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Abstract: Electroless nickel composite coatings have the potential for high-temperature tribological
applications, and a combination of high wear resistance and low friction factor is one of the desirable
solutions but still a tricky problem. The addition of self-lubricating WS, and hard SizN4 nanoparti-
cles to the Ni-P coatings is expected to obtain good high-temperature tribological performance. In
this work, Ni-P-SizNy4-WS, composite coatings with various contents of WS, nanoparticles were
prepared using electroless plating and subsequently annealed at 400 °C in an inert atmosphere.
The tribological properties of the coatings were evaluated using a ball-on-disc wear instrument at
operating temperatures from 25 to 600 °C. The microstructure, chemical composition, and surface
morphology of the coatings were characterized by X-ray diffractometry (XRD), energy disperse
spectroscopy (EDS), and scanning electron microscopy (SEM). Upon increasing the WS, dosage in
the bath, the WS, content in the coating increased and the micro-hardness of the as-plated coating
increased from 539 to 717 HV. After heat treatment, the coating underwent a crystallization pro-
cess, and the hardness increased from 878 to 1094 HV. The main wear mechanism of the coating
changed from adhesive wear in the as-plated state to abrasive wear in the annealed state. The
annealed Ni-P-Si3Ny-WS, coating with a WS, dosage of 2.5 g/L in the bath exhibited excellent
mechanical properties, with a hardness of 10.9 GPa, a friction coefficient of ~0.51, and a wear rate of
8.4 x 1071 m®N~1.m~! at room temperature, and maintained optimal performance at high temper-
atures. At operating temperatures of 200, 400, and 600 °C, the form of wear was adhesive wear for
coatings with a WS, dosage <1.5 g/L and abrasive wear for coatings with a WS,
dosage >1.5 g/L. The synergism of WS, and Si3Ny particles refined the grains of the Ni-P ma-
trix in as-plated coatings and obviously reduced the friction coefficient of friction pairs in annealed
coatings at all operating temperatures.

Keywords: composite coating; nanoparticles; nickel phosphorus alloy; electroless plating; friction;
high temperature wear

1. Introduction

As a coating method, electroless plating has been widely used in electronics, auto-
mobiles, the chemical industry, aviation, and other industrial fields because of its simple
processing conditions, uniform coating thickness, good wear, and corrosion resistance [1,2].
At the same time, electroless plating has good applicability. The coatings can be deposited
on the surface of pretreated nonmetallic materials, such as spherical SiO, [3] or carbon
nitride [4]. Ni-P electroless coatings were the first widely used electroless coatings due to
their good wear resistance and corrosion resistance, which is related to their P content [5].
Furthermore, electroless nickel plating could be used on zirconia ceramic for hip replace-
ment joints. However, the properties of traditional Ni-P electroless coatings cannot meet
people’s other needs in the technologically progressing world.
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In recent decades, scholars have successfully developed two methods to obtain elec-
troless composite coatings. One is the co-deposition of other metal cations with Ni ions
in a bath, to achieve multielement electroless coatings, such as Ni-Cu-P [6], Ni-Mo-P [7],
and Ni-W-P [8,9] coatings. The other is the incorporation of micro- or nanoscale particles to
simple Ni-P coatings, such as hard particle SiC [10], B4C [11], Al,O3 [12], SizNy4 [13,14], soft
particle CeO; [15] and WS, [16] to enhance the wear resistance, corrosion resistance or self-
lubricating properties of the coatings. In addition, the catalytic performance of electroless
composite coatings, such as Ni-Co-P [17] and Ni-P-CuO [18] coatings, were also involved.
To satisfy the increasingly severe demand for various tribological applications, two or more
kinds of particles have been added into the bath to further improve the coatings’ tribo-
logical performance, such as Ni-P-Al,O3-WS; [19], Ni-P-ZrO,-CeO, [20], and Ni-B-W-5iC
coatings [21]. These studies have explored the effect of different nanoparticles on the wear
behavior of nickel phosphorus coatings at room temperature well. Additionally, it is helpful
to establish a computational wear model of thick composite coatings. The computational
simulation approach to tribological investigation has been well developed for the friction
pairs served at room temperature, such as for artificial joint prosthesis [22-24], and exhibits
obvious advantages in low cost, great efficiency and wide applicability compared to the
traditional experimental testing.

However, there are still many applications that require the coatings to work at high
temperatures. High temperature is a harsh condition for most friction applications, the
oxidation and deformation of the coatings are remarkably larger than those of room
temperature during wear process, and the generation rate, the removal rate of thin oxide
layers and the corresponding effects are hardly simulated; therefore, experimental testing is
still a realistic approach to the investigation of high temperature tribological properties of
the coatings. Whenever friction components are operated at high temperatures or suffer a
considerable rise in temperature due to a high-speed and heavy-load condition, traditional
lubricating media such as liquid lubricants will decompose quickly and are no longer
effective [25]. A good way to solve this problem is using solid lubricants [26], such as
MoS;, WS,, graphite, or hexagonal boron nitride (hBN) [27], and many studies have been
performed to improve the high-temperature wear resistance of the Ni-P based coatings.
For example, Zhen Li et al. investigated the friction properties of a Ni-P-MoS; composite
coating at 25 to 600 °C [28], and the best tribological properties of the composite coating
were obtained at 400 °C. Sanming Du et al. found that a Ni-P-MoS,-CaF, composite
coating has a stable friction coefficient at 200 to 570 °C [29]. As two solid lubricants were
combined into a composite material, they provided effective lubrication over a broad range
of temperatures. However, the hardness of the coating was relatively low, possibly due
to the two soft phases, and the coating had a high friction coefficient and high wear rate
at room temperatures. Seyma Urdem et al. studied the wear behavior of the NiB-Al,O3
coating at high temperature [30]. The effects of Al,O3 addition and temperature on the
tribological process of the coatings was explained. Due to the incorporation of Al,O3 hard
particles, the coating has a hardness of 1260 HV but a high friction coefficient at 600 °C.
Generally, electroless nickel composite coatings have the potential for high-temperature
applications after incorporating specific nanoparticles [31].

In recent years, WS, has attracted more attention in tribological applications because
it has similar self-lubrication properties comparable to MoS; and is resistant to oxidation
up to approximately 450 °C (350 °C for MoS;) [32], providing the potential to improve the
high temperature properties of the Ni-P-TMS (Transition Metal Sulfide)-based composite
coating. In this work, we introduced the hard nanoparticle Si3Ny and self-lubricating
nanoparticle WS, to the Ni-P coating, avoiding a low hardness of composite coatings with
two soft lubricants [29]. The effects of the co-addition of SizN; and WS, nanoparticles,
heat treatment and service temperature on the tribological behavior of the Ni-P-Si3N4-WS,
composite coatings were investigated. The synergetic effect between WS, and Si3sN4 and
the wear mechanism of the coatings were also discussed. The obtained results will provide
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the basic data for the computational simulation of high-temperature wear properties of
composite coatings.

2. Materials and Methods
2.1. Preparation of Composite Coatings

(Q235A steel plates were used as the substrates, and the size was 20 mm x 25 mm X 2 mm.
Both the SizN; and WS, nano-powders are commercially available (Bisili new materials
Co., Ltd. SuZhou, China), with an average particle size of ~100 nm. Before deposition,
the steel disks were ground using 1000-grade SiC abrasive paper. Then, the substrates
were degreased in alkaline solution. After being rinsed with deionized water, they were
activated in approximately 10% HCI solution. The components of the plating bath and the
operating parameters used in the experiments are shown in Table 1. The Si3N4 dosage was
fixed at 5.0 g/L based on the optimal value for the tribological performance of Ni-P-Si3Ny
coatings. Figure 1 shows the specific process.

Table 1. Components of the electroless plating bath.

Components of the Bath Dosage (g/L)
Nickel sulfate 25
Sodium hypophosphite 30
Sodium citrate 15
Sodium acetate 15
Glycine 5
Succinic acid 5
Stabilizer Appropriate dosage
SizNy powders 5.0
WS, powders 0,0.5,1.0,1.5,2.0,2.5

Operating conditions: bath temperature of (80 + 2) °C; pH value of (4.4-4.8); plating duration of 2 h.

substrate rinse . . rinse activation in

(size 20mm X 25 grind and polish alkzlme so.lutlon hydrochloric

mm X 2 mm) CgIeasing acid

rinse
adding

weighing WS, and surfactant and btk electroless

SizN, powder ultrasonically = plating

dispersed

Figure 1. Preparation process of composite coatings.

The plating bath was prepared according to its formula. Then, the required mass of
WS; and SizN4 powders were weighed and ultrasonically dispersed in 20 mL of distilled
water with an appropriate amount of surfactant for 15 min. After the pretreatment of
the substrates was finished, the prepared suspension of nano-powders was added to the
plating bath within 1 min at a uniform rate. Subsequently, the substrates were immersed
in the bath for plating. Mechanical stirring was used with a fixed speed of 250 rpm, and
the plating duration was 2 h. During the plating process, the pH value of the bath was
adjusted with a dilute sulfuric acid solution (1 mol/L) every 20 min. Finally, six groups of
samples with different WS, contents were prepared. For the purpose of comparison, a pure
Ni-P coating and a Ni-P-WS, coating (WS, dosage = 2.5 g/L in bath) were also prepared.

For all the samples, a post-annealing process was conducted in an argon gas atmo-
sphere with a temperature of 400 °C and a duration of 1 h.

2.2. Characterization and Wear Test

The phase structure of the samples was analyzed by an X-ray diffractometer (X'Pert
PRO, Nalytical company of Almoro, The Netherlands) in the diffraction angle range of
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10°~80° with a scanning speed of 2° /min. The operating parameters of the X-ray tube were
as follows: Cu target, K« radiation (wavelength = 0.15406 nm), and working voltage of
40 kV, working current of 40 mA. The surface morphology of the samples was observed
using a scanning electron microscope (Nova Nano 450, FEI company of Hillsboro, OR,
USA) with an accelerating voltage of 15 kV. The chemical composition of the samples
was analyzed using an energy dispersive spectrometer (QUANTAX EDS, BRUKER of
Billerica, MA, USA) equipped with a scanning electron microscope, and an average of
5 measurements was used.

The hardness of the samples was measured using a Vickers hardness tester (HX-
1000TM, Shanghai Lidun Instrument Testing Technology Co. LTD, Shanghai, China) with a
load of 0.98 N and a holding time of 15 s. The thickness of the coating was measured by
observing the sample’s cross-section with a metallographic microscope (BX51M, OLYMPUS
of Tokyo, Japan), and was reported at 17.0, 16.6, 15.8, 15.5, 14.9, 14.5 pm with an increased
WS, dosage. Ni-P and Ni-P-WS; coatings had thicknesses of 22.0 and 12 um. The tribologi-
cal property of the coating was tested using a ball-on-disc tribotester (HT-600, Lanzhou
Zhongkekaihua company of Lanzhou, China). The sample was used as the friction disc,
and a polished silicon nitride ceramic ball (diameter in 3 mm, hardness in HV1200) was
used as the counterpart. The normal load was 1.96 N and the test duration was 15 min. The
test was carried out at room temperature (25 °C), 200, 400 and 600 °C. Each tribological test
was repeated 3 times. After the wear test, the cross-sectional profiles of the wear track were
measured using a surface profiler (Dektak 150 Surface Profiler, Veeco company of New
York, New York, NY, USA) at 5 random positions, then the wear volume was calculated
by integrating the worn profile along the whole wear circle, and the average was used
as the wear volume of the sample. The specific wear rate was obtained by the formula:
Wear rate = Wear volume/(Normal load x Sliding distance).

3. Results and Discussions
3.1. Microstructure of the Coatings

Table 2 shows the chemical composition of the coatings, including the elements of Ni,
P, Si, N, W, S, and a certain amount of O. Because the peak position (related to X-ray photon
energy) of the S element is relatively close to that of the N element for EDS detection, a
resulting content error of S and N element occurred to some extent. Therefore, the contents
of WS, and Si3Nj in the coatings were subject to the W and Si elements, respectively. It can
be seen from Table 2 that, as WS, dosage in the bath increased, W content in the coatings
increased and Si content decreased gradually, indicating an increased WS, and decreased
SizNy4 content in the coating. However, the content of WS, tended towards a constant in the
WS, dosage range of 2.0-2.5 g/L. According to these data, the Ni/P mass ratio (wx;/wp)
of Ni-P-5i3Ny-WS; coatings was calculated and ranges from 9.33 to 10.73, larger than those
of single Ni-P (wyj/wp = 8.87) and Ni-P-WS; coatings (wyji/ wp = 8.05), indicating a lower
P content of Ni-P matrix in Ni-P-Si3N4-WS, coatings. Compared with the other samples,
the Ni-P-WS; coating presents a higher content of O, which is probably due to the heavy
adsorption of oxygen on the surface of the coating.

Table 2. Chemical composition of Ni-P, Ni-P-WS; and Ni-P-SizNy4-WS, coatings (mass fraction).

Ni-P-Si3Ns-WS,

Element Ni-P Ni-P-WS, 0g/L 0.5g/L 1.0g/L 15g/L 20g/L 25g/L
Ni 893+22 81.0+21 718+18 751419 768+19 759+19 753+19  759+19
p 101403 100+£03 77403  70+03  74+03 73403  71+£03  71+03
i ] - 124403 88+03 82403  80+03  76+03 74403
N ; ; 71413  75+14 59409  62+10  61+09 56408
5 ; 1.0 £0.1 - 01401 01401  03+£02  04+02  05+02
w ; 32401 ; 04+01  06+01  13+01 25401  2540.1
0 06402  48+02 10402  09+02  10£02  10+02  10£02 08402
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Figure 2 shows the SEM morphology of the as-plated samples recorded by a secondary
electrons (SE) detector and a back-scattered electrons (BSE) detector. In Figure 2a, the
surface of the Ni-P coating was relatively flat with distinguishable pinholes (corresponding
to the black spots), and the size of the lumps was large (2-15 um). However, the morphology
of Ni-P-SizsNy4-WS, coatings (Figure 2b—d) consisted of many fine lumps (1-2 pm in size)
and black dots. According to the results from the EDS analysis, the black dots in Figure 2b—d
correspond to SizsNy particles. Furthermore, WS, particles in the Ni-P-5i3Ny-WS; coatings
are not easy to distinguish, which is probably due to their low content. Figure le shows
the backscattered electron (BSE) image corresponding to Figure 2d, in which the SizNy
particles (black part) were evenly distributed, while the bright white part (marked with
white circles) corresponds to WS; particles. As for the Ni-P-WS; coating, its morphology
appears different from that of the other coatings; many loosely aggregated grains lie on the
surface of the Ni-P matrix, consequently promoting the heavy adsorption of oxygen on the
coating’s surface. The reason for this phenomenon can be attributed to the change in the
growth environment of the Ni-P matrix due to the addition of WS, particles. WS, particles
were not only embedded in the Ni-P matrix directly, but also well-coated with Ni-P alloy
and then deposited on the coating’s surface. Most notably, after Si3N,; nano-powders were
added to the bath, the lump size of the Ni-P matrix remarkably decreased, suggesting a
considerable grain refinement in the microstructure. A possible mechanism is that the
Si3Ny particles attached or embedded on the surface significantly blocked the growth of
the Ni-P lumps [14].

Figure 3a shows the XRD patterns of the as-plated coatings. There was a diffuse peak
at about 45° for each sample, very similar to those of typical amorphous Ni-P alloys with
a phosphorus mass fraction higher than 8% (i.e., wni/wp = 11.5) [33]. The peak at 26
of 14.32° corresponded to the WS; (002) plane, and the rest were the peaks of the (101),
(110), (200), (201), (102), and (210) planes of SizN4. With the increase in WS, dosage, Si3Ny
and WS, phases in the coatings maintained a crystalline structure, and the Ni-P matrix
remained amorphous. The formation of an amorphous Ni-P matrix is easily understood,
because each sample in this work presented a wyj;/ wp value less than 11.5; for example, the
phosphorus content of the Ni-P matrix was higher than 8%. After annealing at 400 °C, Ni3zP
and Ni phases appeared in the samples (see Figure 3b), indicating that the crystallization
reaction occurred in the amorphous Ni-P matrix [34,35], while the peaks of WS, and Si3Ny
still existed, indicating that the two kinds of nanoparticles had good thermal stability
without obvious structural transformation or decomposition [36]. The other Ni-P-SizNy-
WS, coatings exhibited a similar crystallization reaction, as well.

3.2. Mechanical Properties

Figure 4 shows the dependence between the micro-hardness of the coatings and the
WS, dosage in the bath before and after heat treatment. At the as-plated state, the hardness
of the Ni-P coating was 4.6 GPa, while the Ni-P-WS, coating demonstrated a relatively lower
hardness (3.6 GPa), the possible reason for which can be attributed to a loose morphology
of the Ni-P-WS; coating (see Figure 2f) and the low strength of WS, particles, causing
the coating’s strength to decrease. When Si3N4 and WS; particles were simultaneously
added to the bath, the hardness of the Ni-P-SizNy-WS; coating was remarkably higher than
that of the Ni-P-WS, coating, which is mainly due to the high strength of SizsNy particles.
Furthermore, with the increase in WS; dosage, the agglomeration level of WS; particles
on the coating’s surface decreased, and the microstructure of the coating became finer.
Therefore, the synergism of SisN4 and WS; powders made the coating denser and the
microstructure finer, so the hardness of the coating showed an upward trend and reached
the highest value of 7.2 GPa at a WS, dosage of 2.5 g/L. The fine-grain strengthening effect
played a main role in the progressive increase in the coating’s hardness.
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Figure 2. Surface morphologies of as-plated coatings: (a) Ni-P (SE); (b) Ni-P-Si3Ny (SE); (c) Ni-P-
Si3Ny-WS;,, 1.5 g/L (SE); (d) Ni-P-Si3Ny-WS;, 2.5 g /L (SE); (e) Ni-P-Si3Ny-WS;, 2.5 g/L (BSE), WS,
particles in white circles; (f) Ni-P-WS,, 2.5 g/L (SE).

a : b . }
( ) *+WS, ¥ Si;N, Ni-P-Si;N,-WS, ( ) | #WS, YSi;N, eNi,P v Nij
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Figure 3. XRD patterns of Ni-P based coatings with various WS, dosages in bath: (a) as-plated;
(b) annealed.
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Figure 4. Dependence of the hardness of Ni-based coatings with WS, dosage in bath.

After annealing, the hardness of each coating greatly improved, and the Ni-P-SizNy-
WS, coating with a WS, dosage of 2.5 g/L exhibited the highest hardness at 10.9 GPa.
This can be attributed to the crystal transformation of the amorphous Ni-P matrix during
annealing; a large number of NizP particles were precipitated and uniformly dispersed
in the Ni solid solution, remarkably hindering the dislocation movement and inhibiting
plastic deformation. At the same time, WS, and SizNy particles embedded in the coating
played the role of pinning during the transformation of the amorphous Ni-P matrix, which
made the grain size smaller after crystallization and thereby provoked a more prominent
effect of fine-grain strengthening.

Figure 5a shows the mean friction coefficient (operated at room temperature) of the
coatings before and after heat treatment, and both cases demonstrate a downward trend
with increasing WS, dosage. In the as-plated state, the fact that the friction coefficient of
the Ni-P-5i3Ny-WS; composite coating is always lower than that of the Ni-P coating (=1.17)
indicates that the addition of SisN4 and WS; nano-powders is conducive to reducing the
coating’s friction coefficient, and thus effectively decreases the shear force applied on the
coating in the wear process. Because the surface of the pure Ni-P coating is relatively flat
and the normal load is relatively large (the load produces a theoretically calculated Hertz
contact stress of ~1.52 GPa with the relevant parameters of an elastic modulus of Si3Ny
~385 GPa, an elastic modulus of Ni-P alloy of ~200 GPa, and Poisson’s ratio of 0.3 for both),
the actual contact area of the tribo-pair is large. After Si3Ny particles were added to the
Ni-P matrix, the Si3Ny4 phase of high hardness played a supporting role in the coating
and reduces the actual contact area, so the friction coefficient decreased [37]. After WS,
particles were added, WS, particles played the role of self-lubrication when in contact
with the friction ball, and the friction coefficient of the coating decreased significantly with
the increase in WS, content. After annealing, the friction coefficient of Ni-P-SizNy-WS,
coating was significantly lower than that of the as-plated coating; the main reason is that
the precipitation of the Ni3P phase improves the coating’s hardness and reduces the actual
contact area of the tribo-pair. Notably, the friction coefficient of the Ni-P-Si3N4-WS, coating
decreased rapidly when the WS, dosage exceeded 1.0 g/L and reached the minimum value
of 0.51, slightly higher than the friction coefficient (=0.43) of the Ni-P-WS, coating at a WS,
dosage of 2.5 g/L, suggesting that the addition of Si3N, particles at a dosage of 5.0 g/L to
the Ni-P-WS, coating only slightly increased the coating’s friction coefficient. Therefore,
the friction-reduction action of WS, particles and the synergism of WS; and SizNy particles
are more pronounced.
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Figure 5. Dependence of the friction coefficient of Ni-based coatings on WS, dosage in bath: (a) at room
temperature and (b) at 200, 400, and 600 °C (the data at R.T. are also included for comparison).

Figure 5b shows the mean friction coefficient of the annealed coatings at operating
temperatures of 200, 400, and 600 °C. The downward trend is consistent with that of the
coating operating at room temperature, and the friction coefficient reached its minimum
value at a WS, dosage of 2.5 g/L. It has been proved that the WS, particles still main-
tain lubrication in the friction process at high temperatures. The friction coefficient of
the Ni-P-Si3sN4-WS, coating at 200 and 400 °C is higher than at 25 °C. The main reason
is the decreased hardness of the coating with an increased operating temperature, and
the increase in the actual contact area between the ceramic ball and the coating, which
increases the friction coefficient. It is worth noting that the friction coefficient of the coating
reaches a minimum value at 600 °C. The main reason is that the coating becomes softer at
600 °C, leading to a lower shear strength, and a low-stress abrasive wear was found in the
friction pairs [30]. In addition, a low friction coefficient of the coatings is also related to the
lubrication effect of WS, nanoparticles at various operating temperatures.

3.3. Wear Behavior at Room Temperature

Figure 6 shows the SEM surface morphology of the as-plated coatings after wear tests
were carried out at room temperature. In Figure 6a, the scratch contour produced by the
plowing of a ceramic ball is clear on the surface of the Ni-P coating. There are some peeling
pits of wear debris in the wear mark area, and the furrow and adhesion effects of the sample
are obvious, suggesting a typical adhesive wear characteristic. Compared with the Ni-P
coating, the scratches on the Ni-P-WS; coating’s surface (Figure 6f) are relatively finer, the
wear mark is much wider, and more debris is accumulated. In Figure 6b—e, the wear debris
is paved on the coating’s surface under the rolling of the ceramic ball (spalling occurs in
local areas due to poor adhesion of the debris to the coating’s surface), and almost no coarse
scratches are observed. The form of wear is mainly adhesive wear, with a polishing effect of
nano-particles, which is the result of the synergetic action of WS, and SizNy4 nanoparticles.
When in contact with the counterpart ball, the particles that were loosely bonded to the
coating’s surface first fell off. After the WS, particles peeled off, they spread on the coating’s
surface to form a lubricating layer, while Si3sNy played the role of abrasive polishing as a
hard phase. The synergetic action of the two phases enhanced the friction performance
of the coating [38]. Table 3 shows the chemical composition of the area of the wear mark
(labeled with a white box in Figure 6). Compared with the original surface of the coating,
the oxygen content in the wear mark area increased significantly, indicating that there was
a lot of Ni oxide at the wear mark after wear tests, due to the tribo-chemistry effect in an
ambient atmosphere.
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408um

Figure 6. Surface morphology of the wear scar of the as-plated coatings at low magnification (left)
and high magnification (right), the dotted frame means the scanning area of Table 3: (a) Ni-P;
(b) Ni—P-Si3N4,‘ (C) Ni-P—Si3N4-WSz, 0.5 g/L, (d) Ni—P-SigN4-WSz, 1.5 g/L, (e) Ni—P-Si3N4-WSz,
2.5 g/L; (f) Ni-P-WS,.
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Table 3. Chemical composition of wear mark (mass fraction).

Ni-P-Si3Ny-WS,

Element Ni-P 0.5g/L 15g/L 2.5g/L

Ni 77.3 70.1 50.3 54.6
P 8.0 5.8 44 42
o 12.7 16.8 333 326
si 05 3.6 85 53
N 0.6 15 2.0 14
S ; 0.1 0.1 0.2

; 0.7 12 15
Fe 0.9 14 0.2 0.2

Figure 7 shows the SEM wear morphology of the annealed coatings. Compared with
that of the as-plated coatings, the area of the wear mark is smoother, with fewer cracks and
plowing marks. The wear mechanism is mainly an abrasive polishing effect. Due to the
obvious increase in the hardness of the annealed coating, the actual contact area between
the coating and the ceramic ball became smaller during the friction process. Therefore,
the depth and width of the wear mark are smaller than those of the as-plated coating,
suggesting a better anti-wear property of the annealed coating. In addition, a large number
of original surfaces appear in the wear mark area (marked with white arrows in Figure 7c—e),
further proving that relatively slight wear occurred in the annealed coating.

Figure 7. Cont.
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Figure 7. Surface morphology of the wear scar of the as-plated coatings at low magnification (left)
and high magnification (right) (white arrow means original surface): (a) Ni-P; (b) Ni-P-SizNy; (c) Ni-
P-Si3N4-WSZ, 0.5 g/L, (d) Ni—P-Si3N4-WSz, 15 g/L, (e) Ni—P—Si3N4-WSz, 2.5 g/L, and (f) Ni-P-WSz.

3.4. Wear Behavior at High Temperature

Figure 8 shows SEM images of the wear tracks of the coatings at operating temper-
atures of 200, 400, and 600 °C. Obviously, the width of the wear track of the coating is
closely related to the operating temperature. Due to the rise in operating temperature, the
softening of the substrate and coating led to a decrease in hardness and then an increased
contact area of the friction pairs. Severe adhesive wear of the Ni-P coating occurred at high
temperatures, and at 600 °C there were pits at the wear track and the form of wear was
gluey wear. As a result, the coating exhibits a wider wear track at higher temperatures.
In Figure 8, Ni-P and Ni-P-Si3Ny-WS; (0.5 g/L) coatings show a wider wear track than
Ni-P-Si3sNy-WS; (1.5 g/L) or Ni-P-Si3Ny-WS; (2.5 g/L) coatings. Meanwhile, it can be seen
from Figure 8a,b that there are some flaking marks on the wear area, and the wear form was
mainly adhesive wear. Under the pressure of a ceramic ball, the stress at the contact peak
reached the coating’s yield limit and produced plastic deformation. Then, the adhesion
node was sheared or even peeled off during the wear process. As the temperature increased,
this adhesion effect was further intensified, and the coating showed tracks of being crushed
at 400 °C. When the operating temperature rose to 600 °C, there were some micro-cracks
in the abrasion marks, which were caused by the cyclic stress impact of adhesive friction.
In Figure 8c¢,d, the overall scratch width shows a decreasing trend. Additionally, there
are fine scratches on the wear marks, and the form of wear was mainly abrasive wear
with a polishing effect of nanoparticles, which is the result of the interaction between WS,
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and Si3Ny nanoparticles. At the initial contact stage of friction pairs, the loosely bonded
particles on the surface of the coating first fell off, and the spalling WS, particles spread on
the surface of the coating to form a lubrication layer, and Si3Ny, as a hard phase, played
the role of abrasive polishing. At the same time, the increase in temperature made the
coating more prone to oxidation reaction, and the spalling oxides, together with Si3N4 and
WS, nanoparticles, formed an intermediate friction layer in the process of wear. These tiny
third phases act as abrasive polish, making the scratches smooth. As can be seen from
Figure 9¢,d, the two Ni-P-5i3N4-WS; coatings maintained good wear resistance at 200 and
400 °C and can protect the matrix at 600 °C.

Figure 8. Low-magnification surface morphologies of wear scar of coatings operated at 200, 400,
and 600 °C: (a) Ni-P; (b) Ni-P-Si3sNy4-WS,, 0.5 g/L; (c) Ni-P-Si3Nyg-WS;, 1.5 g/L; (d) Ni-P-SizgNy-WS,,
25g/L.

3.5. Wear Rate of the Coatings

Figure 10a shows the wear rates of the coatings before and after heat treatment at
room temperature. Both presented a decreasing trend with the increase in WS, dosage. In
the as-plated state, the wear rate of the coating with a WS, dosage of 2.5 g/L was only
19.8% of that of the pure Ni-P coating and 28.6% of that of the Ni-P-SizNy4 coating. As
a self-lubricating particle, WS; has good anti-friction properties. In the friction process,
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a lubricating layer is formed to rub with the friction pair, slowing down the wear of the
alloy matrix [39]. In addition, with the increase in the WS, dosage in a bath, the grains of
the coating become fine and dense, which improves the strength and improves the wear
resistance. After annealing, the wear rate of the coating was only (1/5-1/8) of that in the
as-plated state, suggesting a significantly improved wear resistance of the coatings, which
can be attributed mainly to an obviously increased hardness of the coatings due to the
precipitation of the NizP phase after heat treatment.

Figure 9. High-magnification surface morphologies of wear scar of coatings operated at 200 °C,
400 °C, and 600 °C: (a) Ni-P; (b) Ni-P-SizsNy-WS,, 0.5 g/L; (c) Ni-P-Si3gNy-WS,, 1.5 g/L; (d) Ni-P-
SisNy-WS,, 2.5 g/L.
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Figure 10. Wear rate of Ni-based coatings with WS, dosage in bath at various operating temperatures:
(a) room temperature; (b) 200, 400, and 600 °C.
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Figure 10b shows the wear rates of the coatings at operating temperatures of 200, 400,
and 600 °C. It can be seen that the wear rate of the coating decreased monotonically with
the increase in WS, dosage in a bath at each operating temperature, clearly indicating that
the addition of WS; can effectively improve the wear resistance of the Ni-P-Si3Ny coating
and that the anti-friction action of WS, is similar to the results from the literature [32]. These
results can be attributed to the changes in the coating’s hardness and wear mechanism of
the friction pair. When the WS, dosage was less than 1.5 g/L, the form of wear was mainly
adhesive wear. The contact area between the ceramic ball and the coating was large due to
the relatively low hardness of the coating, and the wear rate was high. When WS, dosage
reached a certain amount, the form of wear of the coating changed to abrasive wear, and
the coating had a high hardness, which made the contact area of the friction pair small. In
the friction process, Si3Ns and WS, nanoparticles were removed together with Ni particles
and Ni oxide as the third phase, which improved the tribological properties of the coating.
The wear rate at 600 °C reached the highest value, which was an order of magnitude higher
than that of room temperature because the influence of temperature on wear is decisive. A
high temperature will rapidly reduce the hardness of the coating and increase the contact
area of the friction pair, and an oxidation wear reaction will easily occur in this condition.

As for the coatings tested at room temperature, based on the above results, the an-
nealing process and the synergism of WS; and Si3Ny particles play an important role in
the change in the main mechanism of wear and the enhancement of wear resistance of the
coatings with increased WS, dosage. In the as-plated state, the hardness of the coating
was obviously lower than that of the counterpart ball, the composite coating was prone to
produce large plastic deformation, and the formed adhesion node on the counterpart ball
underwent shear and fatigue and finally fell off to form wear debris. The synergism of WS,
and Si3Ny particles contributed slightly to the reduction in the friction coefficient of the
coating, and the as-plated coatings presented a wear mechanism dominated by adhesive
wear. After annealing, the coating’s hardness increased significantly, indicating a smaller
plastic deformation under the same testing condition. The counterpart ball could only
slightly plow the coating’s surface and smooth the rough bumps, while the silicon nitride
particles falling off the coating’s surface acted as the polishing medium, and the rolling of
these particles on the coating’s surface could reduce the friction coefficient of the friction
pair. Meanwhile, WS, particles further reduced the friction coefficient of the friction pair
due to the low shear strength of the WS, phase. Consequently, the Ni-P-Si3Ny-WS; coating
with a WS, dosage of 2.5 g/L exhibited an excellent tribological property. The main wear
mechanism of the annealed coatings was abrasive wear.

The enhancement of the tribological property of Ni-P-Si3sN4-WS, coatings at high
temperatures due to the addition of WS; nanoparticles to Ni-P-Si3Ny coatings was also
confirmed. The WS, nanoparticles can still play a lubricating role at 600 °C, and the two
nanoparticles formed the third term with the mixture of Ni metal and Ni oxide abrasive
chips, which played the role of plowing and polishing on the coating, and the form of wear
of the coating changed from adhesive wear to abrasive wear.

4. Conclusions

The WS, content in Ni-P-5i3N4-WS, coatings increased with an increase in WS, dosage
in the bath. The synergism of WS; and SizNy particles refined the grains of the Ni-P matrix
and obviously enhanced the coating’s hardness. After annealing, the Ni-P-SizN4-WS,
coating underwent a crystallization reaction and its hardness was greatly improved. With
increasing WS, dosage in the bath, the friction coefficient and wear rate of Ni-P-SizNg-WS,
coatings decreased monotonously at all operating temperatures. At room temperature,
the main mechanism of wear of the coatings changed from adhesive wear in the as-plated
state to abrasive wear in the annealed state. At operating temperatures of 200, 400, and
600 °C, the form of wear was adhesive wear for the coatings with a WS,
dosage <1.5 g/L and abrasive wear for the coatings with a WS, dosage >1.5 g/L. It
can be concluded that there was a strong synergism of WS, and Si3Ny particles in reducing
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the friction coefficient of the friction pair in the annealed coatings. The annealed Ni-P-
Si3Ny4-WS; coating with a WS; dosage of 2.5 g/L in the bath exhibited excellent mechanical
properties, with a hardness of 10.9 GPa, a friction coefficient of ~0.51, and a wear rate of
8.4 x 107 m3N~"!m~! (when used at room temperature), and maintained an optimal
performance at high temperatures.
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