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1. Introduction

Hard chrome coatings have long been used in aerospace, automotive,
and industrial applications due to their exceptional wear resistance,
corrosion protection (with a nickel underlayer), and low friction
properties [1-3]. However, their reliance on hexavalent chromium
(Cr") raises serious environmental and health concerns due to its toxic
and carcinogenic nature, prompting stricter regulations, such as the
REACH directive in the European Union [4-6]. Consequently, the
demand for eco-friendly alternatives has driven extensive research
into nickel-based alloys, particularly Ni-W, Ni-Mo, and Ni-P coatings
[7,8], which offer comparable mechanical and tribological properties
while eliminating hazardous chromium compounds [9-11].

Among these candidates, Ni-W alloys have gained significant
attention due to their high hardness, thermal stability, and corrosion
resistance. Additionally, the electrodeposition process allows for precise
control of composition, grain structure, and mechanical properties,
making Ni-W coatings highly tailorable for diverse engineering
applications [12,13]. Despite these advantages, one major limitation
of conventional Ni-W coatings is their lack of intrinsic surface cracks,
which distinguishes them from hard chrome coatings. In chromium
coatings, these microcracks serve as lubricant reservoirs, reducing
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This study investigates how sodium tungstate concentration (20 wt% to 46 wt%) and current
density (40 A-dm?to 60 A-dm?) affect the microstructure, wettability, mechanical properties, and
tribological behavior of electrodeposited Ni-W coatings. Results show that increasing current density
markedly raises crack density (from <100 cracks-cmto >400 cracks-cm™2), while tungstate concentration
has minimal effect. XRD confirms Ni-W solid solution formation, with higher tungsten content refining
grains and increasing hardness—peaking at 900 HV at 50 A-dm 2 (an 80% rise from 500 HV at 40 A-dm2).
However, excessive stress at 60 A-dm leads to microcracking and hardness plateauing (~650 HV to
700 HV). Higher crack density improves wettability (contact angle ~17°), enhancing lubricant retention.
Wear tests reveal that coatings with controlled microcrack networks perform better, with wear rates
dropping by up to 60% in lubricated conditions. These findings highlight the potential of fine-tuning
electroplating conditions to optimize Ni-W coatings as durable, high-performance, and environmentally
friendly alternatives to chromium coatings, especially for acrospace, automotive, and industrial applications.

friction and enhancing wear resistance under high-stress applications
[12]. However, Ni-W coatings typically exhibit a crack-free surface,
limiting their tribological performance.

Several studies have explored strategies to induce controlled
surface microcracks in Ni-W coatings to mimic the lubricating effect
of chromium coatings. Wang et al. [14] demonstrated that increasing
current density during electrodeposition could lead to surface crack
formation, which improved wear resistance by 23% and 10% under
dry and lubricated conditions, respectively, and reduced the friction
coefficient by 14% and 5%. Similarly, Eliaz et al. [15] reported that
microcrack formation in Ni-W coatings could result from hydrogen
embrittlement or residual stress [16], which could be mitigated by
incorporating iron into the deposit [15,17]. Furthermore, increasing
tungsten content in Ni-W coatings has been shown to enhance hardness
and tribological performance, but its role in crack formation remains
unclear [12,18,19].

Despite these findings, the mechanisms governing microcrack
formation in Ni-W coatings and their correlation with tribological
performance remain poorly understood. Notably, the combined effects
of current density and bath composition on crack development and wear
behavior have yet to be systematically investigated. This study aims to
bridge these gaps by systematically analyzing how electrodeposition
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parameters (current density and sodium tungstate concentration)
influence surface crack formation in Ni-W coatings and their impact on
friction and wear performance. It is hypothesized that increasing current
density beyond a critical threshold will lead to stress accumulation,
inducing microcracks that enhance tribological performance by facilitating
lubricant retention. Furthermore, the study examines whether Ni-W
coatings with controlled crack densities can match or exceed the wear
resistance of hard chrome coatings under both dry and lubricated
conditions [12,20]. The insights gained from this work will establish
a fundamental framework for designing Ni-W coatings with optimized
microstructures and tailored tribological properties. By demonstrating
a scalable, environmentally friendly alternative to hard chrome, this
study contributes to the development of next-generation wear-resistant
coatings for acrospace, automotive, and industrial applications.

2. Experimental

2.1 Electroplating process

In the NiW electrodeposition process, each bath component plays
a vital role. Nickel sulfate provides nickel ions for the coating matrix,
while sodium tungstate supplies tungsten. Tri-sodium citrate acts as
a complexing agent, ensuring uniform deposition by stabilizing metal
ions. Ammonium chloride improves electrolyte conductivity and
pH control. Nine different groups (A-I) of NiW electrodeposits were
fabricated using deposition baths (900 mL each) containing specific
contents of nickel sulphate (15.8 g-L™), tri-sodium citrate (147 g-L™),
and ammonium chloride (26.7 g'L™"). Three concentrations of sodium
tungstate were explored, namely 15.4 g L™',46.2 gL, and 55.4 gL\
The deposition process was carefully controlled, maintaining a constant
temperature of 70°C and a stable pH value of 7, adjusted as necessary
with H2SO4 or NaOH. The electrodeposition setup comprised a steel
cathode (2.5 cm x 4 cm) and a platinized anode (5 cm x 8 cm), with
3 cm distance in between. The cathodes were prepared by degreasing
in a 60°C NaOH solution for 5 min, followed by etching in a 15%
HCl solution for 30 s, and then electro-cleaning in sodium hydroxide
at 60°C with a current density of 5 A-dm™ for 30 s. After cleaning, the
samples were thoroughly rinsed to ensure proper surface preparation
for optimal coating adhesion. The current densities of 40 A-dm2,
50 A-dm™2 , and 60 A-dm? were applied for 30 min during plating,
coupled by bath stirring (200 rpm). The use of high current densities
was intentionally chosen to promote the formation of cracks on the
NiW surface, as it accelerates deposition and induces residual stresses,

Table 1. Process variables of hard chrome NiW electroplating.

which are known to enhance microcrack development in electroplated
coatings [14,16]. All the detailed process variables for each sample
group are summarized in Table 1.

2.2 Electroplating process

The crack density of the coatings was measured using the line
intersect method, where a set of micrographs taken from five distinct
areas of the coating surface were overlaid with multiple grid lines.
The crack density was then determined by dividing the number of
cracks intersecting the lines by the total length of the lines.

To evaluate the wear rate of the NiW coatings under both dry
and lubricated conditions, ball-on-disc tests were conducted using
a universal mechanical tester (Bruker UMT) equipped with an ALOs
ball (grade 10 cm, 0.5 cm diameter). The wear test specimens were
subjected to linear reciprocating motion over a 1 cm wear track, with
an applied load of 10 N and a sliding speed of 5 cm-s~!. The total
sliding distance covered was 360 m, completed over a duration of
2 h. The wear volume was analyzed using a laser scanning confocal
microscope (Keyence) to assess material loss [21]. Each group of samples
was tested three times to ensure consistency. The hardness of the coatings
was evaluated using a Vickers microhardness tester, with an applied
load of 0.025gF and a dwell time of 10 s. Five measurements were
taken at different locations on each sample, and the average hardness
value was reported. To investigate the crystal structure and phase
composition of the NiW coatings, X-ray diffraction (XRD) analysis
was performed using a Bruker D8 Advance diffractometer with Cu-
Ko radiation (A = 1.5406 A). The XRD scans were recorded in the 26
range of 20° to 100° at a step size of 0.02°, and phase identification
was conducted using the ICDD database.

The wettability of the coatings was assessed using an optical
tension meter (Kyowa), where a commercial lubricating oil for shock
absorbers was used as the test liquid. Ten different locations on each
coating surface were examined, and the average contact angle was
calculated. The surface morphology and chemical composition were
characterized using a scanning electron microscope (SU3500, Hitachi)
equipped with an energy-dispersive X-ray analyzer (X-MaxN, Horiba).
Additionally, cross-sectional imaging was conducted to analyze coating
thickness and structural integrity.

The combined analyses of crack density, wear resistance, hardness,
XRD phase identification, and wettability provide a comprehensive
understanding of the mechanical and tribological properties of NiW
coatings, ensuring a thorough evaluation of their performance.

Tri-sodium citrate
(Na3CsH507.2H:0)
gL

Condition Nickel sulphate
(NiS04.6H:20)

[gL]

Ammonium chloride
(NH4CI)
[gL™]

Current density
[A«dm™?]

Sodium tungstate
(Na:WO04.2H:0)
[gL]

15.8 147 26.7

S D oTmmgaQw >

154
40 46.2
554
154
50 46.2
554
154
60 46.2
55.4
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3. Results and discussion

3.1 Surface characterization and crack profile characteristics

The microstructural analysis of Ni-W coatings, as shown in Figure 1,
demonstrates significant variations in surface morphology and crack
formation depending on the electrodeposition parameters. Coatings
deposited at 40 A-dm2exhibit relatively smooth surfaces with minimal
crack formation, whereas those produced at 50 A-dm?and 60 A-dm™
show a progressive increase in crack density, particularly at higher
tungsten concentrations. The crack density rises from 0 cracks-cm™!
(Group A) to approximately 400 cracks-cm™ (Group I), indicating
a strong correlation between current density and crack formation.
This trend aligns with reported values for hard chrome coatings, which
typically exhibit crack densities between 150 cracks-cm™' and 400
cracks.cm™. The observed cracks in Ni-W coatings remain surface-
localized and do not penetrate through the coating thickness [15],
suggesting they primarily function as stress-relief mechanisms rather
than structural defects.

As illustrated in Figure 2, all electrodeposited Ni-W coatings
exhibited a thickness range of 12 pum to 16 um. Variations in sodium
tungstate concentration directly affected tungsten incorporation,
leading to microstructural changes and modifications in crack
morphology. Samples prepared at the same current density (Group A,
B, and C) exhibit distinct changes in grain structure and crack distribution
as W content increases from 20 wt% (Group A) to 38 wt% (Group B)
and 46 wt% (Group C). The microstructure of Group A (low W content)
consists of a needle-like morphology with elongated grains, while
Group B and Group C (higher W content) transition to a nanostructured
nodular morphology, indicative of grain refinement. This transition
suggests that W incorporation in the Ni matrix disrupts grain growth
and increases residual stress, thereby influencing crack formation.

Further insights from Figure 3 reveal significant variations in
surface roughness, crack width, and crack depth across different
deposition conditions. The measured crack widths remain consistent
at 0.03 um to 0.04 um for all samples, but crack depth increases
significantly from 0.25 pm (Group A) to 0.8 um (Group C). The
increasing crack depth with W content suggests that higher tungsten
incorporation promotes stress accumulation, leading to deeper but
still surface-contained cracks[12,22,23]. Unlike hard chrome coatings,

which exhibit deep, interconnected cracks, Ni-W coatings maintain
shorter, more isolated cracks, likely due to reduced stress intensity
and solute atom effects inhibiting crack propagation [12,22].

The formation of cracks in Ni-W coatings is primarily attributed to
residual stress accumulation, which arises from a combination of
atomic size mismatch between Ni and W and differences in their
thermal expansion coefficients [24]. The incorporation of W atoms
into the Ni matrix during electrodeposition induces lattice distortions,
increasing internal stress within the coating [25,26]. As this stress
exceeds the critical threshold, microcracks initiate to relieve stored
energy. Additionally, higher current densities promote hydrogen
evolution, leading to the entrapment of hydrogen bubbles, which
further exacerbates stress accumulation and facilitates crack formation.
Figure 3 illustrates this effect clearly in Group I (60 A-dm™), where
a dense crack network and distinct pitting defects associated with
hydrogen evolution are observed.

A comparative analysis of coatings deposited at identical sodium
tungstate concentrations but varying current densities (Group C, F,
and I) further highlights the dominant influence of current density on
crack formation [8,27,28]. Crack density increases significantly from
71 cracks-cm™ (Group C at 40 A-dm™) to 177 cracks-cm™ (Group F
at 50 A-dm2) and 409 cracks-cm™ (Group I at 60 A-dm™), confirming
that current density plays a greater role in crack formation than
sodium tungstate concentration. At higher current densities, rapid
atomic deposition leads to greater microstructural defect accumulation,
exacerbating residual stress and promoting crack development
[27,29,30].

These findings establish that current density is the key determinant
of crack formation in Ni-W coatings, while sodium tungstate
concentration primarily affects grain structure, surface roughness,
and crack morphology. This is in line with some limited studies that
have shown that higher current densities lead to elevated tensile stress
and crack formation in the deposits, and that pulse current deposition
could be employed to reduce tensile stress, helping mitigate crack
development by enabling stress relaxation and reducing hydrogen
incorporation [31,32]. The ability to induce controlled microcracks
through optimized electrodeposition conditions and protocols therefore
presents a unique strategy for tailoring the tribological performance
of Ni-W coatings, particularly for applications requiring enhanced
wear resistance, lubricant retention, and mechanical stability.

(b)

Figure 1. SEM micrographs of samples from Groups (a) (low W), (b) (intermediate W), and (c) (high W).
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Figure 3. Micrographs of the NiW as-deposited samples from Group I showing (a) surface morphology with crack networks (bright field mode), and (b)

defects from hydrogen evolution (dark field mode).

3.2 Wettability

As illustrated in Figure 4, the wettability of Ni-W coatings is strongly
correlated with crack density, exhibiting an inverse relationship between
contact angle and crack density. The contact angles of all Ni-W samples
range from 17° to 36°, indicating a predominantly hydrophilic nature.
This is in stark contrast to pure Ni coatings, which typically exhibit
a contact angle of ~150°, as reported in previous studies [33]. The
substantial reduction in contact angle in Ni-W coatings suggests that
microstructural modifications—particularly microcrack formation
and surface defects—play a dominant role in altering the wetting
behavior. The observed inverse correlation between contact angle
and crack density suggests that the presence of microcracks enhances
the liquid spreading ability of the coating surface. This effect can be
attributed to the capillary action of microcracks, which serve as
reservoirs for lubricant retention. As a result, surfaces with higher
crack densities (400+ cracks-cm™, Group I) exhibit the lowest contact
angles (~17°), signifying improved lubricant infiltration. Conversely,
coatings with lower crack densities (<100 cracks-cm™, Group A)
demonstrate higher contact angles (~36°), indicating reduced wettability.

J. Met. Mater. Miner. 35(4). 2025
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Figure 4. Crack density and the contact angle measurement of the NiW
deposits from Group A-I.

Despite the presence of comparable surface roughness across
different coating groups, the variation in contact angle can be primarily
attributed to microcrack formation rather than topographical effects.
The ability of cracks to trap and redistribute lubricant across the contact
interface suggests that coatings with high crack densities are more
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effective in maintaining lubrication films, thereby contributing to
enhanced tribological performance. This finding is particularly
significant for applications requiring superior wear resistance under
lubricated conditions, where improved wetting behavior can minimize
friction and wear losses.

The variation in contact angle across Ni-W electrodeposited coatings
may be interpreted using the Cassie—Baxter model, which describes
how microstructural features such as roughness, surface voids, and
crack morphology influence apparent wettability. According to this
model, the apparent contact angle () on a heterogeneous rough
surface is described by:

cosOc = fscosOy + (1 —f)(—1)

where f; is the solid fraction in contact with the liquid, and 6y is
the Young’s contact angle on a smooth surface. In our study, samples
with higher microcrack density and surface roughness—particularly
Groups E to G—exhibited significantly lower contact angles (~18° to
25°), as microcracks act as air-retaining features, reducing f;. This
phenomenon leads to a composite wetting state in which water partially
rests on air pockets trapped within surface features, lowering the
effective contact area and increasing surface hydrophilicity. Similar
trends have been reported in prior studies that show enhanced wettability
arising from surface textures at micro-scales and nano-scales [34-36].
Moreover, as crack morphology becomes more pronounced, the localized
curvature and sharp features enhance air entrapment under the droplet,
consistent with theoretical and experimental predictions based on the
Cassie—Baxter framework [37,38]. In extreme cases, such as Group G,
where microcracks are both deep and wide, partial liquid penetration
may occur, shifting the wetting behavior toward a Wenzel-like regime
due to increased liquid—solid contact area—a behavior also reported
in rough metallic and alloyed surfaces [39,40].

Opverall, the results therefore underscore the importance of controlled
crack formation in Ni-W coatings, demonstrating that optimized crack
densities (~300 cracks-cm™ to 400 cracks-cm™) provide the most
favorable balance between wear resistance and wettability. Excessive
cracking, however, may lead to structural weaknesses, emphasizing
the need for a precise optimization of electrodeposition parameters to
maximize both mechanical durability and tribological performance.

3.3 XRD analysis and its correlation with current density
and tungsten content

The X-ray diffraction (XRD) patterns, as presented in Figure 5,
confirm the presence of Ni (111), Ni (200), and Ni (220) peaks, along
with distinct Ni-W solid solution phases (NiW (111), NiW (200),
NiW (220), and NiW (106)), indicating the successful incorporation
oftungsten into the Ni matrix [41-43]. As the tungsten content increases
from 20 wt% to 46 wt% (Group A to C), noticeable peak shifts and
broadening occur, signifying solid solution and grain size reduction,
hence enhancement of mechanical strength. At higher tungsten contents
(~44 wt% to 46 wt%), Group C, F, and I, the formation of NiW inter-
metallic phases becomes more pronounced, further contributing to
the observed increase in hardness at moderate to high current densities
(40 A-dm2to 50 A-dm™2).
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Figure 5. XRD patterns of Ni-W coatings at varying current densities and
tungsten concentrations. Peaks correspond to FCC Ni phases (Ni (111), Ni
(200), Ni (220)) and NiW solid solutions (NiW (111), NiW (200), NiW (220),
NiW (106)). Increased current density enhances W incorporation, with peak
broadening in higher-density coatings (e.g., Group I) indicating grain refinement
and stress accumulation.

At 60 A-dm~2, the XRD results indicate pronounced peak
broadening, particularly in Group G, H, and I, suggesting significant
grain refinement due to increased nucleation rates at elevated current
densities. This refinement follows the Hall-Petch effect, where smaller
grain sizes enhance hardness by increasing grain boundary density,
which serves as a barrier to dislocation motion. As a result, coatings
deposited at 40 A-dm?and 50 A-dm™ exhibit progressively higher

J. Met. Mater. Miner. 35(4). 2025
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hardness values, reaching a maximum of 900 HV at 50 A-dm™2
(Group E). However, beyond this threshold, the benefits of grain
refinement are counteracted by excessive stress accumulation at grain
boundaries, leading to mechanical instability and stress relaxation
[12,44,45]. This explains why hardness stabilizes at 60 A-dm2, where
stress relaxation through microcrack formation prevents further
strengthening, resulting in hardness values between 650 HV to 700 HV.

These findings demonstrate that the optimal combination of tungsten
incorporation and grain refinement occurs at 50 A-dm2, where solid
solution strengthening, Ni-W intermetallic formation, and refined
grain structure collectively contribute to maximum hardness. However,
at higher current densities (60 A-dm2), excessive residual stress
accumulation and microcrack formation limit further hardness
improvements [46,47], emphasizing the importance of precise control
over deposition parameters to achieve optimized mechanical properties
in Ni-W coatings.

Although sample C, F, and I contain similar W contents (~44 wt%
to 46 wt%), their XRD peak profiles differ most likely due to variations
in residual stress evolution influenced by current density. Sample I,
deposited at the highest current density (60 A-dm2), exhibits narrower
diffraction peaks compared to sample C and F, which is attributed to
extensive microcrack formation that acts as a stress-relief mechanism.
The release of tensile stress through cracking reduces lattice strain,
thereby sharpening the XRD peaks—a phenomenon supported by
previous studies on stress relaxation in electrodeposited coatings [48,49].
In contrast, samples C (40 A-dm) and F (50 A-dm?) accumulate higher
internal stress without sufficient relaxation, leading to broader peaks
associated with greater lattice distortion and smaller crystallite sizes,
consistent with structural observations in nanocrystalline Ni-W
systems [50].

3.4 Hardness

The hardness of Ni-W coatings was strongly influenced by both
current density and tungsten content, as presented in Figure 6. At 40
A-dm2, the coatings exhibited hardness values ranging from 500 HV
to 800 HV, with the highest hardness recorded in Group C (800 HV)
[22,51]. This represents a 60% increase compared to Group A (500 HV),
attributed to an increase in W content from 20 wt% to 46 wt%. As the
current density increased to 50 A-dm, the hardness further improved,
with Group E reaching 750 HV, marking a 25% increase from Group D
(~600 HV) and a significant improvement over Group A. However,
at 60 A-dm 2, hardness values stabilized within 650 HV to 700 HV,
which is 27.8% lower than Group E but still 30% higher than Group A.

The effect of tungsten content on hardness was particularly
significant at 40 A-dm~2and 50 A-dm™2. At40 A-dm™, increasing the
sodium tungstate concentration from 15.4 g'L.! (Group A) to 55.4 g-L!
(Group C) resulted in a 60% increase in hardness, from 500 HV to
800 HV. Similarly, at 50 A-dm™2, an increase in tungsten content
led to an 25% hardness increase, from 600 HV (Group D) to 750 HV
(Group E). However, at 60 A-dm2, despite a high W content (~44 wt%
to 46 wt%), the hardness values remained within 650 HV to 700 HV,
suggesting a microstructural saturation effect [52,53].

The XRD results provide insights into the structural evolution of
Ni-W coatings as a function of current density and tungsten incorporation.

J. Met. Mater. Miner. 35(4). 2025

At 40 A-dm? (Group A, B, C), the diffraction patterns show dominant
FCC Ni-based peaks (Ni (111), Ni (200), Ni (220)) with moderate
tungsten incorporation. As the current density increases to 50 A-dm™
(Group D, E, F), additional NiW solid solution peaks (NiW (111),
NiW (200), NiW (220), NiW (106)) emerge, confirming an increase
in tungsten content. This structural transformation correlates with
the highest recorded hardness (900 HV in Group E), attributed to
a combined effect of solid solution strengthening, grain refinement,
and increased W incorporation [54,55]. At 60 A-dm2 (Group G, H, I),
excessive tungsten incorporation leads to peak broadening, indicating
ananocrystalline structure. While finer grains generally enhance hardness
due to the Hall-Petch effect, the observed stabilization of hardness
(~650 HV to 700 HV) suggests stress accumulation at grain boundaries,
leading to mechanical instability. This phenomenon limits further
hardness improvements, as excessive internal stress promotes microcrack
formation as a relaxation mechanism.

These findings demonstrate that the optimal balance between
mechanical strengthening and stress mitigation occurs at 50 A-dm~
(Group E), where hardness peaks at 900 HV. Beyond this point,
excessive tungsten incorporation and structural stress accumulation
result in a plateau effect, limiting further hardness enhancement.
The correlation between XRD analysis, tungsten incorporation, and
microstructural evolution confirms that a precisely optimized current
density is essential for maximizing hardness while maintaining coating
integrity. These results align with the wear resistance data, reinforcing
the role of microstructural engineering in optimizing both mechanical
properties and tribological performance of Ni-W coatings.

3.5 Waear resistance of Ni-W coatings
3.5.1 Dry condition

The wear resistance of the Ni-W coatings, as shown in Figure 7(a),
demonstrates a significant dependence on both crack density and
hardness. The wear rate varies between 2.7 mm>-cm ™ and 5.4 mm?-cm ™/,
with a general trend of decreasing wear rate as crack density increases.
Group A, with the lowest crack density (~0 cracks-cm™) and hardness
(500 HV), exhibits the highest wear rate of 5.4 mm*cm™, whereas
Group I, with a crack density of ~409 cracks-cm™'and a hardness of
~700 HV, shows the lowest wear rate of 2.7 mm?3-cm!. This trend is
consistent with previous studies on hard chrome coatings, which
inherently contain surface microcracks that enhance wear resistance [21].

The coefficient of friction (COF) follows a similar trend, ranging
from 0.8 in Group A to 0.4 in Group I, reinforcing the role of micro-
cracks in reducing friction and wear loss. The high tungsten content
in Group E and Group I (~44 wt% to 46 wt% W) contributes to the
coatings' high hardness (900 HV in Group E, 700 HV in Group I),
which aligns with Archard’s wear law, where wear resistance improves
with increasing hardness [56,57]. Additionally, microcracks in the
coatings serve as reservoirs for wear debris, preventing excessive
abrasive damage to the surface, thereby further reducing material
loss [17,21]. The wear rate of hard chrome coatings (crack density:
150 cracks-cm™ to 400 cracks-cm™) in similar dry conditions ranges
between 0.5 mm?*-cm™ to 8 mm?-cm™, comparable to the Ni-W coatings
studied here [21].
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Figure 7. Wear rate (a) in dry condition, and (b) in the lubricated (wet) condition of the NiW samples as a function of crack density.

3.5.2 Wet condition

Under lubricated conditions (Figure 7(b)), the wear rate of the
Ni-W coatings is significantly lower than in dry conditions, ranging
from 2.6 mm?-cm™! (Group A) to 0.5 mm?-cm™ (Group I). The reduction
in wear rate is attributed to the formation of a lubricant film, which
minimizes direct contact between surfaces and reduces friction. The
COF in wet conditions is also lower, remaining between 0.12 and
0.16, further indicating the effectiveness of lubrication. The influence
of crack density on wear resistance is more pronounced under wet
conditions. The wear rate decreases significantly as crack density
increases from 0 cracks-cm™ to 177 cracks-cm™, reinforcing the idea
that microcracks enhance lubricant retention. In Group E and Group I,
where crack density is high (~409 cracks-cm™), the lubricant infiltration
into microcracks leads to hydrodynamic lubrication, strengthening
the lubrication film and increasing load-bearing capacity [58]. However,
beyond 177 cracks-cm™, the wear rate stabilizes, indicating a limit to
the beneficial effect of crack-assisted lubrication.

Interestingly, considering the correlation of surface wettability
and wear performance, under the lubricated sliding condition, coatings
exhibiting lower contact angles (e.g., Group E, ~18°) demonstrated
enhanced oil spreading and retention, which probably facilitated the
establishment of hydrodynamic lubrication regimes and resulted in
reduced wear rates. In contrast, coatings with higher contact angles

(e.g., Group A, ~38°) displayed inferior wetting behavior, leading to
limited lubricant coverage and elevated wear. These findings are
consistent with studies on textured metallic surfaces, where improved
wettability combined with increased surface roughness has been shown
to enhance scuffing resistance and lubrication efficiency [59,60].
Furthermore, prior studies have been demonstrated that, under wet
conditions, lubrication could fill surface microcracks and thereby
blunt crack tips to mitigate crack propagation [61-63]. Conversely,
under dry sliding, the absence of lubricant facilitated crack widening
and coalescence, accelerating surface degradation. These results align
with established tribological principles, which highlight the importance
of maintaining continuous lubricant films to prevent debris intrusion
and mechanical failure on rough or cracked surfaces.

When compared to hard chrome coatings, which exhibit contact
angles of 4.2° to 8.5° and slightly lower wear rates (0.37 mm?-cm™!
t0 0.42 mm3-cm™!) in wet conditions, Ni-W coatings with high crack
density (~409 cracks-cm™) approach similar levels of wear resistance.
This suggests that engineered microcracks in Ni-W coatings can
provide comparable tribological performance to hard chrome coatings,
reinforcing their potential as a viable alternative [12,20]. The XRD
analysis supports the observed wear resistance trends, linking the
formation of NiW solid solution phases and grain refinement to enhanced
mechanical properties. The highest hardness (900 HV in Group E)
at 50 A-dmis associated with optimized tungsten incorporation and
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solid solution strengthening, which contribute to superior wear resistance.
However, at 60 A-dm, excessive tungsten incorporation leads to stress
accumulation and microcrack formation, limiting further improvements
in hardness (~650 HV to 700 HV) and wear resistance.

Overall, the results confirm that Ni-W coatings with optimized
current density (50 A-dm2) and controlled microcrack formation offer
superior wear resistance, particularly in lubricated conditions where
microcracks facilitate lubricant retention. These findings demonstrate
that Ni-W coatings can achieve tribological performance comparable
to conventional hard chrome coatings, supporting their potential for
industrial applications requiring high wear resistance.

The study confirms that current density and tungsten content
significantly influence the microstructure, mechanical properties, and
tribological performance of Ni-W coatings. Increasing current density
from 40 A-dm™ to 60 A-dm raised crack density from <100 cracks-crmi™
(Group A) to >400 cracks-cm™ (Group I), aligning with XRD findings
that indicate NiW solid solution formation and grain refinement at
higher W content (~44 wt% to 46 wt%). The highest hardness (900 HV)
was achieved in Group E (50 A-dm=, 55.4 g:'L! W content), marking
an 80% increase from Group D (500 HV, 15.4 g-L-' W content).
However, at 60 A-dm 2, excessive stress accumulation limited further
hardness gains, stabilizing at 650 HV to 700 HV.

Wear resistance improved with hardness and crack density. In
dry conditions, the wear rate dropped from 5.4 mm*-cm™' (Group A,
500 HV, low crack density) to 2.7 mm?-cm™ (Group I, 700 HV, high
crack density), while in wet conditions, it decreased significantly from
2.6 mm*cm™ (Group A) to 0.5 mm3-cm™ (Group I) due to lubricant
retention in surface cracks. Contact angle measurements showed an
inverse correlation with crack density, where coatings with higher
crack densities (~400 cracks-cm™") exhibited lower contact angles
(~17°), enhancing lubrication efficiency.

These findings demonstrate that Ni-W coatings with optimized
current density (50 A-dm~2) and controlled crack formation achieve
high hardness (900 HV) and superior wear resistance (~0.5 mm?>-cm!
in wet conditions). This suggests that Ni-W coatings are a viable, eco-
friendly alternative to hard chrome coatings, offering comparable
tribological performance while eliminating hexavalent chromium-
related health and environmental risks.

4. Conclusions

This study demonstrates that current density (40 A-dm=2to 60
A-dm~?) and tungsten content (15.4 g-L~"to 55.4 g-L ") significantly
influence the microstructure, hardness, wettability, and wear resistance
of Ni-W coatings. Optimal deposition at 50 A-dm(Group E) yielded
the highest hardness (900 HV), an 80% increase over lower W content
coatings. However, at 60 A-dm™2, hardness stabilized (~650 HV to
700 HV) due to stress accumulation and excessive microcracking.
Tribological analysis confirmed that coatings with high crack densities
(~400 cracks-cm™, Group I) exhibited superior wear resistance, reducing
wear rates from 5.4 mm?-cm™' (Group A) to 2.7 mm?-cm™' (Group I)
in dry conditions, and from 2.6 mm?*-cm™' to 0.5 mm?-cm™' in wet
conditions. Wettability analysis showed an inverse correlation between
crack density and contact angle (~17°), enhancing lubricant retention.
These findings establish a framework for engineering Ni-W coatings
as a sustainable, high-performance alternative to hard chrome coatings,

J. Met. Mater. Miner. 35(4). 2025

with potential applications in aerospace, automotive, and industrial
wear-resistant components where durability and lubrication efficiency
are critical.
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