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Fabrication of Co-W Alloy/Multiwalled Carbon Nanotube
Composite Films by Electrodeposition for Improved
Frictional Properties
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Co-W alloy/multiwalled carbon nanotube (MWCNT) composite films were fabricated using an electrodeposition technique and
their microstructures were characterized. A citrate bath was used as the Co-W alloy/MWCNT composite plating bath. A compact
Co-W alloy/MWCNT composite film having uniform distribution of MWCNTs without cracks was electrodeposited by adjusting
the pH and current density. Frictional properties of the Co-W alloy/MWCNT composite film were evaluated using a ball-on-disk
method at room temperature as well as at elevated temperatures (∼ 300◦C) without any lubricant. The coefficient of friction of the
Co-W alloy/MWCNT composite film was clearly lower than that of a Co-W alloy film with the same tungsten content at room
temperature. The coefficient of friction of the Co-W alloy/MWCNT composite film increased with increasing temperature. However,
the coefficient of friction of the Co-W alloy/MWCNT composite film was lower than that of a Co-W alloy film with the same
tungsten content at elevated temperatures.
© 2013 The Electrochemical Society. [DOI: 10.1149/2.036311jss] All rights reserved.
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Due to their high hardness, wear resistance,1 and high corrosion
resistance,2,3 Co-W alloy plating films are expected to be a substitute
for chromium plating films, which are formed in an environmentally
hazardous process using hexavalent chromium.1–11 The formation of
Co-W alloy films by electrodeposition was first reported by Holz,12

and their deposition behaviors,13,14 mechanism,15 microstructures16–18

and properties3–12,20–24 have been vigorously studied. The formation
of Co-W alloy based composite films, such as Co-W alloy/CaF2

25 and
Co-W alloy/Al2O3

26 composite films, has also been investigated to
improve the properties of the Co-W alloy films. Periene et al. reported
Co-W alloy based composite films with various inorganic powders
containing ZrO2, Cr2O3, SiC, and TiB2.27 The electrodeposition of
Co-W alloy films has been investigated using various plating baths
including acidic baths,14,28 citrate baths,1,7,8,12,15,16,19,29–31 ammoniac
baths,32 gluconate baths,5,11 and citrate-ammonia baths.6

Due to their superior mechanical properties, very high thermal con-
ductivity, and excellent solid lubricity, carbon nanotubes (CNT)33,34

are expected to be used as fillers for functional composite materi-
als. Consequently, the formation of metal/CNT composites has been
studied by various methods including plating techniques for various
applications. Fabrication of metal/CNT composite films for use in
tribological applications has also been extensively researched using
electrodeposition35–37 and electroless deposition.38–40 These studies
demonstrated that metal/CNT composite films show lower apparent
coefficients of friction compared to simple metal films without CNTs
at room temperature.

Co-W alloy/CNT composite films are thus a potential candidate to
replace chromium plating films. However, there have been no reports
on Co-W alloy/CNT composite films so far. In this study, Co-W
alloy/CNT composite films were fabricated using an electrodeposition
technique. The tribological properties of the Co-W alloy/MWCNT
composite film were evaluated at room temperature as well as at high
temperatures.

Experimental

The CNTs used in the present study are commercially avail-
able vapor-grown MWCNTs (Showa Denko Co. Ltd.), formed
via catalyst-assisted CVD41 and heat treated at 2800◦C in an
argon atmosphere for 30 min. The MWCNTs were typically
100–150 nm in diameter and 10–15 μm in length. A citrate (or citrate-
ammonia) bath (0.09 mol dm−3 CoSO4 · 7H2O + 0.29 mol dm−3
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Na2WO4 · 2H2O + 0.25 mol dm−3 (NH4)2HC6H5O7 + 0.25 mol dm−3

Na3C6H5O7 · 2H2O) was used as the base alloy bath.42 The MWCNTs
did not disperse uniformly in the base bath; therefore, a homogeneous
dispersion of MWCNTs was achieved by the addition of a polyacrylic
acid (mean molecular weight 5000; PA5000) dispersant43–45 to the
base bath with stirring.

The composition of the Co-W alloy/MWCNT composite plating
bath used in the present study was 0.09 mol dm−3 CoSO4 · 7H2O
+ 0.29 mol dm−3 Na2WO4 · 2H2O + 0.25 mol dm−3 (NH4)2HC6H5O7

+ 0.25 mol dm−3 Na3C6H5O7 · 2H2O + 2 × 10−5 mol dm−3 PA5000
+ 1.5 g dm−3 MWCNTs. Bath pH was varied from 4.0 to 5.0. A com-
mercially available electrolytic cell (Microcell Model I, Yamamoto-
Ms Co. Ltd) with internal dimensions of 65 × 65 × 95 mm3 was
employed for the electrodeposition. The volume of the plating bath
was 300 cm3. A pure copper plate (C1020) with an exposed surface
area of 10 cm2 (3 × 3.33 cm2) was used as the substrate. A platinum-
plated titanium plate was used as the anode. Electrodeposition was
performed under galvanostatic conditions at current densities of 5 and
10 A dm−2 with aeration. The bath temperature was 60◦C.

Microstructures of the films were examined using a field-emission
scanning electron microscope (FE-SEM; JEOL JSM-7000F). The
tungsten content (at%) of the films was measured using electron probe
X-ray microanalysis (EPMA, Shimadzu Seisakusho EPMA-1610).
The tungsten content of the Co-W alloy/MWCNT composite films
was calculated in at% for the Co-W alloy matrices. Exclusive sam-
ple preparation equipment (Cross-section polisher; JEOL SM-09010)
was used to prepare cross-sectional samples for FE-SEM observa-
tions and EPMA elementary mapping analysis. The MWCNT content
(mass%) in the composite films was determined by direct weighing.
For the weight measurement, thick Co-W alloy/MWCNT composite
films (over 2 g) were electrodeposited on a stainless steel (SUS304)
substrate. After exfoliation of the composite films from the stainless
steel substrate, the Co-W alloy matrix of the films was dissolved in
aqua regia. The MWCNTs in the aqua regia solution were then filtered,
dried and weighed.

The phase structures of the films were examined by X-ray diffrac-
tion (XRD, Shimadzu Seisakusho XRD-6000). The hardness of the
films was measured using a micro-Vickers hardness tester (Shimadzu
Seisakusho DUH-201). The frictional properties of the films were
measured using a ball-on-disk type friction test machine (High Tem-
perature Tribometer, CSM Instruments THT1000). For the frictional
tests, the films were electrodeposited on a steel substrate (SPCC). An
alumina ball (6 mm diameter, HV: 1500) was used as the counter-
surface. Tests were conducted without using lubricants and under
ambient conditions ranging from room temperature to 300◦C. The
coefficient of friction was measured continuously using a load cell

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 160.252.37.65Downloaded on 2014-07-03 to IP 

http://dx.doi.org/10.1149/2.036311jss
mailto:araisun@shinshu-u.ac.jp
http://ecsdl.org/site/terms_use


M40 ECS Journal of Solid State Science and Technology, 2 (11) M39-M43 (2013)

5 µm 5 µm 5 µm

5 µm5 µm5 µm

(a) (b) (c)

(d) (e) (f)

Figure 1. Surface SEM images of Co-W alloy/MWCNT composite films electrodeposited under various conditions: (a) current density: 5 A dm−2, pH: 4.0, (b)
current density: 5 A dm−2, pH: 4.5, (c) current density: 5 A dm−2, pH: 5.0, (d) current density: 10 A dm−2, pH: 4.0, (e) current density: 10 A dm−2, pH: 4.5, and
(f) current density: 10 A dm−2, pH: 5.0. Corresponding tungsten contents are (a) 17, (b) 19, (c) 20, (d) 21, (e) 24 and (f) 26 at%.

during the tests. The wear volume was calculated from the cross-
sectional areas of wear scars, which were measured using a roughness
meter (Taylor Hobson Surtronic 25). The wear rate was calculated
using the wear volume, the test load, and the sliding distance.

Results and Discussion

For fabricating the Co-W alloy/MWCNT composite films, not
only tungsten content but also uniform MWCNT incorporation is a
very important aspect. Figure 1 shows SEM images of the surfaces
of the Co-W alloy/MWCNT composite films electrodeposited under
various conditions. In this study, Co-W alloy/MWCNT composite
films with 17–26 at% tungsten content were formed; the tungsten
content tended to increase with increasing pH values and current
densities. The maximum tungsten content of 26 at% was obtained at
pH = 5.0 and 10 A dm−2 (Fig. 1f).

The uniformity and quantity of MWCNT incorporation also
changed depending on the electrodeposition conditions used. At
5 A dm−2, a significant amount of MWCNTs with uniform distribution
were incorporated in the film at pH = 4.0 (Fig. 1a). The uniformity and
quantity of the MWCNTs tended to decrease with increasing pH (pH
= 4.5, Fig. 1b) and the MWCNTs were incorporated as aggregates,
i.e., as secondary particles. The quantity of MWCNTs decreased fur-
ther at pH = 5.0 (Fig. 1c). At 10 A dm−2, a similar tendency was
found for the uniformity and quantity of the MWCNTs (Figs. 1d –
1f). These results suggest that the dispersibility of the MWCNTs in
the plating baths was changed by changing the bath pH, and the dis-
persibility of the MWCNTs decreased with increasing pH, resulting
in incorporation of aggregated MWCNTs or lesser incorporation of
MWCNTs in the film. Furthermore, cracks were found in the compos-
ite films electrodeposited at 10 A dm−2 (Figs. 1d and 1f). From these
results, the Co-W alloy/MWCNT composite film electrodeposited at
pH = 4.0 and 5 A dm−2 (Fig. 1a, Co-17 at% W alloy/MWCNT com-
posite film) was selected as the representative composite film and the
characterizations were carried out for this sample.

Figure 2 shows a cross-sectional SEM image of the Co-W al-
loy/MWCNT composite film shown in Fig. 1a. There are no cracks
or voids in the composite film and the MWCNTs are distributed
uniformly across the composite film. Figure 3 shows the results of
EPMA elementary mapping analysis of the cross section of the com-
posite film. The distribution of carbon indicates the distribution of the
MWCNTs (Fig. 3b). Cobalt and tungsten distribute homogeneously
across the composite film (Figs. 3c and 3d). From Figs. 2 and 3,

5 µm

Figure 2. Cross-sectional SEM image of Co-W alloy/MWCNT composite
film. Tungsten content: 17 at%.

Figure 3. EPMA mapping analysis of a cross-section of the Co-W al-
loy/MWCNT composite film: (a) backscattered electron image, (b) distribution
of carbon, (c) distribution of cobalt and (d) distribution of tungsten. Tungsten
content: 17 at%.
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Figure 4. Surface and cross-sectional SEM image of the Co-W alloy film.
Tungsten content: 17 at%.

the Co-W alloy/MWCNT composite film is seen to have a compact
structure with uniform MWCNT distribution across the homogeneous
Co-W alloy matrix.

In order to clarify the effects of the MWCNTs on the properties of
the composite film, a Co-W alloy film was electrodeposited from the
base alloy bath using the same electrodeposition conditions as used
for the Co-W alloy/MWCNT composite film (pH: 4, current density:
5 A dm−2). The tungsten content of the alloy film was 17 at%, which
was the same as in the Co-W alloy/MWCNT composite film. Figure 4
shows surface and cross-sectional SEM images of the Co-W alloy
film. The Co-W alloy film had a very smooth surface morphology and
compact structure with some cracks. The Co-W alloy film also proved
to have homogeneous composition across the alloy film, as seen from
the results of EPMA elementary mapping analysis. Figure 5 shows
the XRD patterns of the Co-W alloy and the Co-W alloy/MWCNT
composite films. A broad peak assigned to the hexagonal cobalt (101)
plane is seen in each diffraction pattern at around 45◦. Therefore, the
Co-W alloy film and the matrix of the Co-W alloy/MWCNT composite
film have the same amorphous or nano-crystalline structure. No clear

Figure 5. XRD patterns of the Co-W alloy/MWCNT composite film and the
Co-W alloy film. Tungsten content for both: 17 at%.

Table I. Specifications of Co-W alloy film and Co-W alloy/
MWCNT composite film.

Specification Co-W alloy film

Co-W
alloy/MWCNT
composite film

Tungsten content (at%) 17 17
MWCNT content (mass%) 0 0.57
Hardness (HV) 408 447

diffraction peak of the MWCNTs was found in the XRD pattern for
the Co-W alloy/MWCNT composite film. This may be because the
quantity of MWCNTs in the composite film was not sufficient for
XRD detection.

Table I shows the specifications of the Co-W alloy film and the Co-
W alloy/MWCNT composite film. The tungsten content in both films
was 17 at% as described above. The MWCNT content in the composite
film was 0.57 mass%. The hardness of the Co-W alloy/MWCNT
composite film was 447HV, which is a little higher than that of the
Co-W alloy film (408 HV). This may be due to dispersion-hardening
due to the presence of the MWCNTs.

Figure 6 shows the variation of the coefficient of friction for the
Co-W alloy film and the Co-W alloy/MWCNT composite film. The
measurements were carried out under mild conditions (temperature:
room temperature, test load: 2 N, rotation speed: 1.0 cm s−1, slid-
ing distance: 12 m). The coefficient of friction for the Co-W alloy
film increased gradually from the initial value of 0.22 to the final
value of 0.52. In contrast, the coefficient of friction for the Co-W al-
loy/MWCNT composite film decreased from the initial value of 0.17
to 0.1 at the first stage and the value of 0.1 was maintained until the
final stage (12 m). Thus, the Co-W alloy/MWCNT composite film
clearly showed a lower coefficient of friction compared to the Co-W
alloy film.

SEM images of the wear scars on the films after the wear tests are
shown in Fig. 7. A clear, continuous scar is evident on the surface of
the Co-W alloy film (Fig. 7a). In contrast, the wear scar on the Co-W
alloy/MWCNT composite film is discontinuous (Fig. 7b). Enlarged
SEM images of the scars in Fig. 7a and 7b are shown in Fig. 7c and 7d,
respectively. Compared to the scar on the Co-W alloy film (Fig. 7c),
the scar on the Co-W alloy/MWCNT composite film is limited to just
a partial area and most of the area remained unchanged (Fig. 7d). This
may indicate that the contact area between the Co-W alloy/MWCNT
composite film and the alumina counter surface is smaller than that
between the Co-W alloy film and the counter surface. This is likely

Figure 6. Variation of the coefficient of friction for the Co-W alloy/MWCNT
composite film and the Co-W alloy film. Test conditions; temperature: room
temperature, test load: 2 N, rotation speed: 1.0 cm s−1, sliding distance: 12 m.
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Figure 7. Surface SEM images of wear scars on the films after the wear tests:
(a) Co-W alloy film, (b) Co-W alloy/MWCNT composite film, (c) enlarged
scar of (a), and (d) enlarged scar of (b). Test conditions; temperature: room
temperature, test load: 2 N, rotation speed: 1.0 cm s−1, sliding distance: 12 m.

the reason for the lower coefficient of friction observed for the Co-W
alloy/MWCNT composite film. Dickrell et al. reported the coeffi-
cients of friction of vertically and transversely aligned MWCNTs to
be 0.795 and 0.090, respectively, using a borosilicate glass pin as a
counter surface under ambient conditions.46 The coefficient of friction
of the Co-W alloy/MWCNT composite film was around 0.1 except for
the initial value (0.17), which is similar to the coefficient of friction
of 0.090 for only MWCNTs, which suggests that the side walls of
the MWCNTs in the composite film act as effective solid lubricants.
When the wear test starts, the alumina ball scratches the Co-W al-
loy/MWCNT composite film, and the surface, especially the Co-W
alloy matrix, is plastically deformed, which results in transverse ar-
rangement of the MWCNTs.36 This is another reason why the Co-W
alloy/MWCNT composite film has a lower coefficient of friction than
the Co-W alloy film. The wear rate in this case could not be evaluated
because the wear scars were very shallow under the mild condition
used, described above. Therefore, the sliding test was carried out un-
der more severe conditions (temperature: room temperature, test load:
5 N, rotation speed: 5.0 cm s−1, sliding distance: 60 m).

Figure 8 shows the variation of the coefficient of friction for the Co-
W alloy film and the Co-W alloy/MWCNT composite film under the
severe condition. Although the coefficients of friction for both films
became larger compared to those for the films evaluated under the mild
condition, the Co-W alloy/MWCNT composite film clearly showed a
lower coefficient of friction than the Co-W alloy film. The wear rates
for the Co-W alloy film and the Co-W alloy/MWCNT composite film
were 5.6 × 10−6 and 4.0 × 10−6 mm3 N−1 m−1, respectively. Thus,
the Co-W alloy/MWCNT composite film also exhibited improved
wear resistance compared to the Co-W alloy film. This improvement
in wear resistance should be due to the lower coefficient of friction
(Fig. 8) and higher hardness (Table I).

Figure 9 shows the variation of the coefficient of friction for the
Co-W alloy film and the Co-W alloy/MWCNT composite film at
elevated temperatures (test load: 2 N, rotation speed: 1.0 cm s−1,
sliding distance: 12 m). The coefficient of friction for the Co-W alloy
film increased with increasing temperature and reached a maximum
value of ca. 0.88 at 300◦C (Fig. 9a). The coefficient of friction for the
Co-W alloy/MWCNT composite film also increased with increasing
temperature (Fig. 9b). However, the Co-W alloy/MWCNT composite
film exhibited a lower coefficient of friction than the Co-W alloy film
at each temperature. The wear rates are shown in Table II. Accurate
evaluation was impossible for the room temperature and 100◦C tests

Figure 8. Variation of coefficient of friction for the Co-W alloy/MWCNT
composite film and the Co-W alloy film under severe conditions. Test condi-
tions; temperature: room temperature, test load: 5 N, rotation speed: 5.0 cm
s−1, sliding distance: 60 m.

Figure 9. Variation of coefficient of friction for (a) the Co-W alloy/MWCNT
composite film and (b) the Co-W alloy film at elevated temperatures. Test
conditions; temperature: room temperature −300◦C, test load: 1 N, rotation
speed: 1.0 cm s−1, sliding distance: 12 m.
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Table II. Wear rates at various temperatures.

Temperature
(◦C)

Co-W alloy film
(mm3 N−1 m−1)

Co-W alloy/MWCNT
composite film

(mm3 N−1 m−1)

R. T. * *
100 * *
200 0.9 × 10−4 0.9 × 10−4

300 2.7 × 10−4 2.6 × 10−4

*Exact evaluation is impossible

due to the very shallow wear scars. The wear rates for the Co-W alloy
film and the Co-W alloy/MWCNT composite film tended to increase
with increasing temperature. However, the evident difference between
the Co-W alloy film and the Co-W alloy/MWCNT composite film was
not seen at each temperature. The decrease in hardness of the films at
high temperature may be related to this result.

Conclusions

A Co-W alloy/MWCNT composite film, with uniform distribution
of MWCNTs in a homogeneous Co-W alloy matrix, was fabricated
using an electrodeposition technique. The Co-W alloy/MWCNT com-
posite film clearly exhibited a lower coefficient of friction than the
Co-W alloy film at room temperature. Although the coefficient of
friction of the Co-W alloy/MWCNT composite film increased with
increasing test temperature, the coefficient of friction of the Co-W
alloy/MWCNT composite film was lower than that of the Co-W alloy
film.
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