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Nickel-tungsten/tungsten carbide composites (Ni-W/WC) are fabricated by co-electrodeposition. Proces-
sing parameters including current density, particle content, and particle size are found to influence surface
morphology and consequently the apparent hardness of the co-deposits. A cathodic current density below
0.2 A/cm? and solid loading between 1 and 2 g/1 are essential for providing deposits with non-porous and
uniform structure. The use of 0.5 pm tungsten carbide particles and a current density of 0.1 A/cm? results in a
Ni-W/WC composite of fine and dense nodular structure with hardness of about 10 GPa, exceeding those of
nanocrystalline nickel-tungsten alloys and comparable to that of hard chromium coating.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Co-electrodeposition refers to the electrolytic process by which
reduced metal ions together with ceramic or organic particles are
deposited on a substrate, forming a composite structure of metal
matrix dispersed by the particles. The inert inclusions can potentially
enhance the performance of the metals in several ways, such as
improvements of hardness, wear resistance, and corrosion properties
[1]. Owing to its relatively low operational cost and low processing
temperature, the co-electrodeposition technique has been aggres-
sively developed. Examples of the metal/inclusion electrodeposited
systems which have been investigated and fabricated successfully
include Ni/Al,05 [2,3], Ni/SiO; [4,5], Au/diamond [6], Cu/Al,O5 [7.8],
and Cu/carbon nanotube [9].

Electrodeposited nickel-tungsten (Ni-W) alloys were recently
developed as a candidate to replace the environmentally hazardous
hexavalent hard chromium coating. By controlling their grain size into
the nanocrystalline regime through modification of cathodic current
conditions, the hardness of Ni-W alloys can be enhanced from ~ 1 GPa
to as much as ~7 GPa [10]. Nevertheless, it is still inferior to the
traditional chromium coating, which exhibits high hardness of
~10 GPa [11,12]. Addition of hard particles to the nanostructured
Ni-W alloys could therefore serve as a potential strategy to further
improve their hardness. Furthermore, the co-electrodeposition pro-
cess could benefit in the enhancement of other properties of the
alloys, such as wear and corrosion resistances.

While prior works on co-electrodeposition have concentrated on
single-phase metal deposits, with emphasis on micro-grain Ni as the
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base metal [2-5], studies on alloy systems, such as Ni-W, with particle
inclusions, and on their structure-property relationships are very
limited. B. Han and X. Lu [13}, Y. Yao et al. [14], and L. Shi et al. [15]
investigated very recently the co-electrodeposition of Ni-W/CeO,,
Ni~W/SiC, and Ni-Co/SiC, respectively. It is found that in general the
particle content incorporated in the deposit increases with the current
density and solid loading, and that the inclusions help improve the
tribological and corrosion properties of the deposits.

Here, we investigated the co-electrodeposition of Ni-W and WC, the
latter of which was selected as reinforcing material due to its high
hardness, superior wear resistance, and good corrosion properties. The
prior work by Z, Abdel Hamid et al. [16] on the co-electrodeposition of Cr
and WC, for example, has shown that the incorporation of 50 vol.% WC
particles into Cr matrix led to significant reductions of wear rate from
2.6 g/st00.5 g/s and corrosion rate from 13 um/yr to 2 pm/yr. Similarly,
K. Van Acker et al. [17] has demonstrated in their laser clad Ni/WC
composite study that ~45 vol.% WC reinforce helped improve wear
resistance of Ni by more than 200 times. In the present study, the effects
of processing parameters in the co-electrodeposition process including
current density, WC particle content, and particle size on the structure
and hardness of Ni-W/WC deposits were examined. The understanding
of the possible deposition mechanism and the relationship between the
processing parameters and mechanical property gained from the study
would lead to the optimal designs of Ni-W/WC composites.

2. Experimental

The co-electrodeposition of Ni-W and WC was conducted in a
plating bath with aqueous bath chemistry: 18 g/1 NiSO,4-6H,0, 53 g/I
Na,WO0,-2H,0,168 g/1 Na;CsHs0, - 2H,0, 31 g/I NH4Cl, 18 g/1 NaBr, with
the temperature maintained at 75 °C. WC powders with the average
particles size of 3 and 0.5 pm (ATI Alldyne, Huntsville AL) (Fig. 1a and b)
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Fig. 1. Tungsten carbide (WC) particles with the average size of (a) 3 pm and (b} 0.5 um used in the study. They are termed micro and sub-micro WC, respectively. The scale bar is for

both parts of the figure.

and solid loading of 0, 0.2, 1, and 2 g/l were used. The pH of the
electrolyte was 8.9, and it was unaffected by the WC additions. Copper,
polished to a mirror-like finish, and platinum were respectively em-
ployed as a cathode and an anode. Prior to plating, a copper substrate
(1.0 x 2.4 cm?) was activated in 10% H,SO,4, and the WC-filled electrolyte
was sonicated in an ultrasonic bath to assist in particle de-agglomera-
tion. Upon deposition, a direct current of 0.1, 0.15, or 0.2 A/cm? was
applied to the system that contained micro particles, and 0.1 A/cm? was
used in the plating baths with sub-micro particles. To suspend WC
particles in the solutions, a magnetic bar was continuously rotated at
500 rpm. Since WC incorporations, as investigated in the study, do not
significantly affect the cathodic efficiency of the system, the WC content
in the coatings was estimated by comparing the weight of the co-
deposits and of WC-free specimens processed under the same condition.
X-ray diffractrometer (XRD), energy-dispersive spectroscopy (EDS), and
scanning electron microscopy (SEM) were employed to characterize the
composition and surface morphology of the specimens. Hardness of the
materials was assessed using a Vickers micro-indenter with a load of
500 g (Mitutoyo, MVK-H2).

3. Results

Specimens with uniform and intact deposits were obtained in all
cases of processing parameters employed, except for the system with
2 g/1 of sub-micro WC where some surface cracks were observed in
the deposit. The thickness of the coatings ranges from 20 to 40 pm,
depending on the current densities used. Furthermore, it was observed
that WC addition in the bath did not clearly affect the deposition rate of
the alloys. Micrographs, which show surface morphology of the as-
deposited specimens, are presented in Figs. 2-5. The specimen that was
fabricated with 0.2 g/ of micro particles and a 0.1 A/cm? current density
is characterized by a matrix thatis dispersed by agglomerates of nodules,
whose size is much larger than that of WC particles (Fig. 2a). Upon
increment of WC content to 1 g/l and 2 g/l in a plating bath, the similar
surface morphology is retained, but the nodules in the agglomerates
appear smaller at higher particle loadings (Fig. 2b and c).
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As the current density was increased to 0.15 A/cm? (0.2 g/ micro
WC), agglomerates of nodules previously observed are not clearly
evidenced, but there presents the second type of nodular surface
morphology that is more uniform and finer in size throughout the
surface (Fig. 3a). Such meso-scale structure is commonly observed in
many electrodeposited materials [10,18], and is noted to be a grain
colony — for this Ni-W system, it is a cluster of nanocrystalline grains
[19]. Additionally, some large circular nodules also disperse on the
surface of the specimen. The increase of particle solid loading to 1 g/1
induces the increase of nodular size and the formation of a structure
with morphology similar to a pattern of a turtle shell (Fig. 3b). Finally,
at 2 g/l of WC, the structure becomes porous and entirely composes of
agglomerates of nodules (Fig. 3c).

Increasing the current density further to 0.2 A/cm?, the specimen
with 0.2 g/1 micro WC (Fig. 4a) exhibits similar surface morphology to
that processed with the same solid loading at 0.15 A/cm? (Fig. 3a),
except the nodules are generally larger. Furthermore, the number of
large nodules appears to increase with the increment of particle solid
loading to 1 g/1 and 2 g/1 (Fig. 4b and c).

When the sub-micro WC particle was employed using a 0.1 A/cm?
current density, the resulting surface morphology of the specimen with
0.2 g/l WC is comprised of a matrix dispersed by some large circular
nodules (Fig. 5a). As the solid loading was increased to 1 g/, the
corresponding structure appears to compose almost entirely of agglom-
erates of nodules, whose size is much larger than that of the WC particles
(Fig. 5b). Similar surface morphology is also observed in the specimen
with 2 g/l WC. However, the structure becomes very porous (Fig. 5¢).

Fig. 6 shows the content of WC incorporated in the coatings, as a
function of solid loading. It is observed that the content of WC generally
increases with solid loading, corresponding to what was found in several
co-electrodeposited systems [4,8,13]. Furthermore, compared to other
specimens, the deposits processed at a relatively high current density
of 0.2 A/cm? contained relatively low WC content. Metallography
performed on the cross-section of some of the co-deposit specimens
reveals that WC particles are dispersed in the metal matrix without any
adverse reaction along particle/matrix surfaces.

Fig. 2. Surface morphology of Ni-W/micro WC composites processed with a current density of 0.1 A/cm? and WC content of (a) 0.2 g/, (b) 1 g/1, and (c) 2 g/ in a plating bath.
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Fig. 5. Surface morphology of Ni-W/sub-micro WC composites processed with a current density of 0.1 A/cm? and WC content of (a) 0.2 g/1, (b) 1 g/l, and (c) 2 g/l in a plating bath.
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Fig. 6. The content of WC particles in Ni-W/WC composites which were fabricated
using different current densities and inclusion sizes, presented as a function of WC
content in a plating solution.

The chemical analyses of the surface of the as-deposited speci-
mens, as obtained from EDS sectional area scans, reveal that the Ni-W
compositions of the materials are fairly uniform in all cases, even
those that exhibit nodule-matrix typed structure (Fig. 2a-c) where
the chemical compositions in the nodule and matrix regions appear
similar. Additionally, the relative contents of Ni and W were found to
be influenced not by the content of WC incorporated, but somewhat
by current density. The atomic percents of Ni-W of the deposits
processed at 0.1 A/cm?, 0.15 A/cm?, and 0.2 A/cm? are respectively
75-25, 70-30, and 68-32. The X-ray diffraction patterns of the spec-
imens with sub-micro WC, micro WC and without particle inclusions,
as exemplified in Fig. 7, appear to be similar. In particular, they
all exhibit broad Ni(W) peaks of comparable relative intensities show-
ing a strong (111) texture. The results therefore suggest that nano-
crystallinity and crystallographic texturing of Ni-W alloys are pre-
served [10], despite the inclusion of WC particles.

Fig. 8 presents the results from the hardness measurements.
Without WC additions, the electrodeposited Ni-W alloys, fabricated
with current densities of 0.1, 0.15, and 0.2 A/cm?, exhibit the hardness
of 2.8, 6.5 and 6.1 GPa, respectively. The incorporations of WC particles,
particularly with solid loading of 1 g/I, result in a marked improvement
of hardness, which is increased by a factor of up to four. At the highest
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Fig. 7. X-ray diffraction (XRD) patterns of Ni-W specimens that were co-deposited with
micro WC (1 g/1) and sub-micro WC particles (1 g/1}, and of the specimen without WC
addition. All deposits were processed with a current density of 0.1 A/cm?, The sign *
designates peaks of WC, while the indicated crystallographic planes are of Ni-W alioys.

solid loading examined (2 g/1), further increment of hardness with
particle addition is observed in the 0.1 A/cm? specimen containing
micro WC. On the other hand, the hardness of the 0.1 A/cm? specimen
with sub-micro WC is reduced when particle addition is increased
from 1 to 2 g/l. The hardness of the specimen processed at a high
current density of 0.2 A/cm? appears not to be significantly affected by
WC addition, regardless of solid loading. The deposit with 2 g/1 WC
processed at 0.15 A/cm? suffered brittle cracks upon hardness
measurement, and thus its testing result is not reported in Fig, 8.

4. Discussion
4.1. Processing and microstructures

The addition of WC particles thus affects meso-scale structure of
the Ni-W deposits, while grain structure and chemical composition of
the alloys are undisrupted. The progress of deposits' surface morphol-
ogy with modifications of current density, solid loading, and inclusion
size, as described in the earlier section, may be elucidated by con-
sidering possible co-electrodeposition mechanism of the system.

Onone hand, Ni and W complex ions are reduced and deposited on
asubstrate. In parallel, WC particles may be convectively transferred to
the cathode surface and incorporated with the metal ions. It can be
anticipated, therefore, that the transport rates of deposited metal ions
and of particles would determine the structure of the co-electro-
deposits. While the growth rate of the metal film may be controlled by
the deposition current, the particle incorporation rate is influenced by
the dispersion of particles, which is in turn affected by agitation of
electrolyte and particles' size and concentration. Furthermore, the rate
of particle incorporation can also be influenced by the growth rate of
the film [20], and the cathodic current efficiency of the deposit [16].

It should be noted also that WC is thermodynamically unstable and
oxidized in the presence of water or oxygen, resulting in the formation
of surface oxide layers consisting mainly of WO5 [21]. The oxide can be
hydrated to give -OH group which provides a negative surface charge,
which subsequently can induce absorption of Ni-W and H cations on
the particles, forming surface complexes [22,23]. Consequently, incor-
poration of such cation-absorbed WC particles into the alloy deposits
may be facilitated, and this in turn can promote reduction of H+ in the
particles' area vicinity.

In the case of specimens fabricated at 0.1 A/cm?, as shown in
Fig. 2a-c, the surface morphology comprises a matrix of Ni-W and the
region of Ni-W that is built up on WC agglomerates. The increase of
current density to 0.15 A/cm? leads to the increment of metal
deposition rate. This subsequently results in deposits with a turtle
shell-like structure, where individual WC agglomerates are fully
covered by the alloy, forming nodules (e.g., Fig. 3b). Furthermore, the
enhancement of the flux of metal ions may increase the probability for
particles to be entrapped in the growing film, as noted above. Indeed, it
is observed that WC incorporated in the coating in the case of 0.15 A/
cm?is higher than that with 0.1 A/cm?. As the solid loading is increased
further from 1 g/1to 2 g/|, in the vicinity of the cathode, the reduction
rate of hydrogen cations absorbed on WC particles becomes significant.
The release of the corresponding hydrogen atoms thus leads to a very
porous structure of the deposit (Fig. 3c).

At 0.2 A/cm?, the deposit again exhibits a turtle shell-like struc-
ture, without a clear sign of porosity (Fig. 4b and c). It can be observed
from Fig. 6 that the contents of WC incorporated in the alloys pro-
cessed at 0.2 A/cm? are relatively low, as compared to the deposits
fabricated at lower current densities. This may be attributed to rapid
increase of pH and hence the formation of hydrates of the metals at
the cathode, for the high applied current density conditions [16]. The
process can effectively lead to a reduction of the cathodic current
efficiency of the deposited metals in the system, and in turn influence
the incorporation rate of the particles. As shown in Ref. [4] for the Ni/
SiC co-deposits, for example, while the cathodic polarization is not
significantly affected by the presence of SiC particles in the bath, the
cathodic current efficiency of the systems with 10 and 20 g/I SiC
reaches its maximum values when the applied current density is
0.02 A/cm?, beyond which the current efficiency drops gradually. That
the content of incorporated WC particles in NiW matrix increases with
current density, and decreases at high current densities, agrees well
with prior studies of other co-electrodeposited systems [4,8,13,15,16].

Turning now to the cases with sub-micro particles, by comparing
with the micro-particle cases (0.1 A/cm?; 1 g/1), the structure of the
deposits is filled with nodules of WC agglomerates of smaller size
throughout (Fig. 5b). This should be due to better dispersion of the
small WC particles in the electrolyte. When the solid content is
increased to 2 g/l, the adverse hydrogen-generation effect becomes
evident and contributes voids to the deposit (Fig. 5¢). The voids
contain sharp edges, which facilitate the formation of macrocracks as
observed.
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Fig. 8. The hardness of Ni-W/WC composites which were fabricated using different current
densities and inclusion sizes, presented as a function of WC content in a plating solution. The
standard deviations of the measurements are indicated next to the data points.
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4.2. Hardness

As WC is intrinsically hard and may help impede dislocation
motions in the matrix, it can be expected that incorporation of WC to
Ni-W deposit may help improve mechanical properties of the alloy.
The hardness of co-electrodeposited Ni-W/WC presented in Fig. 8 can
stem mainly from three factors — (i) composition and grain size of Ni-W,
(ii) content and distribution of WC, and (iii) microstructure as induced
by WC incorporation. Without the addition of WC, the hardness of the
electrodeposited Ni-W is controlled by grain size, which is in turn
affected by the composition of W in the alloy [10]. Fig. 8 shows that the
WOC-free Ni-W deposits processed with a current density between 0.1
and 0.2 A/cm? exhibit the hardness between 2.8 and 6.5 GPa, in
agreement with prior study [11]. The addition of WC with solid load-
ing of merely 0.2 g/ results in moderate content of WC in the deposits
with minimal influence on the underlined structure. Consequently, the
hardness values of these specimens are comparable to those without
WC.

The addition of WC with solid loading of 1 g/] leads to higher
content of WC inclusions and modifications of the microstructure of
the deposits, as discussed earlier, and these directly contribute to the
increase of their hardness. Fig. 8 shows that the deposits processed
with 1 g/1 WC exhibit the average hardness between 5.9 and 9.7 GPa,
depending on current density used. The deviations of hardness from
the average values, however, are large in these specimens. With higher
content of WC addition and better particle de-agglomeration, such
variation may be lessened. When the solid loading is increased to 2 g/I,
porosity was induced in some deposits (micro WC, 0.15 A/cm?; sub-
micro WC, 0.1 A/cm?), and this results in degradation of hardness and
facilitates the formation of brittle cracks as expected.

Of all deposits investigated, that processed with 1 g/I sub-micro
WC, which exhibits a dense nodular agglomerate structure (Fig. 5b),
shows the most significant hardness enhancement. In particular, its
average hardness of about 10 GPa is comparable to that of the hard
chromium coatings. On the other hand, with smail content of WC
inclusions, the hardness of the composites processed with a current
density of 0.2 A/cm? is relatively low.

5. Conclusion

The present study has therefore shown that WC can be co-
electrodeposited with nanocrystailine Ni-W alloys, and that (i) cur-
rent density, (ii) solid loading, and (iii) particle size are all important
processing parameters that control the microstructure, the content of
WC incorporated and hence the apparent hardness of the composite.
This is attributed to the influence of these parameters on the transport

rates of the plating metals and of the particles, and the generation
of hydrogen in the deposition baths. The WC content in the Ni-W
deposits generally increases with WC content in the electrolyte, and
also with current density up to 0.15 A/cm?, beyond which decrement
of WC content occurs. Moderately-high current density and solid
loading (~0.15 A/cm? and 1-2 g/}, respectively) are found essential in
providing deposits with non-porous and uniform structure. Further-
more, reduction of the particle size of WC further benefits the dis-
persion of WC in the deposit, resulting in high hardness which
surpasses that of Ni-W alloys and at par with that of hard chromium
coatings. The degree of particle dispersion may be enhanced further by
adding surfactants in a plating bath or applying ultrasonic energy upon
deposition, and this would lead to a more homogeneous surface
morphology and higher content of particles incorporated.
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