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Surface treatments, for instance the electrodeposition, have the capability to shield the internal substrate from
extreme environments. Recently, the integration of composite fillers into electroplating coatings has emerged as
a crucial strategy for enhancing mechanical properties. However, it inevitably involves adding particles while
overlooked contribution of anode. Here, firstly, we electroplated NiW coatings on 30CrNi2MoV steel, obtained
coatings with different tungsten (W) contents from 6.4 wt% to 45.1 wt% by changing the current density from
0.10 A-cm ™2 to 0.35 A-cm ™2 and medium temperature from 60 °C to 90 °C, accordingly the hardness was from
540HV to 795HV. Secondly, prepared NiW-graphite balls (GBs) composite coatings by one-step graphite anode
consumption co-electro-deposition (ACCED) technology appending the varieties amount GBs into NiW alloy via
adjusting temperature and current density. The hardness and thermal stability of the composite coating obtained
by this process can reach 853HV, and the highest hardening rate can reach 20.29% at a GBs proportion of 3.93%.
Simultaneously, the surface hardness of NiW-GBs composite coatings by ACCED remains elevated even following
prolonged high-temperature annealing. Finally, the contributions of W atom solid solution hardening and GBs
doping strengthening in NiW electrodeposited composite coatings were analyzed and quantified. GBs tend to be
released from anode and co-deposit under conditions of high current density and temperature. This work in-
troduces a single-step anode consumption co-deposition technique that directly combines NiW with GBs to create
a coating possessing high hardness and thermal stability, providing valuable insights for related fields.

However, traditional composite methods are inevitably restricted to the
addition of particles to the electrodeposition solution system, making it

1. Introduction

Surface electroplating technology involves depositing a high-
performance coating onto the surface of a substrate to address the
challenges posed by harsh service environments and performance
application requirements. In industries such as automotive, aerospace,
nuclear energy, and electronics, materials are subjected to severe me-
chanical and environmental pressures. Therefore, mechanical properties
such as strength and thermal stability are important concerns of struc-
tural materials. Surface treatments, particularly metal coatings, have
been widely applied to meet these requirements (Figuet et al., 2022;
Dash and Panda, 2024). Because it is difficult to obtain materials that
can perfectly balance performance in applications, surface treatment
and composite methods are commonly led to pursue overall properties.

challenging to implement other modifications. Additionally, during the
electrodeposition process, the anode is typically viewed as a standard
connecting component, and its consumption and contributions are
rarely under consideration. In the realm of artillery tubes, the thermal-
pressure coupling effect is pivotal in inducing cracking or delamination
failures within surface electrodeposited coating technology. Conse-
quently, the ultra-high requirements for strength and thermal stability of
surface coating materials emerge as the most critical performance in-
dicators (Geng et al., 2023; Liao et al., 2014). Moreover, the process
requirements for large-caliber gun barrels (tens of meters) make tons of
electroplating solution high consumption a critical factor in controlling
costs. Consequently, the introduction of a substantial quantity of
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composite particles becomes impractical, and the essential consumption
of the anode warrants attention. In electrodeposition process, the anodic
oxidation or consumption changes solution status under different elec-
trical regime, especially in high current density or voltage (Sieber et al.,
2016). The indispensable anode can be utilized as the key component to
provide composite particles into electrodeposition solution for
enhancement. Additionally, as a substrate, the surface chrome electro-
plating of the inner lining on gun barrels has become the most prevalent
treatment method due to its high hardness and wear resistance, never-
theless, the toxicity and environmental hazards associated with crbt) in
addition to the inevitable microcracks in chromium coating that accel-
erate failure, necessitate the exploration of alternative materials
exhibiting superior performance (Pierre et al., 2008; Saravanan and
Mohan, 2009).

Nanocrystalline-nickel (Nc-Ni) electrodeposition processes are well-
established for scientific and engineering applications. However, the
application of Nc-Ni is limited due to its low starting temperature of
grain growth, which can be as low as 250 °C (Klement et al., 2009). On
this basis, the application of Nc-Ni electrodeposition prosses is certainly
limited due to the insufficient grain boundary stability and time-
dependent plastic deformation. Nevertheless, the addition of re-
fractory metals (such as W, Mo or Ta) to form alloys can suppress grain
boundary diffusion, furthermore achieve significant enhancement of
grain structure and mechanical properties (Hasegawa et al., 2017). In
this regard, the electrodeposition of Nickel-Tungsten (NiW) alloy has
attracted considerable interest due to its unique characteristics that the
combination of thermal stability and superior mechanical performance
(Detor and Schuh, 2007; Schuh et al., 2003). Nowadays, NiW alloys
prepared by electrodeposition technology have been researched for
period time. Due to its exceptionally high hardness, NiW alloy is
considered as a new alternative to conventional chromium plating
technology. Furthermore, its superior thermal stability renders it
particularly well-suited for use as lining materials in artillery. Therefore,
recent research has also focused on optimizing the process of NiW alloy
coatings to improve their mechanical properties especially about
matching of strength and thermal stability aiming to achieve higher
operating conditions.

Composition and modification are known as effective method to
achieve better performance and optimize application effectiveness. Co-
electrodeposition process, whereby ceramic or organic particles are
simultaneously deposited with metal ions on a substrate, has been a
subject of interest in the surface coating community, as the obtained
composites often show enhanced hardness and structure stability (Low
et al., 2006). Among them, the co-electrodeposited NiW composite
coatings have been demonstrated to possess superior mechanical, wear-
resistant, and corrosion-resistant properties. Currently, substantial ef-
forts have been made to prepare NiW composite coatings using tradi-
tional co-deposition processes. Cheng et al. appended PDA-
functionalized h-BN nanosheets into NiW coatings which improved
hardness, wear resistance and corrosion resistance properties (Cheng
et al., 2024). Liu et al. produced NiW/SiO, nano composite coating by
electrodeposition which obtained hard surface (up to 643.23 HV) and
reduced corrosion rate to 9.7 uA/cm2 (Xijing and Yong, 2023). Wang
et al. concluded that the hardness of NiW alloy and NiW/diamond
composite coating increases obviously when heated at 500 °C and
600 °C due to the crystallization of Ni and precipitation of NigW phase.
For the Ni-W/diamond composite coating with diamond content of 21
+ 1 vol% hardness can reach to 1205 HV after annealing at 600 °C
(Wang et al., 2014). Liao et al. composited NiW coatings and micro and
nano SiC respectively. The introduction of micro-SiC particles have
ability to improve the wear resistance of NiW coating and reduce the
oxidative wear and peeling (Liao et al., 2022). Lanzutti et al. produced
Ni matrix micro- and nano SiC composite coatings by pulse current
electrodeposition and explored the wear behavior. It demonstrated that
micro composite coatings exhibited a harder surface compared to nano
composition when subjected to low-frequency pulse electrodeposition at
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frequencies of 0.01, 0.1 and 1 Hz. Consequently, the wear resistance of
the coatings was also enhanced (Lanzutti et al., 2019). Numerous
research has consistently proved that variations in particle composition
scale leads to differences in performance improvements (Lanzutti et al.,
2019; Lekka et al., 2012). In this case, select the appropriate compound
for composite reinforcement is of critical significance. Moreover,
simplifying the synthesis process and managing industrial costs hold
significant research implications.

Despite the excellent properties of carbon materials, such as dia-
mond, graphene, carbon nanotubes, and carbon fibers, as re-
inforcements for composites, the high level of incorporation,
agglomeration, and poor dispersion within the matrix can unfortunately
degrade the mechanical properties of the materials (Uysal et al., 2021).
Therefore, screening the type, dosage, and particle size of fillers is
critical factor to obtaining composite coatings with excellent compati-
bility. Graphite commonly used as anodes in electrodeposition tech-
nology, are readily accessible as well as cost-effective and find
applications in the composites field in order to refine grain size and
enhance mechanical properties such as strength, wear resistance or
thermal stability (Chen et al., 2025; Ren et al., 2025). Its particle size can
be controlled within the optimal range from a few micrometers to
nanometers, ensuring the best reinforcement. Consequently, the design
of an electrodeposition process utilizing graphite as the anode involves
the continuous release of graphite particles into the electrodeposited
system through temperature or current density adjustments. These
particles are subsequently co-deposited at the cathode to create com-
posite alloy coatings, thereby facilitating the efficient and cost-effective
preparation of graphite particle-reinforced alloy coatings.

In this work, we first proposed the graphite anode consumed co-
electro-deposition (ACCED) technology i.e., designed and utilized to
one-step synthesis NiW-graphite balls (GBs) composite coatings under
adjusting process parameter to control the added amount. The hardness
and thermal stability of composite coatings were tested and studied and
comparing to the pure NiW alloys. Moreover, employing interpolation,
extrapolation, and computational verification methods, the ACCED
mechanism of graphite anodes was validated. The specific mechanisms
that enhance the mechanical properties of solid solutions and composite
reinforcements are analyzed separately.

2. 2.Experimental
2.1. Chemical and materials

Sodium hydroxide (NaOH), Sodium carbonate (NapCO3), Sodium
phosphate (NagPO4) and lauryl sodium sulfate (SDS) for substrate pre-
degreased, hydrochloric acid (HCI) for activation and nickel sulfate
hexahydrate (NiSO4-6H20), sodium tungstate dihydrate (NaaWO4-2H30),
sodium citrate dihydrate (NazCgHs07-2H20), ammonium chloride
(NH4Cl), sodium bromide (NaBr) as electrodeposition medium were pur-
chased from Sinopharm Chemical Reagent Co., Ltd. All reagents were used
without further purification. 30CrNi2MoV steel commonly used as the
basement of gun barrels served as the substrate material for the electro-
deposition. The dimensions of the substrate designated for plating are 30 x
10 x 1 mm and its chemical composition analysis result is shown in
Table S1. The anode was selected as either pure nickel or graphite plate
with a purity of 99.9 %. Both dimensions measure 60 x 70 x 3 mm.

2.2. Pre-treatment of substrates

To achieve a flat and smooth surface, the surface of the 30CrNi2MoV
steel to be plated underwent a sequential polishing process using 80#,
600+#, 1500#, and 2000# sandpaper. Following this, a diamond abra-
sive pastes with a grain size of 1.0 pm was applied and polished until a
mirror-like finish was obtained. Finally, the surface was thoroughly ul-
trasonic rinsed with deionized water and ethyl alcohol for 10 min
respectively. Pre-treatment process as an electrodeposition substrate
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was as following: the steel coupon was immersed in degreased fluid at
50 °C for 10 min. After rinsing with deionized water, immerse the
coupon in a 2 wt% HCI for 3 min for activation. Finally, thoroughly
rinsed and dried the coupon.

2.3. Preparation of NiW and composite coatings

The electrodeposition was carried out in a plating bath utilizing
specific aqueous bath chemistry. The composition of the deposition
medium, including the ingredients and their respective concentrations,
is presented in Table 1 below. The direct current electrodeposition de-
vice diagram and concept of ACCED technology can be seen in Fig. 1,
illustrating the fabrication process of NiW alloy optimize to NiW-GBs
composition coating through a one-step ACCED method. In this pro-
cess, the 30CrNi2MoV cathode was submerged in the electroplating
solution, while the anode was positioned opposite to the surface of the
cathode, with a spacing of 4 cm. The current for electrodeposition
process was regulated by power supply (SOYI-3010DM) purchased from
Shanghai Soyi Electronic Technology Co., LTD. During the initial stage
of the electrodeposition process, the direct current ramped up to the set
value at a rate of 107> A-s ™. It is noteworthy that for each preparation of
coating, a fresh electroplating medium was utilized. Hence, the failure
caused by the consumption of solution can be eliminated and demon-
strated that GBs released from graphite anode is continuously effective.

2.4. Microstructural characterizations

Surface morphology of coatings was observed by optical microscope
(OM, BX41M-LED) and scanning electron microscope (SEM, Quanta
250F). Elemental compositions specifically W content was appraised on
a field emission SEM equipped with Oxford energy dispersive X-ray
spectrometer (EDS). Three random regions were characterized for
determining error bars. X-ray diffractometer (XRD) by a Bruker D8 was
carried out with Cu-Ka radiation between 20° and 100° to analyze the
phase structures of coatings. Crystallite size was calculated from Ni
(111) peak at around 20 = 44.1° of NiW alloys, after correcting for
instrumental broadening under support of Scherrer formula. The mi-
crostructures were characterized on Aberration correction transmission
electron microscopy at sub-Angstrom resolution (Titan G2 60-300) and
samples for high resolution transmission electron microscopy (HR-TEM)
observation were prepared by focused ion beam (FIB) system in order to
statistical grain size. The microstructure of samples was investigated
qualitatively by ex-situ cross-sectional FIB observation.

2.5. Hardness and strength measurements

The Vickers hardness of the coating surface was evaluated using an
HMV-G 21DT digital tester. The measurements follow the standard test
method for micro indentation hardness of materials (ASTM E384-22). A
load of 980.7 mN (HV 0.1KgF) was applied for a duration of 15 s during
the indentation tests. Subsequently, HV is unified as the hardness unit.
Randomly selected sites on each sample were tested, with a minimum of
8 tests conducted on each specimen to ensure repeatability. The average
value and error bars were determined from these multiple tests. The
hardness and elastic modulus of the samples were calculated using the
Oliver-Pharr method (Su et al., 2018). The wear tests at room temper-
ature and relative humidity maintained at 35 + 5 % were carried on a

Table 1

Composition of medium and deposition parameters.
NiSO4-6H20 15.78 gL ! pH 8.5
Na,WO0,-2H,0 25.41 gLt Temperature (°C) 60-90
Na3CgHs07-2H,0 117.6 g-L’1 Time (min) 60
NH,CL 26.75 gL} Current density (A-cm™2) 0.05-0.35
NaBr 15.45 gL} Current ramp-up (A-s™ 1) 1073
Anode Nickel/Graphite Rotation rate (rpm) 1500
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tribometer (UMT-1I, Germany). The sliding stroke and speed was set at 1
mm and 8 mm/s, respectively. Normal loads of 10 N were applied in the
wear tests and sustained for 1 h. The ®6 mm Al,O3 ball with a hard-
ness of 1650 HV is selected as counter-body. The morphology of the
wear scars was characterized by Confocal laser scanning microscope
(CLSM, OLS4100).

2.6. Thermal stability testing

In order to study the thermal stability of NiW coatings and applica-
tion in extreme environments, the specimens were annealed at 400, 600,
800 °C in a tube furnace under a protective atmosphere of Ar atmo-
sphere and duration for durations of 0.5, 1 and 2 h, respectively. To
ensure that the changes in microstructure were exclusively attributed to
the heat treatment rather than subtle microstructural differences among
samples, one specimen from each condition was cut into blocks using an
electrical discharge wire cutting machine with each block subsequently
annealed at varying temperatures or aging times. Thermal stability is
assessed by examining changes in hardness and comparing them to the
initial value as deposited.

3. 3.Results
3.1. Electrodeposition of NiW coatings

3.1.1. Composition of NiW electrodeposited coatings

The composition of NiW coating is the primary factor that signifi-
cantly influences its structural properties. Research has demonstrated
that increasing the W content and solid solution decreases the grain size
of nickel. Once the composition reaches 40 wt%, the nanocrystals un-
dergo a transformation into amorphous (Yamasaki, 2001). Currently,
the research efforts were concentrated on W-rich NiW alloys, and there
is a scarcity of studies on NiW with low W content. Consequently, it is of
utmost importance to conduct a comprehensive investigation into a
broad range of W content. By frequently adjusting the manufacturing
parameters of NiW thin film including temperature and current density,
it becomes possible to directly achieve coatings with varying W con-
tents. Here, NiWy is served to describe the electrodeposition NiW alloy
samples, where x indicates the percentage of W mass fraction. EDS
analysis was charactered to determine W content. The NiW coating
prepared at an exceptionally high current density (0.35 A-cm™2) at 75 °C
is likely to contain extremely high W content. Its SEM and EDS analysis
images are shown in Fig. 2(a) and (b) respectively. Despite the high level
of W content (45.1 wt%) the distribution of Ni and W elements on the
surface is uniform and aggregation rarely. The composition of all other
NiW coatings was determined through EDS analysis. NiW alloy coatings
obtained with a pure nickel anode and there is no introduction of im-
purities element in the electrodeposition medium.

The tungsten content and microstructure are critical factors influ-
encing performance, with process parameters known to impact the
properties of electrodeposition. After determining the composition of
the plating solution, temperature and current density emerge as the most
crucial process parameters. Typically, high current density can result in
enhanced W content and hardness in the plated layer (Eliaz et al., 2005).
However, concerning temperature, there have been varied and, in some
cases, conflicting reports on the effects of temperature on NiW coatings
properties (Mizushima et al., 2005). While most studies indicate that
increasing temperature led to a corresponding rise in W content, finer
grains, more random orientation in NiW coatings, and improved fara-
daic cathodic current efficiency (Schuh et al., 2002; Sriraman et al.,
2006; Sassi et al., 2012), some suggest that temperature had no signif-
icant impact on W content (Giga et al., 2006; Huang et al., 2021;
Munagala et al., 2023). However, in this study, the intricate relationship
among W content, temperature, and current density was unveiled
through a comprehensive analysis of controlled electroplating parame-
ters. Fig. 2(c) illustrated the W content of NiW coatings prepared under a
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Fig. 1. Concept and device diagram of NiW-GBs composite coatings via ACCED.
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Fig. 2. Images of EDS mapping (a) and element content (b) of NiWys ;. Distribution mapping and relationship of W content with temperature and current density (c)
and (d).
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wide range of temperature (60 °C-90 °C) and current density (0.1
A-cm~2-0.3 A-cm~2) conditions. As the temperature and current density
increase, the color in the image intensifies, indicating a corresponding
increase in tungsten content. For Fig. 2(d), at an electrodeposition me-
dium temperature of 60 °C, there is no linear correlation between W
content and current density. Within the temperature at 75 and 90 °C, an
increase in current density led to higher W content. The Lowest W
content of 6.4 wt% is observed at 0.1 A-cm™2 under 75 °C, which added
significantly with the increase of current density and the most W content
reaching 30.4 wt% at 90 °C and 0.3 A-cm 2 The W content of NiW
coatings prepared at 60 °C is generally maintained at a high level (10-30
wt%) and does not exhibit a direct correlation with current density. The
reason is that in ammonia-containing electrodeposition systems, an in-
crease in temperature (above 60 °C) may lead to decomposition and a
reduction in pH. At this juncture, current density becomes the primary
factor influencing deposition, and tungsten content exhibits a linear
relationship with current density while higher W content obtained at
60 °C. Hence, the traditional cognition that single-factor changes can
alter the properties of NiW coating is reasonable but only effective
within a higher temperature range (75-90°C) (Somekawa et al., 2004;
Allahyarzadeh et al., 2016). The W content in NiW coatings is jointly
regulated by high temperature and current density factors, exhibiting
control effectiveness within a limited range.

3.1.2. Surface morphology of NiW electrodeposited coatings

The surface morphology, structure, and flatness of electroplated
coatings to some extent affect their application performance. The crys-
talline properties and grain sizes are changed by the influence of W
content, and further, the surface morphology also exhibits differences.
SEM top-view images of NiW electrodeposited coatings which W content
progressively increases, with the corresponding figures labeled (al)
through (a9) arranged in sequence in Fig. 3. As shown in Fig. 3(a2)-(a4),
when the mass fraction of W reaches 8.3 wt%, the surface morphology of
Ni-rich NiW coating is composed of many spherical particles with the
dimension around 300 nm, which formed by the aggregation of hun-
dreds of nanocrystals arranging according to the law of bar shape in 2D
scale. This is related to the polishing line of the electroplating substrate.
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With the increase of W content to 13.1 wt%, the particle size of the
spherical particles increases somewhat consist with experimental result
(Munagala et al., 2023). When the W content exceeds 20.0 wt%, the
shape becomes dense islands, and then the surface structure of the W-
rich NiW coating became myrmekitic texture which size has increased to
several tens of micrometers. Furthermore, in traditional cognition,
during the electrodeposition of NiW, the adsorption and inclusion of
hydrogen in the deposits led to elevated internal stress, ultimately
causing the formation of cracks (Alimadadi et al., 2009; Eliaz et al.,
2005). While no cracks were detected on the surface of NiW coatings
produced during the manufacturing process of this study so that address
the limitation of application (Mizushima et al., 2005).

3.1.3. Microstructure of NiW electrodeposited coatings

TEM was employed to characterize the microstructure of NiW alloy
electrodeposited coatings, specifically for the NiWg 3, NiWy4 g, and W-
rich NiWss 5 in an amorphous state. The grain size of the nanocrystalline
NiW was then calculated. The results are shown in Fig. 4. For the NiWg 3
with lower W content, the grain size of face-centered cubic (FCC) Ni(W)
is 9.2 + 1.9 nm, while when for NiWs4 g the amount of W in solid so-
lution increases, the grains are refined to 8.2 & 2.1 nm. The grain size of
the nanocrystalline NiW alloy coatings remains within the parameters of
Hall-Petch refined grain strengthening relationship, and has not excee-
ded the critical value of the anomalous relationship (Schuh et al., 2002;
Sriraman et al., 2006). The secondary image illustrates electron
diffraction spot images, where the electron diffraction spots of nano-
crystalline NiW alloys are observed to form continuous rings. These
rings are indicative of the diffraction results produced by numerous fine
grains. However, for the NiW alloy produced in this study, as the W
content increased to 36 wt%, the nanocrystals transformed into a
disordered amorphous state. The electron diffraction pattern appears as
an amorphous diffraction spot.

3.2. NiW-GBs composite coatings by ACCED

3.2.1. Morphology and composition of NiW-GBs
Graphite electrodes are composed of graphite particles, which have

Fig. 3. SEM images of NiW electrodeposited alloy coatings with variation W content from 6.4 wt% to 30.4 wt%.
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Fig. 4. TEM images of NiW coatings with W content of 8.3 wt% (a), 24.8 wt% (b) and amorphous (c) and grain size distribution images (d).

excellent conductivity and are used as anodes in electrodeposition
processes. During the electroplating process, the anode is inevitably
consumed. The loss of graphite anode is highly probable to trigger that
graphite particles transfer into electrodeposition solution medium.
When particles are present in medium, they will further co-deposit with
ions or complexes to form NiW composite coating on cathode substrate.
The consumption of anodes in electrodeposition process is related to
parameters such as time, temperature, etc., which directly affect the
concentration of particles in the system. Graphite anode was used for
preparing NiW coating instead of pure nickel anode. The formula of
electrodeposition medium is consistent and NiW coatings were obtained
again under the same conditions of time, temperature, and current
density.

The surface morphology of NiW coatings obtained via graphite
anode was shown in Fig. 5(a). The morphology consistent with original
state of NiW alloy coating can be clearly observed in the image, with a
certain number of GBs dispersed on the surface of NiW alloy. The ratio of
the area occupied by GBs in the field of view to the total area is calcu-
lated to represent the co-deposition content of append particles. Fig. 5
presents the data in ascending order based on the proportion of GBs
composition. The particle size of GBs typically ranges in the tens of
micrometers. The size and quantity of composite fillers utilized are
influential factors determining the performance variations among
coatings. When the size of graphite composition is in the tens of mi-
crometers range, exploring the amount of appended composite additives
is the focus of research. Although GBs co-deposit with NiCit~, WOZ~ and
[NiCitWO,]4, on the cathode substrate (Sassi et al., 2012), the propor-
tion of GBs in electrodeposition medium varies due to graphite anode
consumption rate, so there is no correlation between the composite
amount and the composition of NiW alloy. It is essential to explore the
correlation between anode consumption and electrodeposition process.
Furthermore, while varying W content leads to distinct surface mor-
phologies in the initial NiW alloy coating, the distribution of GBs across
different NiW alloys is random. Fig. 5(b1-b3) shows the SEM images of
NiW-GBs surface morphology. The composite coatings at higher

magnification revealed the presence of spherical micron sized GBs
which dimension is consistent with OM images. GBs are randomly
dispersed across the surface of the composite coating, with some
embedded within the NiW coating, and they exhibit excellent compat-
ibility with the surrounding structure. This observation indicates that
the GBs released by the anode and successfully co-deposited with NiW.
The EDS element distribution results of NiW-GBs coatings with different
tungsten content are shown in Fig. S1. The results demonstrate that Ni
and W is also uniformly distributed in the surface of NiW-GBs composite
coating, and that carbon elements, i.e. GBs, are widely and randomly
dispersed on the surface of composite coating. The degree of agglom-
eration is consistent with the particle morphology size characterized by
SEM and OM. The cross-section SEM images and side view OM image of
NiW-GBs coatings are shown in Figs. S2 and S3, micro sized GBs are
encapsulated in coatings or exposed on surfaces and due to local current
density differences, the thickness of the sample edge as deposited is
higher than the cross-sectional data at the center of coating. Overall, the
results demonstrated that GBs were successfully incorporated into NiW
coating without disrupting the uniform solid solution and the dispersion
characteristics.

Fig. 5(c) and (d) additionally illustrates the fluctuation of W content
in NiW-GBs composite coatings across various electrodeposition process
parameters. The W content in NiW coatings fabricated through the
ACCED method spans from 1.1 wt% to 35.5 wt%. In comparison to the
original NiW alloy coating process, the W content of NiW-GBs produced
via ACCED technology exhibits a similar trend with respect to temper-
ature and current density. At 75 °C and 90 °C, the W content in alloys
increases as the current density rises. However, at 60 °C, no such rela-
tionship is observed. Interestingly, transitioning the anode material
from pure nickel to graphite exhibits minimal impact on the composi-
tional variations within NiW alloy. The relationship between the pro-
portion of GBs in NiW-GBs composite coatings and various process
parameters is illustrated in Fig. 5(e). As the current density and tem-
perature increase in ACCED process, the proportion rises (from 0.86 % to
3.93 %). This suggests that harsher conditions facilitate the release of
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Fig. 5. Optical microscope images of NiW-GBs composite coatings via ACCED technic under various composition proportion and deposition parameters (temper-
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GBs from the graphite anode into the system and elucidates the co-
deposition synthesis mechanism of NiW-GBs coatings.

3.2.2. XRD characterization of NiW-GBs coatings

XRD diffractograms of NiW-GBs electrodeposited coatings via
ACCED are shown in Fig. 6. The results of XRD curves are arranged and
displayed according to the amount of W content. All these coatings
exhibit peaks at 44.5° represent the y-Ni, this inference is consistent with
the ICDD data base of the face centered cubic Ni (PDF # 04-0850) as
references. Normally, the Ni-W alloy films grow along (111) direction as
minimization of surface energy is favored. The grain sizes were deter-
mined by applying the Scherrer formula for XRD peak broadening to the
(111) reflections and were marked on all samples (Giga et al., 2006).
(111) peaks’ width increases with the rise in W content, while the grain
size shows a gradual decreasing trend simultaneously. After the W
content exceeds 35.5 wt%, the grain size decreases to a minimum of
1.98 nm and the (111) peak of NiW gradually transforms into an
amorphous peak, indicating the disappearance of nanocrystalline.
Additionally, the shift of peaks from Ni-W with high W content toward
lower angles, in comparison with thin Ni coatings, may be attributed to
the formation of tungsten solid solution in FCC nickel (a-Ni(W))
(Allahyarzadeh et al., 2016). Increasing the W content in NiW coatings is
widely acknowledged to have a refining effect on grain size (Hasegawa
et al., 2017; Huang et al., 2021; Munagala et al., 2023). Nevertheless,
the trend of grain size transition from nanocrystalline to amorphous as
the W content varies has not been entirely clarified for materials span-
ning from pure Ni to Ni-rich and W-rich NiW coatings. In fact, calcula-
tions show that when the grain size is less than 2 nm, nanocrystals will
transform into amorphous.

The grain size of NiW-GBs composite coatings was calculated and
compared to that of NiW with similar W content to verify the effect of
GBs co-deposition on grain nucleation. The grain size of NiWgg and
NiWjg 3 are 7.2 nm and 4.2 nm, respectively. The co-deposition of car-
bon particles creates active sites for NiW nucleation (Yu et al., 2022; Yu
et al., 2024), inhibits grain agglomeration, and the pinning at grain
boundaries restricts their expansion, thereby refining the grains (Chen
et al., 2021). According to the Hall-Petch relationship, the ACCED pro-
cess with GBs contributes to achieving higher strength (Ong et al.,
2019).

Amorphous o Nj
"ALA NiW5 5
Nanocrystal
NiWae e
"'J\ NiW,, ,

I O

NiW, 5
(111) (200 (220)
T T L] T T L] 1
40 50 60 70 80 90

Scattering angle (°/20)

Fig. 6. XRD spectra of wide W content NiW-GBs composite coatings via
ACCED technology.
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3.3. Hardness

3.3.1. Hardness of NiW coatings

Surface hardness of NiW coating is an important mechanical prop-
erty in applications as shown in Fig. 7, pure nickel and nickel-based alloy
coatings are widely used due to their high initial hardness (Bigos et al.,
2021; Wasekar et al., 2016; Lin et al., 2018). The hardness of pure nickel
coating is 540HV from our previous work (Liu et al., 2024). After W
atoms are solid dissolved in nickel, the hardness slightly increases and
continues to harden with the overall W content of the coating. This is
related to the monotonic range of solid solution strengthening and grain
size variation in the Hall-Petch enhancement (Borgia et al., 2011). This
change approximately develops in a linear relationship. In the direct
current electroplating preparation of NiW coatings involved in present
work, the highest W content reached 30.4 wt%, and its hardness reached
795HV. The linear regression of this relationship quantifies the contri-
bution of W content to hardening, with the slope of the line representing
the change in hardness corresponding to an increase in W content being
approximately 7.3. Although this involves the transformation of nano-
crystalline and amorphous in NiW coatings or the refinement of grain
size, the relationship between W content and hardness indicates still
continuous hardening, which does not affect the subsequent discussion
(Yuetal., 2025). This provides empirical support for the contributions of
solid solution effects and composite enhancement strengthening,
respectively.

3.3.2. Hardness of NiW-GBs coatings via ACCED

The surface hardness of NiW-GBs composite coating prepared by
ACCED varies with W content as shown in Fig. 8. Overall, the hardness of
the composite coating ranges between 608 and 853 HV, significantly
higher than that of the original NiW coating. The surface hardness of the
composite coating shows an overall upward trend with increasing W
content, which is consistent with the NiW electrodeposited coating. This
clear positive correlation is evident in the low W solid solution region,
and in the amorphous region with high W content towards the end of the
curve. The middle part of the curve is affected by the composite effect of
GBs, which changes the relationship between hardness and the increase
of W content, that is, the decrease of grain size. This change is caused by
the addition of various amounts of GBs due to the ACCED technology.
The microstructural parameters and surface hardness of the NiW-GBs
coatings are listed in Table 2.

For the wear resistance of NiW and NiW-GBs coatings at the same
electrodeposited parameters (75 °C-0.2 A/cm™2) and with similar W
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Fig. 7. Relationship of hardness and W content of NiW electro-
deposited coatings.
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Fig. 8. Relationship of hardness and W content of NiW-GBs coatings by ACCED.

Table 2
Structure parameters of NiW-GBs coatings.
No.  Electrodeposition w GBs Grain Hardness
parameters content proportion size (HV)
(wt%) (%) (nm)
1 75 °C 0.1 A/cm? 1.4 0.47 11.18 616
2 75 °C 0.2 A/cm? 9.8 3.03 7.05 756
3 90 °C 0.2 A/cm? 15.5 3.93 5.65 812
4 60 °C 0.3 A/cm? 19.3 1.79 7.13 765
5 60°C0.2A/cm®> A/ 28.4 1.36 3.62 780
cm?
6 60 °C 0.1 A/cm? 29.9 0.86 4.70 791

content as shown in Fig. S4. The average friction coefficient (COF) was
decreased from 0.84 to 0.33 after co-deposited with GBs (3.03 %) by
ACCED. Furthermore, the wear rate reduced by 72.6 % as the hardening
and lubrication of GBs, indicating the comprehensive improvement of
wear resistance during ACCED.

3.4. Thermal stability of NiW and NiW-GBs coatings

The variations of hardness of NiW and NiW-GBs by ACCED with
increasing annealing time at 400, 600 and 800 °C are shown in Fig. 9(a),
(b) and (c). For annealing at 400 °C, the hardness of the NiW coatings
first increases with increasing annealing duration up to 60 mins and then
slightly decreases for longer annealing durations. By contrast, the
hardness values for the NiW-GBs monotonically increase to 1236 HV
with increasing annealing duration at 400 °C to 120 mins. This
annealing hardening phenomenon can be attributed to the grain
boundary relaxation of nanocrystals present on the coating (Detor and
Schuh, 2007). The difference in thermal stability attributed to GBs arises
from the diffusion effects of particles and their pinning at NiW grain
boundaries, which restricts their movement (Chen et al., 2021; Hosseini
et al., 2014). For annealing temperature at 600 °C, the hardnesses of
both the NiW and NiW-GBs exhibit consistent increments within 1 h, in
line with other studies (de Lima-Neto et al., 2010; Auerswald and Fecht,
2010; Khan et al., 2011); and minor decrements as the annealing
duration extending to 2 h. When the annealing temperature is ascended
to 800 °C, the hardness of NiW coating gradually diminishes with pro-
longated annealing time, attributed to the significant growth of nano-
crystals. Specifically, the pure NiW coating reached its lowest hardness
at 533 HV after 0.5 h, while the hardness of NiW-GBs stabilizes after 1 h.
This is contributed to the effectively suppress grain coarsening and
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hinder diffusion from GBs composition.

The relationship between hardness and annealing temperature dur-
ing 1 h and 2 h annealing durations is illustrated in Fig. 9(d) and (e). The
hardness of coatings initially rises and then falls with increasing
annealing temperature to 800 °C. For 1 h annealing, the peak hardness
of the NiW coating is achieved at 400 °C, while hardness of the NiW-GBs
coating further increases after annealing at 600 °C. When the annealed
time is extended to 2 h, the peak hardness was achieved at 400 °C for
both of coatings. The softening phenomenon after peak hardness is
caused by grain growth during long-term annealing at high tempera-
tures, consistent with the results of isothermal heat treatment. After
annealing at 800 °C, both types of coatings exhibit lower hardness than
those at the as-deposited state. The above results are consistent with
previous literature reports, except that softening caused by prolonged
annealing at 600 °C to 2 h is rarely reported (Huang et al., 2021; Khan
et al., 2011).

Overall, the NiW-GBs composite coatings have greater initial hard-
ness, stronger annealing hardening effect, and better thermal stability
compared to the NiW alloy coating, indicating that the graphite fillers
play a significant role in strengthening the NiW alloy and enhancing
thermal stability.

4. Disscussion
4.1. Hardening of GBs composition

Hardness is a base parameter of materials reflects the surface stress
and strength. The hardness of NiW and NiW-GBs by ACCED technology
specimens is shown in Fig. 10(a). The hardness of NiW alloy coatings,
fabricated by nickel and graphite anodes respectively, rises with the
escalation of W content. Within the framework of ACCED technology,
when the W content reaches 35.5 wt%, the hardness of the coating el-
evates from 540 HV for pure nickel to 853 HV. Similarly, the hardness of
original Ni-30.4 wt% W also improves to 795 HV. NiW alloy employs
nickel as the solvent and tungsten atoms as the solute. Structurally,
tungsten occupies the lattice sites of nickel to create FCC substitution
solid solution. As the tungsten content in the deposition layer increases,
the lattice distortion increases, indicating a greater resistance during
dislocation movement in the alloy structure. Consequently, the hardness
of NiW alloy increases. In comparison to NiW alloys prepared via nickel
anode, NiW-GBs composite coatings fabricated through ACCED tech-
nology exhibit higher hardness, demonstrating the incorporating
graphite balls composition enhanced NiW alloys from graphite anode
consumption.

To further investigate the mechanism of ACCED technology, inter-
polation extrapolation method was employed to calculate the hardening
rate and explored the relationship with a broad spectrum of W content as
shown in Fig. 10 (a). The method for calculating the hardening rate (i) is
presented in Eq. (1).

H — H,;
n = 100% 1

ort

Here, H,; and H,,n, represent the hardness of NiW as deposited and
NiW-GBs prepared via ACCED, respectively. Linear interpolation facili-
tates continuous correspondence between the hardness and W content of
NiW and NiW-GBs coatings, thereby enabling a more effective calcula-
tion of the hardening rate via the deviation of function value. The
average hardening rate of the majority of composite coatings through
ACCED technology remains around 10 %-20 %. For NiW alloys con-
taining 9.8 % and 15.5 wt% W, the respective maximum hardening rates
can reach 18.63 % and 20.29 % which are marked as A and B. Addi-
tionally, two NiW-GBs composite coatings with high W contents of 28.4
wt% and 29.9 wt% were selected and designated as C and D for the
analysis of the dual factors of graphite proportion and W content
affecting the hardness strengthening rate. Overall, there appears to be no
direct correlation between hardening rate and variations in W content,
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Fig. 9. Relationship between hardness of NiW and composite coatings and duration of annealing at specified temperature (a) 400 °C, (b) 600 °C, (c) 800 °C or

specified period (d) 1 h and (e) 2 h.

suggesting that the vanishing of the anode and the recombination of
graphite are not directly related to the W deposition process. In Fig. 10
(b), the correlation mapping between hardening rate and electrodepo-
sition parameters reveal that NiW-GBs coatings exhibiting higher
hardening rate were prepared through a preparation process involving
high current density or elevated temperature zones. It indicates that
graphite anode consumption and graphite balls doping are more likely
to take place under specific process condition. The course of ACCED
technology entails the initial consumption of the anode at high
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temperatures, followed by the concurrent adsorption of GBs with a high
cathode charge attraction and the co-deposition with NiW coating.

Fig. 10(c) illustrates the relationship between the hardening rate of
NiW alloy coating by graphite balls and the fillers proportion. The fitting
equation for relationship curve is displayed in Fig. 10(d). For NiW-GBs
composite coating prepared via ACCED technology, the proportion of
composite fillers ranges from 0 % to 4 %. Within this range, the hard-
ening rate of graphite balls on NiW alloy coatings increases mono-
tonically as the proportion rises. The progression of this relationship is
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influenced by hidden factors associated with the process parameters of
electrodeposition, as illustrated in Fig. 10(c). At a medium temperature
of 60 °C, a slight increase in the current density results in a minor rise in
the proportion of composite graphite balls. However, when the system
temperature reaches 75 °C and 90 °C, the proportion of filler particles
exhibits exponential growth (elevating from 1.36 % to 3.03 % and 3.93
% respectively), consequently leading to a rapid increase in the hard-
ening rate (escalating from 6.70 % to 18.63 % and 20.29 %). This sug-
gests that excessively high temperatures during the electrodeposition
process are advantageous for anode consumption and composite co-
deposition. The linearly increasing relationship depicted in the fitting
results suggests that the ACCED process generates a positive feedback
effect on the hardening process by integrating graphite balls into
coating.

4.2. Strengthening mechanisms

The hardness of a given composite alloy material can be represented
as the sum of contributions from the hardening mechanisms that it ex-
hibits. Here, the NiW and NiW-GBs coatings is free of microcracks
demonstrating well compactness as shown in Figs. 3 and 5. And the
micro-scale GBs show excellent interface bonding and composite
compatibility with the NiW matrix in horizontal and vertical directions
(Figs. S2 and S3), respectively. Hence, although the interface bonding
between GBs and NiW matrix impacts on the hardening effect, it can be
ignored under enough splendid composite compatibility. So, one of the
simplest formulations of this is:

H = Hgs +Hcg (2)
where Hgg is solid-solution (SS) hardening and Hcg is composite
enhance. The partial factors of Hgs were determined by fitting the
relationship curve between hardness and W content in NiW alloy.
Consequently, it is essential to fit the relationship between hardness and
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the addition of graphite balls after removing the Hgg factors to ascertain
the Hcg component which result is shown in Fig. 11. Logistic model
effectively describes the relationship between the variables. When the
proportion of GBs fillers ranges from 1.5 % to 3.0 %, the enhancement
effect significantly improves as the proportion increases.

Consequently, the description of H can be articulated more precisely,
as demonstrated in Eq. (3). The initial segment of the equation illustrates
the strengthening of W solid solution embedded in FCC nickel, while the
latter segment represents the enhancement provided by composite
particles composed of GBs via ACCED.
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Fig. 11. Relationship of hardness (H detaching Hss) and GBs proportion and its
logistic model.
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128

H = (544.4+7.3Wwt.%) + [768.0 - ———]
( 0) + [ 1 +PGBS4'82]

3

where Pgg;s represents the proportion of GBs co-electro-deposited. The W
content influences the strengthening mechanism through either solid
solution formation or grain size refinement, establishing a continuous
enhancement relationship. However, the doping of GBs imposes a limit
on the hardening of NiW upper limit value to 768.0HV at 3.9 % for Pgp;.
A moderate amount of composite hardening effect is particularly
significant.

4.3. Comparison of NiW-GBs and other NiW electrodeposited coatings

Current research indicates that the incorporation of reinforcing
phase particles significantly enhances the surface hardness of coatings.
Nonetheless, variations in the types, sizes, and quantities of these par-
ticles lead to differing properties. Fig. 12(a) illustrates a comparison of
hardness and hardening rates of Ni-based or NiW-based composite
coatings prepared by traditional composite deposition from existing
literature. However, for the ACCED technology, there is no step to
introduce any additional composite particles or chemicals into the
electrodeposited solution. The NiW-GBs composite coating can be pro-
duced by continuously releasing graphite balls into the medium through
the consumption of the anode and co-depositing them at the cathode.
NiW coatings as deposited prepared present work exhibits high initial
hardness. The incorporation of inorganic nonmetallic particles as the
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second phase significantly enhances the coating’s strength. Compared to
carbon materials, ceramic particles demonstrate a more pronounced
increase in hardness, likely due to the comparatively lower initial
hardness or higher doping concentration of the composite fillers.
Consequently, the strength of the second-phase particles emerges as the
primary factor influencing hardness in the test. When diamond or
graphite particles are used as the dopants, the hardness of NiW com-
posite coating can exceed 800 HV, with acknowledgment of the assis-
tance from the original excellent hardness. Additionally, annealing
following the addition of second-phase particles further elevates the
coating hardness. Thereinto, NiW-GBs coatings via ACCED technology
exhibit the most remarkable hardening rates at 81.2 % and 85.4 %,
respectively, showcasing the favorable impact of carbon materials on
enhancing thermal stability. What’s more, NiW and diamond composite
coatings achieve the most outstanding after annealing at 600 °C for 1 h,
surpassing 1250 HV. Overall, NiW alloy coating initially prepared in this
study exhibited high initial hardness. The graphite particles chosen
display a remarkable rate of performance enhancement in carbon ma-
terials, comparable to hard particles like SiO,, BN. This enhancement
arises from the synergy between the inherent physical properties of
carbon materials and their unique structure that aids in grain size
reduction. Subsequent annealing treatment further boosts the hardness
of the composite coating, signifying commendable thermal stability. The
ACCED technic substantially enhances the hardness and thermal sta-
bility of NiW-GBs composite coatings, offering significant benefits by
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Fig. 12. (a) Hardness and hardening rate of Ni, NiW and composite coatings with SiO, (Xijing and Yong, 2023; Liao et al., 2022; Lekka et al., 2012), BN (Cheng et al.,
2024), diamond (Wang et al., 2014); SiC (Nayak et al., 2024), WC (Boonyongmaneerat et al., 2010); ZrC (Li et al., 2021) and ZrP (Li et al., 2021). (b) Hardness and
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streamlining the process and reducing material usage.

For the mechanical performance and thermal stability of Ni and Ni-
based alloy, an overall comparison between NiW-GBs via ACCED and
other materials is shown in Fig. 12(b). Each of these exemplars was
initially fabricated with a homogeneous nanocrystalline structure and
subsequently annealed for 1 h at varying temperatures to investigate the
thermal stability of grain size and hardness. The softening critical tem-
perature due to grain growth in pure nickel is approximately 200 °C.
When cobalt is added, this temperature increases by approximately
50 °C. The introduction of the refractory element W further elevates the
critical temperature of grain growth to 400 °C. This enhancement occurs
because pure tungsten possesses a higher intrinsic melting temperature
(Hache et al., 2024). Additionally, with increased tungsten content or
varying element types, the critical temperature may rise to around
600 °C. Notably, the NiW-GBs composition obtained via ACCED main-
tains a high critical temperature even at low tungsten content, with both
the hardness and thermal stability remaining at elevated levels.

Deposited rate is an important parameter that determines production
efficiency in engineering applications. The deposited rate values of NiW-
GBs coatings were calculated via the sectional thickness (Fig. 52), and
the corresponding values of other NiW composite coatings with present
works were all shown in Fig. 12(c). For the composite coatings obtained
by mild process parameters, the deposited rate is generally between 5
and 10 nm/s. While, for NiW-GBs, as increasing the temperature and
current density to increase the proportion of GBs, the coating deposited
rate is greatly improved, up to 23.6 nm/s, far more than traditional co-
deposited processes. This indicates that ACCED technology has the ad-
vantages of controlling GBs release and rapid co-deposited.

5. Conclusion

In this study, ACCED technique was developed for the first time to
facilitate the one-step appending graphite balls into NiW alloy coating
which optimizes traditional co-deposition of composition coatings
through a simplified operation and reduced the anode or fillers costs.

1. NiW alloy coatings with different W content from 0 wt% to 45.1 %
were prepared via electrodeposition under various medium tem-
perature from 60 °C to 90 °C and current density from 0.10 to 0.35 A/
em?.

2. Micro-scale GBs are co-deposited with NiW alloy from a graphite
anode using one-step electroplating technology to prepare NiW-GBs
composite electrodeposited coatings.

3. Hardness and thermal stability of either NiW or NiW-GBs coatings
prepared through ACCED was examined to elucidate the underlying
mechanism, revealing that the hardness of NiW-GBs coating exceeds
that of original NiW coating by up to 20.29 % under the action of
pining and grain refinement.

4. The hardening rate under various W content was determined
through interpolation extrapolation. The relationship between
hardening rate and graphite proportion suggested that the composite
GBs with NiW coating had a continuous enhancing effect on hard-
ening via ACCED process particularly at high temperature or current
density.

5. The contributions of increased W content and the addition of varying
amounts of GBs to strengthening are calculated and analyzed sepa-
rately to elucidate the reinforcement mechanism.
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