separated from the bath with a glass frit was used
as the reference electrode. The Cu and Al plates were placed
vertically and parallel to each other. The distance between
the Cu and Al plates was less than 10 mm. During the
electrodeposition process, the bath was agitated at 150 rpm
using a magnetic stirrer (PC-420D, CORNING) and a stirrer
bar (15 mm x 5mm). The electrochemical experiments were
carried out using an electrochemical analyzer (ALS 660c).

A scanning electron microscope (SEM; JEOL,
JSM-6510LV) equipped with energy dispersive X-ray
spectroscopy (EDX; INCAx-act, Oxford Instruments) was
used to observe the morphology and determine the elemental
composition of the deposit. X-ray diffraction (XRD) patterns
were obtained with an X-ray diffractometer (X’pertPRO-
MPD, PANalytical) using Cu Ko radiation (wave length of
0.15405 nm).

The hardness and Young’s modulus of the AI-W alloy
films were measured by nano-indentation tests using a nano-
indenter (G200, Agilent Technologies) with a diamond
Berkovich tip. As the nano-indentation test sample, a
~10 um-thick AI-W alloy film with a selected composition
was electrodeposited on a Ni plate. The surface of the 10 pm-
thick alloy film was polished prior to the indentation tests to
minimize the errors caused by surface roughness. Hardness
and Young’s modulus data were collected using the
continuous  stiffness measurement technique*®*” with a
vibration frequency of 45Hz. In each indentation, the
hardness and Young’s modulus values were obtained at a
depth of 200 nm, where the deformation of the substrate was
not influential. Each value reported for the hardness and
Young’s modulus is an average of the values taken at 12
indentation points separated from each other by more than
50 um. In the evaluation of Young’s modulus, Poisson’s ratio
of the AI-W alloy films was assumed to be 0.3, which is a
typical value for metallic materials.*® The error in Young’s
modulus caused by varying Poisson’s ratio between 0.2 and
0.4 remains within 8%.%

3. Results and Discussions

3.1 Electrolytic bath composition

Previous studies have shown that a maximum W content
of ~12at% could be obtained in AI-W alloy films
electrodeposited in EMIC-AICI;-WCl;, baths where the
AICI;/EMIC molar ratio was 2. In the present study,

Table 1 Bath compositions employed in our previous (bath A) and present
studies (baths B and C).

Bath EMIC:AICI;:W4Cly, WsCly> concentration
(molar ratio) (mM)
A 1:2:0.015 49
B 1:1.5:0.015 56
C 1:1.5:0.027 105

electrodeposition was carried out using ionic liquids with
a lower AICl;/EMIC molar ratio (1.5), with the aim of
obtaining alloy films with a higher W content. The
compositions of the electrolytic baths employed are shown
in Table 1. In the EMIC-2AICI; bath, which had been
employed in the previous studies, W4Cl;; concentration
reached saturation at 49 mM. The composition of this bath
(bath A) is expressed as EMIC-2AICI;-0.015W4Cl;; in
molar ratio. Bath B (EMIC-1.5AICI15-0.015W¢Cl;, in
molar ratio) has the lower AICl;/EMIC ratio of 1.5, while
the W¢Cl,,/EMIC ratio is fixed at 0.015, as in bath A. The
volume molar concentration of W¢Cly, in bath B is 56 mM,
which is a little higher than, but almost the same as, that
in bath A. We found that W¢Cl;, was more soluble in
EMIC-1.5AICl; than in EMIC-2AICIl;, with a W¢Cl;;
saturation concentration in EMIC—-1.5AICl; of 105mM.
The composition of this W¢Cl;,-saturated bath (bath C) is
expressed as EMIC-1.5A1CI3-0.027W¢Cl,;.

3.2 Electrodeposition and characterization

Electrodeposition was carried out using bath B to examine
the influence of the lower AICl;/EMIC ratio (1.5) on the W
content of the resulting AI-W alloy films. The charge for each
electrodeposition experiment was set at 8 C cm ™2, which is
the charge required for the electrodeposition of a 2.8 um Al
film or a 3.9 um thick W film.

Figure 1 compares the current density vs. electrolysis
potential plots obtained during electrodeposition in baths A
and B. An Al wire immersed in an EMIC-2AICI; ionic liquid
separated from the bath with a porous glass frit was used
as the reference electrode. In bath A, the current density
increased with the decrease in the potential from —0.1V,
which is close to the equilibrium potential of Al (0V). In
bath B, a similar trend was observed, except that the current
density observed for bath B was almost half of that for
bath A at each potential. Previously, AI-W alloy films with
<~I12at% W were electrodeposited in bath A at potentials
of <—0.1V, where the current efficiency was ~90%.'>
Accordingly, about 80% of the current density observed for
bath A at <—0.1V is attributed to the deposition of Al.
Therefore, the lower current density observed for bath B in
comparison to bath A reflects the lower deposition rate of Al
in bath B. This is reasonable because of the lower AICI;
concentration of bath B.

Electrodeposition in bath B at potentials more negative
than —0.1V produced deposits on the substrate. However,
the deposits obtained at >—0.2V were fragile and easily
exfoliated from the substrate during the washing process,
making further analysis impossible. A typical EDX spectrum
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Fig. 1 Current density vs. electrolysis potential during electrodeposition in
baths A and B.
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Fig. 2 EDX spectra of the electrodeposit in bath B at —0.2 V.

of the deposits obtained from bath B at <—0.2V is shown
in Fig. 2. The EDX spectrum indicates that the deposit is
composed of Al and W, except for a small amount of O,
which is derived from the surface oxidation layer, confirming
that AI-W alloys can also be electrodeposited in bath B. The
W content of the deposits determined by the EDX is shown
in Fig. 3. The W content of the alloys obtained from bath B
was higher than that from bath A at each potential. The
maximum W content of the alloys obtained from bath B
reached 15.7 at%, which was higher than that from bath A,
~12 at%.

With the aim of obtaining alloys with a further increase
in W content, electrodeposition in an EMIC-1.5AICI; bath
saturated with W¢Cly, (bath C) was carried out. Deposits
firmly adhering to the substrate could be obtained by
electrodeposition at potentials <—0.2'V, as was the case in
bath B; the deposits obtained at >—0.2 V were too fragile and
easily washed away. The W contents of the alloys obtained at
>—0.2V are shown in Fig. 3. The W contents of the alloys
obtained from bath C were higher than those of the alloys
from bath B, and reached 19.4at%, reflecting the higher
WCl;, concentration in bath C in comparison to bath B.
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Fig. 3 W contents of electrodeposited AI-W alloy films vs. electrolysis
potential during electrodeposition.

Figure 4 presents the typical surface SEM images of the
alloys with >15at% W obtained from the EMIC-1.5AICl;
baths. These alloys are mainly composed of globular grains
without defined facets. The alloys with W content up to
~18 at% exhibit a dense and relatively smooth morphology
(Fig. 4(a)). However, the alloys with higher W contents,
exceeding 18at%, exhibit a rough surface with conical-
shaped needle-like grains (Fig. 4(b)). Similar needle-like
grains have also been observed in the electrodeposition of
other Al-based alloys such as Al-Mo-Mn and Al-Mo-
Ti.’%D Although the detailed mechanism is not clear, the
needle-like grains commonly tend to be formed when the
electrodeposition is performed at a low overpotential (i.e.,
at a low deposition rate) in a bath with a high concentration
of the ions of the alloy constituents. The formation of the
needle-like grains may be attributed to the adsorption of the
metal ions, which suppress the electrodeposition of Al onto
the surface of the electrodeposit.

Figure 5 presents the typical XRD patterns of the alloy
films with >15at% W obtained from the EMIC—-1.5AICl;
baths. Apart from the diffraction peaks of the Cu substrate,
the XRD patterns of these alloy films show only a halo at
around 20 = 42°, indicating that these films are composed of
an amorphous phase. Previous studies using EMIC-2AICl;
baths showed that the electrodeposited alloys with <~10 at%
W are composed of a single phase, a solid-solution of fcc Al
containing W atoms; the alloys with >~10at% W comprise
two phases, the fcc Al and an amorphous phase, with
the proportion of the amorphous phase increasing with
increasing W content; the alloys with ~12at% W are
composed of a single amorphous phase.'® The present
results show that the single amorphous phase extends up to
at least 19.4at% W.

As described above, AI-W amorphous alloy films with
high W contents exceeding ~12 at% were obtained by using
baths with the low AlCIl;/EMIC molar ratio of 1.5. We also
examined baths with an even lower AICl;/EMIC molar ratio
of 1.2. However, alloys with a high W content could not be
obtained because only a small amount of W¢Cl;, dissolved
in such baths.
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Fig. 4 Surface SEM images of Al-W alloy films with (a) 17.7 and (b) 19.4at% W. These films were electrodeposited from bath C at

potentials of —0.23 V and —0.38 V, respectively.
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Fig. 5 Typical XRD patterns of AI-W alloy films with >15at% W. The W
contents are (a) 19.4 and (b) 17.7 at%. The arrows indicate the diffraction
peaks from the Cu substrate. The solid triangle (W) indicates the
diffraction peak from Cu,O, which is obtained from the oxidation of the
Cu substrate.

3.3 Nano-indentation test

The hardness (H) and Young’s modulus (£) values of
a high W content film (17.7at% W) were evaluated using
nano-indentation. Although a higher W content alloy
(19.4at% W) was obtained, reliable data for this alloy
could not be obtained from the nano-indentation test because
of the increased surface roughness visible in Fig. 4(b).

The H and E values of the 17.7at% W film are shown in
Figs. 6(a) and (b). The figures also show the H and E values
of the 0-12at% W films reported previously.'® The trend in
the variation of the H and E values is explained by the W
content and phase of the films. The H value of the <10 at% W
films, which are single-phase fcc Al solid solutions, increases
with increasing W content. The A value of the ~10at% W
film, where the fcc Al phase coexists with an amorphous
phase, shows a local maximum. With a further increase in W
content to ~12at%, the presence of the amorphous phase
increases and the H value slightly decreases. The variation in
E is similar to that for the H values.

The 17.7at% W film obtained in the present study is
composed of a single amorphous phase, and its W content
is higher than that of the single amorphous W film obtained
previously (12 at%). The H and E values for the 17.7 at% W
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Fig. 6 (a) Hardness (H), (b) Young’s modulus (£), and (c) H/E ratio of
Al-W alloy films. Solid symbols indicate the data for the 17.7at% W
film, which was newly obtained in this study. The 17.7at% W film was
electrodeposited from bath C at potentials of —0.38 V. Square, triangle,
and circle symbols represent the fcc Al solid solution phase, fcc Al +
amorphous coexisting phase, and single amorphous phase, respectively.

films are higher than those for the ~12at% W films. The
increases in H and E values for the single amorphous films
with increasing W content can be understood in terms of the
average interatomic distance. As is the case with crystalline
alloys, the elastic behavior of amorphous alloys depends on
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the interatomic distance.*®°>%) A decrease in interatomic
distance leads to stiffer interatomic bonding, resulting in a
higher £ value. In addition, the plastic deformation, which is
related to H, of an amorphous alloy is considered to proceed
by the propagation of shear displacement in a group of atoms
wherein the interatomic distance is relatively large.’*>)
Therefore, the decrease in the average interatomic distance
increases the resistance to shear displacement, resulting in a
higher H value.’® Because W has a smaller atomic radius
than Al, the average interatomic distance in AI-W alloy films
should decrease with increasing content of W atoms.!3!3-10)
Therefore, the higher A and E values of the 17.7 at% W film
in comparison to those of the ~12at% W amorphous films
are reasonable.

Coating materials with a high hardness (H) value and
a high ratio of hardness to Young’s modulus (H/E) are
believed to have a high wear resistance. As shown in
Figs. 6(a) and (c), the H value and H/E ratio of the 17.7 at%
W film are higher than those of the <~12at% W film
containing the fcc Al phase. A comparison between the
values of the single-phase amorphous films with ~12 at% W
and 17.7 at% W proves that the H/FE ratio is almost the same
for these two films, but A value is higher for the 17.7 at% W
film. Therefore, the 17.7at% W film obtained in the present
study is expected to have a higher resistance to mechanical
damages than the films obtained previously.

4. Conclusion

Electrodeposition of AI-W alloys in EMIC-AICI;-W¢Cl,,
baths with AICIl3;/EMIC molar ratios lower than 2 was
examined. W¢Cl;, was more soluble in EMIC—-1.5AI1Cl; than
in EMIC-2AICl;, but was much less soluble in EMIC—
1.2AICl; bath. Electrodeposition in the EMIC-1.5AICl; baths
generated alloy films with up to 19.4at% W, which was
higher than those previously obtained from EMIC-2AICI;
baths (~12 at% W). The increase in W content for the EMIC—
1.5AICl; baths can be explained by the lower deposition ratio
of Al and higher W¢Cl;, concentration. Alloy films with up
to ~18at% W were dense and smooth, whereas those with
>~18at% W exhibited a rough surface. The hardness of
the 17.7 at% W film was higher than those of the AI-W alloy
films previously obtained from EMIC-2AICI; baths, owing
to the higher W content of the film. Young’s modulus also
increased with the increase in W content from 12 to 17.7 at%,
while the ratio of hardness to Young’s modulus remained
almost constant.
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