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The safety and reliability of high-speed trains depend on the brake disc. In order to improve the lifetime of brake
disc and reduce the waste of resources, a coating with higher microhardness and well wear resistance is urgently
needed. The effect of chromium content on the microstructure, microhardness and wear resistance of NiCr
coating has been studied. Nano-crystalline Ni and NiCr coatings with superior mechanical properties were
successfully prepared on the 30CrNiMo steel substrate by pulse current electrodeposition method. The inclusion
of formic acid and sodium citrate was found to significantly expedite the co-deposition of Ni and Cr. The NiCr
coatings with various Cr contents were prepared at current densities ranging from 200 to 300 mA/cm?. These
coatings significantly enhance microhardness and wear resistance of the substrate. The microhardness of the
NiCr coating increased to 603 HV, outperforming pure Ni coating by 119 HV. Additionally, the wear rate of the
NiCr coating decreased by 50% at a load of 10 N in comparison to the Ni coating. The high microhardness is
attributed to grain refinement and solution strengthening. This study successfully addresses the challenges
associated with electrodepositing Ni-based coatings on 30CrNiMo steel substrate and lays a theoretical foun-
dation for the utilization of Ni-based coatings to enhance the tribological properties of materials used in high-
speed train brake disc.

1. Introduction sputtering, molecular beam epitaxy, evaporation and magnetron sput-
tering, electrodeposition distinguishes itself by enabling precise control
over the properties of materials with high repeatability and accuracy

[9-11]. Electrodeposition also presents a cost-effective and scalable

High-speed trains prioritize safety, implementing comprehensive
measures to ensure passenger security [1,2]. The safety and reliability of

high-speed trains mainly depend on brake discs. Wear, oxidation, and
corrosion of the brake disc surface are common problems in high-speed
train systems [3-5]. The performance of brake disc surfaces is critical
because they are the first components to deteriorate during braking.
When brake disc wear occurs, it can shorten service life of the train,
jeopardize safe operation, and cause extensive property damage and
personal injuries. Enhancing surface properties through methods such as
ultrasonic nanocrystal surface modification process and the application
of protective coatings can significantly improve the wear resistance of
brake discs [6-8]. In comparison to other surface treatment methods like
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solution for transitioning high-performance coatings from laboratory to
industrial applications [12,13].

Hard chromium coating was once widely used as a protective coating
due to its high hardness, wear resistance and corrosion resistance.
However, their poor substrate adhesion significantly diminishes the
lifespan of workpiece. Therefore, researchers have pivoted towards Ni-
based alloy coatings, which adhere better to substrates and exhibit su-
perior performance across a range of properties [14]. For example, NiTi
coatings demonstrate excellent antioxidant properties and good
biocompatibility, suitable for clinical applications; NiFe coating exhibit
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Fig. 1. Photographs of electrodeposition coatings. (a) Ni; (b) NiCr-1; (c) NiCr-2; (d) NiCr-3.

good electrocatalytic properties and can be utilized as a catalyst; NiW
coatings boast high hardness and serve as an alternative to hard chro-
mium coatings; while NiCo coatings combine high hardness with
excellent electrocatalytic properties, finding applications in engine pis-
tons, fuel cells, and other fields [15-19]. NiCr alloys, in particular, are
valued for their mechanical properties and wear resistance, making
them ideal for protective applications [20-22]. Electrodeposition of
NiCr alloys faces challenges, mainly due to the disparate deposition
potentials required for Cr and Ni co-deposition [23,24]. In previous
studies, chromium anhydride has been employed as a source of hex-
avalent chromium ions (Cr6+) for NiCr alloy electrodeposition [25,26].
However, this method suffers from several limitations. It exhibits poor
dispersion and covering ability, leading to uneven deposition. Addi-
tionally, the cathodic current efficiency is extremely low, significantly
prolonging the deposition time. Moreover, Cr®" is highly toxic and poses
significant health and environmental risks. The treatment of wastewater
containing Cr®" is costly and environmentally damaging, running
counter to the goals of energy conservation, emission reduction, and
environmental protection. Consequently, the utilization of chromium
anhydride in electrodeposition solutions is gradually eliminated [27,
28].

Advancements in electrodeposition processes have prompted re-
searchers to explore trivalent chromium (Cr®" deposition solutions as
an eco-friendlier alternative to Cr®* [29]. One of the advantages of cr3t
is its high current efficiency, meaning that a significant portion of the
electrical energy is applied during electrodeposition, which ensures
enhanced deposition efficiency and reduced energy consumption [30,
31]. In addition, Cr®* is characterized by lower toxicity and environ-
mental pollution, producing fewer hazardous byproducts and simpli-
fying wastewater treatment and disposal compared to Cr®* [32,33]. In
various Cr®* electrodeposition systems, the potentials difference be-
tween Ni and Cr for co-deposition can be finely adjusted through the
addition of coordination agents, and by tuning the current density, pH
and temperature [34-36]. Such adjustments enable the successful
co-deposition of Ni and Cr [37-39]. Zhang et al. devised an electrode-
position solution for NiCr coatings by utilizing a formate-citrate mixture
with CrClz and NiSO4 [40,41]. Chen et al. developed an electrodeposi-
tion solution for NiCr coating, employing formate-acetate with CrCls
[42]. Yang et al. developed a mixed citric acid-chloride-sulfate electro-
deposition solution for the fabrication of NiCr coating [43]. Zhang et al.
utilized DMF as an alternative solvent to achieve crack-free NiCr coat-
ings, given that DMF lacks hydrogen atoms [44]. However, DMF is toxic
to human body, research in this area remains limited.

In spite of several researches on NiCr electrodeposition, Cu rather

3585

than steel was usually used as substrate. There are still some difficulties
in NiCr coating electrodeposition on steel substrate. In this study, NiCr
coatings with different contents of Cr>" were prepared to improve the
wear properties of the 30CrNiMo steel substrate. The impact of current
density on the phase composition and properties of the NiCr coatings
was investigated by utilizing formic acid and sodium citrate solution.
The microhardness and friction properties of the coatings were also
evaluated. In addition, the role of grain refinement and solid solution
strengthening in microhardness enhancement was examined, which
provides insights into the mechanisms behind the improved mechanical
properties of the NiCr coatings. Based on the results of the friction tests,
the protective effects of the Ni and NiCr coatings on the 30CrNiMo
substrate surface were investigated. The study provides a theoretical
foundation for utilizing Ni-based coatings to enhance the tribological
properties of materials used in high-speed train brake discs.

2. Materials and method
2.1. Fabrication of the Ni and NiCr coatings
The high-speed train brake discs material is CrNiMo cast steel. In this

study, 30CrNiMo steel with dimensions of 10 x 30 x 2 mm® was used as
the substrate. Prior to electrodeposition experiment, the substrate was

Table 1
Bath composition and deposition conditions of electrodeposition used for Ni and
NiCr alloy co-electrodeposition.

Pure Ni NiCr
NiCl,-6H,0 40 g/1 30 ¢g/1
Ni(SO3NH3)o 300 g/1 /
CrCl3-6H20 / 100 g/1
CgHsNaz07 / 80 g/1
H3BO3 40 g/1 40 g/1
C7HsNO3S 0.6 g/1 /
C12H25804Na 0.6 g/1 0.1 g/1
HCOOH / 46 g/1
NaBr / 15 ¢g/1
Anode Pure nickel plate Pure nickel plate
Current density 100 mA/cm? 200-300 mA/cm?
Temperature 50 °C 30°C
Time 1h 1h
pH 4 3.5
Interelectrode gap 40 mm 40 mm
Stirring speed 30 r/min 30 r/min
Pulse frequency 10 Hz 10 Hz
Duty cycle 0.5 0.5
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mechanically grounded using 320-2000 grit standard abrasive papers,
cleaned using a 10% (wt.%) NaOH aqueous solution at 80 °C for 10 min,
followed by a 10% HCI solution immersion for 16 s to remove oxidation
layer to improve adhesion. The clean substrate was partially covered
with Teflon tape, leaving an area of 1 cm x 3 cm exposed. The elec-
trodeposition of pure Ni and NiCr coatings was executed using double
pulse power supply (SOYI-VA-DM, China). The solution composition
selection process is shown in supplementary materials (Table S1). The
electrodeposition coatings containing lower defects (pits and holes) with
smooth surface morphologies were chosen in this study (Fig. S1). In
addition, the deposition rate of Cr significantly depends on the applied
current density, whereas the electrodeposition rate of Nickel remains
unaffected [45]. Consequently, three current densities (200, 250 and
300 mA/cm?) were selected to produce NiCr coatings with different Cr
contents (according to Table S1), respectively named NiCr-1, NiCr-2 and
NiCr-3, and the pure Ni coating was named Ni. The electrodeposition
bath temperature was maintained by a digital heating circulating water
bath (DF-101S, China). Additionally, stirring is used to ensure a constant
ion concentration in the electrodeposition solution. NiCly-6H,0 and
CrCls-6H,0 served as ion sources of Ni%* and Cr®*. H3BO3 was used as a
buffer to stabilize the pH. C13H25S04Na was used as a surfactant to
improve the brightness and reduce grain size. HCOOH and C¢HsNasO;
were utilized as complexing agents to minimize the potential difference
between Ni2" and Cr®* to promote the co-deposition of Ni and Cr. NaBr
was used as a conductive salt to improve the conductivity of solution. A
chloride bath was chosen for electrodeposition due to its wide current
density adaptability, lower voltage requirement, high conductivity, and
absence of sulphur co-deposition, resulting in smaller grain size [46].
Detailed experimental parameters are provided in Table 1. Fig. 1 shows
surface photographs of Ni and NiCr electrodeposited coatings. These
photographs confirm the successful electrodeposition of pure Ni and
NiCr alloy coatings on the 30NiCrMo steel substrate. The Ni coating
(Fig. 1a) showcases a tangible mirror-like effect, indicating a high de-
gree of surface smoothness and reflectivity. In contrast, the NiCr coat-
ings (Fig. 1b—d) exhibits a dull yellowish mirror-like effect with minor
surface protrusions. The presence of the NiCr coating suggests that they
may have a slightly rougher surface compared to Ni coating. As the Cr
content increased, the electrodeposited coatings appeared progressively
dimmer. The findings suggest a trade-off between increasing Cr content
and the overall roughness of the coatings, while still maintaining their
reflective capability to some extent.

2.2. Current efficiency testing

The cathode current efficiency (1) was calculated according to
Faraday law [16,47]:

y= AmeF Z

Laverage ® 1 i

Wil 100% e8]

where Am (g) is the mass increase of the cathode after electrodeposition.
Where Igyerqge (A/cm?) is the average current density used during elec-
trodeposition, Inerage = Ipeak X ¥, v is duty cycle. Where t (s) is electro-
deposition time, w; is the mass fraction of each metal (Ni or Cr), n; is the
number of electrons gained by each metal during the electrodeposition,
F is Faraday’s constant (96845 C mol’l), and M; is the molecular weight
of each metal (g mol™1).

2.3. Microstructure characterization

The microstructure and elemental composition of Ni and NiCr elec-
trodeposited specimens were characterized by a scanning electron mi-
croscope (SEM, FEI Quant 250F, USA) equipped with an energy
dispersive spectroscopy (EDS). The phase composition was analyzed by
a Bruer D8 X-ray diffractometer. XRD patterns were recorded between
20° and 100° with a scan rate of 2° min~!. The morphology of the wear
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scars was characterized by a laser confocal 3D profiler (SM-1000,
Applied Scientific Instrumentation, USA). The wear rate was calculated
according to the wear rate formula K [mm® /Nm] = V/(P x S), where V
represent the wear volume, P represents the applied load, and S denotes
the total sliding distance.

2.4. Mechanical properties and frictional behavior test

The Vickers microhardness was measured utilizing an HMV-G 21DT
under an applied load of 25 mN and a duration time of 15 s. At least
fifteen points were measured for each specimen. The friction tests at
room temperature were carried on a tribometer (UMT-II, Germany). The
sliding stroke and speed was set at 1 mm and 4 mm/s. Normal loads of 2
N and 10 N were applied in the wear tests. The ®6 mm Al;0O3 ball with a
microhardness of 1650 HV is selected as counterbody.

3. Results
3.1. Microscopic characters of electrodeposited coatings

The surface morphologies of the electrodeposited coatings are shown
in Fig. 2. The Ni coating exhibits a smooth and defect-free surface
(Fig. 2a and b). In contrast, the NiCr coating shows a characteristic
pattern of cracks that resemble a tortoise shell. These cracks are
observed to divide the coating into regions where small cracks do not
reappear. These cracks are typical of hard chromium coating and suggest
microstructural changes and potential stress concentrations within the
coating. In the process of NiCr electrodeposition, a large amount of
hydrogen was generated mainly because of the discharge of hydrogen
ions on the cathode, chromium hydrides (CrH and/or CrH) are formed,
resulting in the accumulation of internal stress in the coating [44]. As
hydride concentration within the grains increases, so does the internal
stress. When the stress concentration becomes too high, it can exceed the
mechanical strength of the coating, leading to crack formation [48,49].

We calculated the number of intersection points per unit line to
quantify the crack density [50]. The results indicate that crack density
escalates with an increase in Cr content (from 5.99 x 1073 pm’l to 2.23
x 1072 pm™1). Notably, despite variations in Cr content, the width of
these cracks remains consistent (100-400 nm). This finding suggests
that the width of the cracks is not directly correlated with the Cr content
in the coatings. Notably, in Fig. 2e-g, nodular deposits can be seen
within the NiCr coatings. Similar nodular deposits are often observed on
the surface of Cr coatings [36]. Fig. S2 shows further details on the
particles’ morphology.

Fig. 3 displays the cross-section views of the Ni and NiCr coatings.
The average thickness of each coating is about 184 pm, 4.5 pm, 4.5 pm,
and 18.1 pm, respectively. The NiCr coatings are thinner than the Ni
coating, attributable to the lower co-deposition efficiency of NiCr
compared to that of Ni electrodeposition. In Fig. 3b, 3c and 3d, inherent
cracks can be observed in the coatings. These cracks also present in the
pure Cr coatings [32]. Notably, these inherent cracks align with those
observed on the surface of the coatings in Fig. 2. These penetration
cracks are sites of severe stress concentration, leading to diminished
corrosion resistance [51].

Fig. 4 illustrates the surface morphology and corresponding EDS
mapping results of each coating, including element distribution images
and mass percentage. The EDS mappings indicate uniform distribution
of Ni and Cr ions throughout the coatings. According to the mass per-
centage given by EDS analysis, the coatings can be identified as follows:
Nij g0, Nigy.3Cra 7, Nigg ¢Cr3.4 and Nigs ¢Cr4 4. The Cr content of coating is
directly related to the pulse current density, assuming other conditions
remain constant. As the current density increases, the electric energy
used for metal deposition increases, the cathode polarization easier, and
the deposition speed of cr®t increases [35]. The cathode current effi-
ciency of each coating is 84.6%, 45.2%, 44.4%, 47.1%, according to
equation (1). It can be observed that Cr®" reduces cathode current
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Fig. 3. Cross-sectional micrograph for electrodeposition coatings: (a) Ni; (b) NiCr-1; (c) NiCr-2; (d) NiCr-3.

efficiency due to the more challenging electrodepositing process
compared to Ni2t. The higher current density, the higher cathode cur-
rent efficiency and the higher Cr content in coatings.

The XRD patterns indicate that the NiCr coatings contain only the
FCC phase (Fig. 5), indexed by the (111), (200), (220), (311) and (222)
peaks, and no typical peak of the BCC phase (Cr) appears in NiCr coat-
ings. The (111) plane shows the highest diffraction intensity from the
XRD patterns, indicating it as the preferential direction in the coatings.
The (220) plane, showing the lowest diffraction intensity, is not clearly
identifiable. According to the NiCr binary phase diagram, the Ni-rich
FCC phase has a very high (up to 50 at.% at 1345 °C) solubility of Cr,
which still remains comparatively high at 590 °C with about 32 at.%
[52]. The XRD analysis confirms that Cr atoms in the NiCr alloy coating
dissolve into the Ni matrix, forming a Ni-Cr solid solution. Furthermore,
the lattice parameter of the NiCr coatings is measured at 3.53 A. The fact
that all three NiCr coatings have the same lattice parameter value sug-
gests that the crystal structure remains consistent throughout the
different coatings. Additionally, the pattern of the coatings (Fig. 5)
displays a broad (111) peak due to the grain refinement.
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3.2. Friction and microhardness tests for electrodeposited coatings

The microhardness of the substrate, as-deposited Ni, and as-
deposited NiCr are shown in Fig. 6. The microhardness of the sub-
strate, Ni, NiCr-1, NiCr-2, NiCr-3 is 173 + 4 HV, 484 + 14 HV, 575 + 33
HV, 590 + 31 HV, 603 + 26 HV, respectively. The inset is morphology of
coatings after microhardness test. The length of diagonal of NiCr coat-
ings is approximately 9 pm and the depth is about 1.3 pm. The depth of
indentation is shallower than the thickness of NiCr coatings. The results
indicate that this enhancement in microhardness is attributed to the
presence of the deposited materials (Ni or NiCr) on the substrate surface.
Specifically, the incorporation of Cr into the Ni matrix results in solid
solution strengthening, thereby increased the microhardness. The cor-
relation between current density, Cr content, and the microhardness of
the coatings will be discussed later.

At lower current densities during the electrodeposition process, the
co-deposition efficiency of Ni and Cr is relatively low, resulting in
thinner NiCr coatings (Fig. 3). Therefore, only NiCr coating with a
thickness of 18 ym was selected for the friction test. Fig. 7a shows the
variation in the coefficients of friction (COF) with sliding time for
different coatings under 2 N and 10 N normal loads. At the initial stage
of friction, the COF of all three samples rapidly increases and exhibits
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Fig. 4. SEM micrographs and EDS mappings of electrodeposition coatings: (a) Pure Ni; (b) NiCr-1; (c) NiCr-2; (d) NiCr-3.
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Fig. 5. X-ray diffraction patterns of electrodeposition coatings.

significant fluctuation. Subsequently, the COF of the Ni coating gradu-
ally stabilizes. As the normal load increases from 2 N to 10 N, the COF of
both Ni and NiCr coatings decreases. The COF of the NiCr coating under
the 10 N load shows considerable fluctuation, attributed to the presence
of inherent surface cracks. During the sliding process, these cracks will
experience stress concentrations, leading to fracture or separation of the
coating from the substrate and causing larger variations in the COF. In
contrast, the COF of substrate increases with normal load. Then the
average COF of all samples was counted. The results are shown in
Fig. 7b, the average COF of Ni coating is 0.235 and 0.228 under the
normal loads of 2 N and 10 N, respectively. The average COF of NiCr
coating is 0.306 and 0.254 under normal loads of 2 N and 10 N. In
general, the COF of all samples indicates that the substrate and the
coatings exhibit distinct frictional behavior.

Fig. 8 shows the 3D profiles of wear surface morphologies for the
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substrate and the coatings. It is observed that both the depth and width
of the wear tracks increase with increasing normal load, exhibit an in-
crease. The shallow and narrow wear tracks of Ni coating (2 N) and NiCr
coating (2 N and 10 N) correspond to their low specific COFs. It is noted
that there is the obvious pile-up of wear debris on the edge of the sub-
strate, but no obvious pile-up on the coatings. Analyzing the 3D profile
of the wear tracks enables the measurement of cross-sectional areas,
which can then be used to calculate the wear rate.

The depth of the wear tracks and the wear rates are plotted in Fig. 9a
and b. Under the normal load of 2 N, the wear track depths of all samples
are comparable, measuring around 2 pm. The substrate exhibits the
highest depth of 5 pm under the normal load of 10 N. While the depth of
the wear tracks of Ni and NiCr coatings remains relatively unchanged
and stays around 2 pm. From Fig. 9b, it is apparent that the increasing
normal load within the sample leads to an increase in the Vyear.
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Fig. 6. Microhardness of substrate and electrodeposition coatings.

Comparing the three samples, it is evident that the substrate exhibits the
highest Vyeqr and wear rate. Notably, the wear rates for the Ni and NiCr
coatings are relatively consistent under varying loads. According to
Archard’s equation, higher microhardness generally indicates better
wear resistance. Since the microhardness of the Ni and NiCr coatings is
greater than that of the substrate (Fig. 6), the coatings exhibit better
wear resistance.

Fig. 10 shows the wear surfaces of both the substrate and the coat-
ings. Fig. 10a shows that after friction under the normal load of 2 N, the
wear tracks of the substrate display the morphologies including peeling
and abundant shallow grooves along the sliding direction (SD) accom-
panied with some vertical cracks. In addition, the width of the wear
tracks is only 193 pm. As the load increases to 10 N, the wear track width
doubles to 430 pm (Fig. 10b). In addition, the crack density increases
with the incremental load. The observation of stratification in the wear
tracks suggests that the primary wear mechanism of the substrate is
delamination wear.

The width of the wear tracks of the Ni coating measures 177 pm and
355 pm under the normal load of 2 N and 10 N. From Fig. 10c and d, it
can be observed that the microscopic morphology of wear tracks of the
Ni coating under different loads exhibits similar characteristics, indi-
cating an abrasive wear mechanism.

Fig. 10e and f shows the morphologies of the wear tracks of NiCr
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coatings under the normal load of 2 N and 10 N, respectively. The width
of the wear tracks of the NiCr coating measures 103 pm and 277 pm
under the normal load of 2 N and 10 N. The wear surfaces of NiCr
coating at different loads show grooves and cracks. However, Fig. 10el
and 10f1 provide a local magnification area of the wear track, it is
observed that apart from the existing inherent cracks in NiCr coating,
new micro-cracks appear along the periphery of the inherent cracks after
friction. It is clear that abrasive wear is the main mechanism and the
corresponding sub mechanisms are micro-cracks.

Fig. 11 shows the EDS mappings of the wear surface after friction
under the normal load of 2 N and 10 N. In Fig. 11, the wear surface could
be divided into the bright and dark regions which are recognized as the
nonoxidation and oxidation zones (see the EDS mappings of oxygen
element). Some thin plate-like peels along the SD could be found in the
oxidation zones. Additionally, the areas experiencing deformation at the
edges of the wear tracks may undergo a certain degree of oxidation
before spalling occurs. Notably, there exists some scratches on the NiCr
coating under 2 N load (Fig. 11e). An enrichment of oxygen and
aluminum is observed on the NiCr coating. The enrichment is speculated
to be the residue of the AlyO3 counterbody. The distribution of other
elements of all samples remained relatively uniform throughout the
wear process.

In general, the NiCr coating including higher COF and lower wear
tate compared to 30CrNiMo steel under identical conditions. The higher
COF means the system can stop the strain at shorter time and distance,
the lower wear rate indicates longer serve life. The larger the current
density, the higher the crack density, the smaller the grain size, the
higher the microhardness, which lead to better wear resistance. The
electrodeposition baths for the NiCr coating utilized a borader range of
current densities than those for the Ni coating. Moreover, the presence of
solid Cr atoms bolsters the microhardness and wear resistance of the
NiCr coating. The NiCr coating does not easily occur to dislocation,
deformation and delamination, but easily occurs to plough during fric-
tion test. According to Archard’s equation, higher microhardness
generally indicates better wear resistance. In this study, the NiCr coating
exhibits superior microhardness compared to both the Ni coating and
30CrNiMo steel. The tribomechanical properties of the Ni coating and
30CrNiMo steel was increased by the included Cr element. The crack
density has no significant effect on the performance of NiCr coatings.

4. Discussion
Occasionally, wear is not in accordance with the friction. The wear

rate of NiCr coating is lower than that of Ni coating, yet the COF of NiCr
coating is higher. A plausible explanation for this phenomenon is the

Substrate Ni NiCr

Fig. 7. (a) Variation of COF with times under different normal loads; (b) the average COF value of substrate and coatings under different normal loads.
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Fig. 8. The 3-D profiles for wear surface morphologies of the substrate and coatings: (a, al) Substrate; (b, b1) Ni; (c, c1) NiCr-3.
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Fig. 9. (a) Cross-sectional profiles of wear surfaces under different normal loads; (b) wear volume and wear rate under different normal loads.

greater resistance of NiCr coating to plastic deformation. According to
Archard’s equation, higher microhardness generally indicates better
wear resistance. The increase in COF of the NiCr coating may result from
unstable Al;Os-to-NiCr contact due to microcracks.

It is well-established that grain refinement and the pinning effect of
solid solution atoms significantly improve the mechanical properties of
metals. These two strengthening mechanisms also enhance the proper-
ties of electrodeposition coatings. In the context of alloy electrodeposi-
tion, elevated current densities thermodynamically promote grain
nucleation, leading to the formation of submicron or even nano-
crystalline structures [53]. Herein, the grain sizes of different electro-
deposition coatings were calculated by Scherrer’s formula [54]. The
grain size of Ni, NiCr-1, NiCr-2, NiCr-3 coating are 15 nm, 10 nm, 11 nm,
10 nm, respectively. Based on EDS and XRD analysis results, none BCC
chromium phase was formed in the NiCr coatings, indicating that the Cr
atoms are well solid-solved in the Ni matrix. Consequently, two
strengthening mechanisms contribute to the microhardness of NiCr
coatings, as shown below [55,56]:
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H=H,+ Ao, + Aogp 2
where H is the microhardness, Hy is the microhardness of Ni single
crystal; Ao is solid solution strengthening; Acgp is grain refine
strengthening.

The dissolved of Cr atoms causes lattice distortion and inhibits the
dislocation movement, which can be expressed as follows:

Aoy, =HC" 3
where C is the concentration of solid solution Cr in Ni matrix, which was
obtained by the averaging of various EDS mapping analyses in NiCr
coatings (as shown in Fig. 4); H and n are constants. According to Matsui
etal., nis 2/3 [57]. The calculated Aoy for NiCr coatings with different
Cr contents are listed in Fig. 12a. Considering the contribution of grain
refinement, smaller grains result in an increased density of grain
boundaries, which effectively inhibit dislocation movement during the
deformation process. The contribution of grain refinement to
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microhardness can be described by the Hall-Petch formula [58]:
Aoy =ky_pd )

where kg p is the Hall-Petch slope; d is the grain size. A linear fit was
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computed for all data in Fig. 12b, the line shown to intersect the data
gives the slope ky_p = 1622 HV nm'/2 The calculated theoretical
microhardness of coatings corresponding to formula (2) are shown in
Fig. 12c. Notably, except for NiCr-1, there is a close alignment between
the experimental and theoretical microhardness of NiCr coatings.
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Between the two strengthening mechanisms, grain refinement plays a
more significant role in enhancing microhardness. This finding not only
provides a solid theoretical foundation but also underscores the practical
benefits of incorporating Cr into Ni-based coatings to improve me-
chanical properties.

5. Conclusions

In this research, by changing the chemical composition, current
density and temperature, Ni and NiCr coatings were successfully pre-
pared on 30CrNiMo steel by pulsed current electrodeposition. The
microstructure, microhardness, and wear properties of Ni and NiCr
coatings were studied. The main results are as follows:

(1) The formic acid and sodium citrate can effectively accelerate the
co-deposition of Ni and Cr, facilitating the formation of a NiCr
alloy coating on 30CrNiMo steel. Elevating the current density
from 200 mA/cm? to 300 mA/cm? leads to an increase in the Cr
content within the NiCr coatings, which varies between 2.6 and
4.4 wt%. The electrodeposited NiCr coatings exhibit a network
morphology typical of hard Cr coating, which generate cracks
during the electrodeposition due to the formation of chromium
hydrides.

The XRD analysis reveals that the NiCr coatings consist of Ni
(FCC) single-phase, suggesting the incorporation of Cr element
into the NiCr coating as solid solution atoms. Consequently, a Ni-
Cr solid solution is established. The grain sizes of the NiCr coat-
ings, as determined by XRD, are approximately 10 nm, 11 nm and
10 nm.

Both Ni and NiCr coatings exhibit significant improvements in
wear performance of 30CrNiMo steel substrate. The addition of
Cr element further enhances the wear resistance of the coating
(Under a normal load of 10 N, the wear rate is reduced from 3.7
x 1075 to 1.7 x 107% mm>/N-m).

The addition of Cr and grain refinement increases the micro-
hardness of the coatings (from 484 HV to 603 HV). Grain
refinement strengthening and solid solution strengthening
contributed to the higher hardness of the NiCr coatings compared
to Ni coating, and the grain refinement strengthening was mainly
strengthening mechanisms.

(2

(3)

(€))

3592

(5) The NiCr coating is a potential candidate for the brake disc pro-
tective coating or replacement for hard chromium coating as far
as wear resistance is concerned.
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