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Abstract

Enhancing the high-temperature tribological performance of protective claddings is crucial
for demanding industrial applications. This study focuses on developing hexagonal boron
nitride (hBN)-reinforced Ni-based composite claddings to improve wear resistance over
a wide temperature range. Ni/WC/CeO; cladding layers with varying hBN contents
(0.25 wt% and 0.75 wt%) were fabricated on 45 steel substrates via vacuum cladding. Their
microstructure, mechanical properties, and tribological behavior under thermal cycling
(25-600 °C) were systematically evaluated. Results reveal that the in situ formation of
a hard Cr;B phase, coupled with hBN addition, was key to achieving optimal overall
properties. The composite with 0.25 wt% hBN (NWB25) demonstrated optimal overall
properties, featuring the lowest porosity (0.1813%) and the highest H/E ratio (0.0405),
leading to the best overall tribological performance. A distinct transition from mild to
severe wear was observed during the 300 °C-2 stage, resulting from the fracture of a high-
temperature tribo-oxidative layer. An hBN content of 0.25 wt% is identified as optimal for
balancing solid lubrication and matrix cohesion, thereby achieving superior thermal cycling
wear resistance. Higher hBN concentrations promote grain coarsening and increased
porosity, which degrade performance.

Keywords: thermal cycling friction; vacuum cladding; nanoindentation; hBN-Ni/WC/CeO,

1. Introduction

The development of protective cladding layers resistant to thermal cycling wear is
crucial for advancing technologies in aerospace, power generation, and heavy machinery.
Nickel-based composites, such as those reinforced with tungsten carbide (WC) [1-5], are
widely used in these applications due to their ability to combine the toughness of the
matrix with the hardness of reinforcing phases. However, a significant limitation of these
systems is their frequent deterioration in tribological performance at elevated temperatures,
typically manifesting as a sharp increase in the coefficient of friction and wear rate [6,7].
This degradation often stems from matrix softening, the breakdown of reinforcements,
and the lack of effective interfacial lubrication, collectively leading to severe adhesive and
oxidative wear. Incorporating solid lubricants to form transfer films during friction across
a wide temperature range can impart self-lubricating properties, thereby significantly
improving high-temperature tribological performance [8-12].

Commonly used high-temperature solid lubricants in metal matrix composites include
CaF; [13,14], MoS; [15-18], and Hexagonal boron nitride (hBN) [19-24]. For instance,
Jinming Zhen [25] prepared a Ni/5 wt% CaF, composite via hot-press sintering, achieving
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a minimum wear rate of 7.1 x 107> mm?/(N-m) at 200 °C, indicating its optimal service
temperature is within the medium-to-low range. In another case, the addition of 10 wt%
MoS, to a Ni alloy reduced the wear rate to 0.4 X 10~°> mm3/(N-m) at 500 °C but also
decreased the microhardness by 27.76% and increased the COF to 0.41. Thus, while CaF,
and MoS; can improve the tribological properties of Ni-based alloys, they often compromise
mechanical integrity and exhibit limited effectiveness at higher temperatures.

h-BN presents a promising alternative due to its weak interlayer bonding, facilitating
easy shear, and excellent thermal stability. Moreover, boron from hBN can react in situ
with Cr in the Ni-based alloy to form hard Cr;B phases, enhancing alloy hardness and
offsetting the potential softening effect from the lubricant, thereby achieving a “lubrication-
reinforcement” synergy. Studies by Xu Huang [19], Yue Zhao [26], and Xiaolong Lu [27]
have demonstrated that laser-cladded hBN-reinforced Ni-based composite coatings on
substrates like 45 steel, Q235 steel, and 304 stainless steel promote the formation of self-
lubricating transfer films, effectively reducing friction and wear. Nevertheless, these
studies primarily evaluated tribological performance under isothermal conditions, failing
to replicate the thermal cycling processes (e.g., room temperature — high temperature —
room temperature) typical in real-world applications, which can induce more complex and
severe degradation mechanisms [28].

This study employed vacuum cladding technology to fabricate hBN-Ni/WC/CeO,
composite cladding layers with different hBN contents (0.25 and 0.75 wt%) on 45 steel
substrates. The phase composition, mechanical properties, and tribological behavior dur-
ing thermal cycling between 25 and 600 °C were systematically investigated. Emphasis
was placed on evaluating the tribological performance during both heating and cooling
processes, revealing the mechanism and failure behavior of hBN under thermo-mechanical
coupling conditions.

2. Experimental Procedures
2.1. Materials Preparation

A 45 steel plate (dimensions: 50 mm x 40 mm x 10 mm) was used as the substrate.
Prior to vacuum cladding, the substrate surface was ground and polished, ultrasonically
cleaned in absolute ethanol, dried, and then stored for subsequent use. The detailed
parameters of the nickel-based alloy powder, WC powder, and CeO, powder are provided
in our previous study [29]. The chemical composition of the 45 steel and Ni-based alloy
powders is listed in Table 1. The hBN (Hexagonal boron nitride) powder was supplied by
Shanghai Buwei Applied Materials Technology Co., Ltd. (Shanghai, China) with a density
of 2.25 g/cm3. In the cladding layer, the weight fractions of WC and CeO, were kept
constant at 30% and 0.5%, respectively, while the weight fractions of hBN were 0.25% and
0.75%. The detailed composition is listed in Table 1.

Table 1. Chemical composition of the 45 steel and Ni-based alloy powders (wt%).

Element Ni Mn S P C B Cu Si Cr Fe
45 steel <030 0.6~0.8 <0.035 <0.035 0.42~0.5 / <0.25 0.17~0.37 <0.25 Bal.
Ni-based alloy Bal. / / / 0.7~1.1  3.0~4.0 / 3.5~5.0 15.0~17.0 <5.0

The poor wettability between nickel-based alloys and h-BN often leads to its inhomo-
geneous distribution within the matrix, consequently exerting detrimental effects on the
mechanical properties of the alloy [30]. To enhance the dispersion homogeneity of h-BN,
an ultrasonic dispersion process was utilized. A quantified amount of h-BN powder was
added to a beaker containing anhydrous ethanol and subjected to ultrasonic treatment for
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24 h using an ultrasonic cleaner. Subsequently, the pre-weighed CeO, powder was added
slowly and in batches to the resulting h-BN suspension, followed by further ultrasonic treat-
ment for 6 h. The ultrasonic dispersion was performed using a KQ-100E ultrasonic cleaner
(Kunshan Ultrasonic Instrument Co., Ltd., Kunshan, China) operating at a frequency of
80 kHz. After achieving a homogeneous dispersion, the subsequent steps were consistent
with those described in our previous study [29]. Table 2 shows the sample numbers and
specific compositions.

Table 2. Sample numbers and chemical composition.

Components (wt%)

Sample

Ni-Based Alloy WC CeO, hBN
NWB25 69.25 30 0.5 0.25
NWB75 68.75 30 0.5 0.75

2.2. Mechanical Test

Microhardness of the surface and interfacial regions of the cladding layer was mea-
sured using a W1102D37 (Sauer-Danfoss Co., Ames, IA, USA) micro-Vickers hardness tester
with a load of 200 gf and a dwell time of 10 s. Nanoindentation tests were performed using
a KLA G200 nanoindenter (KLA Corporation, Milpitas, CA, USA) with the continuous
stiffness measurement (CSM) mode, applying a peak load of 10 mN at a loading rate of
0.5 mN/s. Each test was repeated at least three times per location to ensure data reliability.

2.3. Thermal Cycling Friction Test

This study employed an HT-1000 ball-on-disk tribometer to conduct thermal cycle
friction tests. The test conditions were set as follows: a load of 10 N, a sliding speed of
0.235m/s, and a duration of 30 min for each individual friction test. The counter body was a
SizNy ball with a diameter of 6 mm, which was ultrasonically cleaned in anhydrous ethanol
prior to testing. Five specimens were prepared for each group, and friction tests were
conducted at 25 °C (25 °C-1). After the friction test at 25 °C, the friction tester was heated
to 300 °C, held at this temperature for 10 min, and then the friction test was conducted
(300 °C-1). Following friction tests at 25 °C and 300 °C, the temperature was raised to 600 °C
and maintained for 10 min before performing the friction test (600 °C-1). After undergoing
friction tests at 25 °C, 300 °C, and 600 °C, the temperature was reduced to 300 °C and
maintained for 10 min before performing the friction test (300 °C-2). After friction tests at
25 °C, 300 °C, 600 °C, and 300 °C, the temperature was lowered to 25 °C, and the specimens
were held at this temperature for 10 min before performing the friction test (25 °C-2). The
heating rate was set at 10 °C per minute. The cooling time from 600 °C to 300 °C was
20 min, and from 300 °C to 25 °C was 30 min. To ensure the reliability of the experimental
results, each composition was tested in triplicate. The three-dimensional morphology of
the wear tracks were characterized using a Rtec UP-2000 white light interferometer(Rtec
Instruments, San Jose, CA, USA). The two-dimensional profile of the wear track cross-
section was measured using a white light interferometer, from which the cross-sectional
area was determined. The circumference of the wear track was then calculated based on
the radius of the friction track. Finally, the wear volume was obtained by multiplying the
average cross-sectional area by the wear track circumference. The wear track surfaces inside
and outside were measured using an ATR3110 Raman spectrometer (Optosky, Xiamen,
Fujian Province, China). The temperature protocol and the schematic diagram of the setup
for the thermal cycling friction test correspond to Figures 1a and 1b, respectively.
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Figure 1. (a) Schematic diagram of the temperature protocol for the thermal cycling friction test;
(b) Schematic diagram of the tribological test setup.

2.4. Microstructural Characterization

The metallographic specimens were cut from the cladding samples using electrical
discharge wire cutting, followed by polishing with sandpaper up to 3000 grit, and diamond
spray polishing with a particle size of 0.5 pm. The porosity was quantified by statistically
analyzing no less than eight SEM images after binarization processing using Image-Pro
Plus 6.0 software. The threshold for segmentation was set via a combination of automated
calculation and manual fine-tuning to ensure accurate pore identification. Phase analysis
was performed using a D/max-2400 X-ray diffractometer (Rigaku, Tokyo, Japan). The CeO,
and h-BN samples were subjected to thermogravimetric analysis using a TGA 4000 thermal
analyzer (PerkinElmer, Waltham, MA, USA) in a N, atmosphere. The microstructure and
wear tracks of the cladding layer were analyzed using a Quanta 450-FEG scanning electron
microscope (FEI Company, Hillsboro, OR, USA) and its attached EDS elemental scanner
(EDAX LLC, Mahwah, NJ, USA).

3. Result and Discussion
3.1. Morphology of h-BN Nanosheets

Figure 2 displays the microstructure and phase composition of the hBN powder. The
TEM image in Figure 2a clearly shows the overall morphology of the hBN powder, which
is characterized by typical aggregates of numerous crystalline grains. The HRTEM image
(Figure 2b) further reveals an interplanar spacing of 0.332 nm, which corresponds well to
the (002) plane of hBN, thus confirming its highly ordered layered crystal structure. The
SAED (Selected Area Electron Diffraction) pattern (Figure 2c) shows sharp and well-defined
diffraction spots, further attesting to the presence of the (002) plane and indicating the good
single-crystalline nature of the selected area. The XRD pattern (Figure 2d) exhibits a strong
diffraction peak at 26 = 26.7°, which is in excellent agreement with the (002) plane of the
standard card (JCPDS No. 34-0421). The presence of other characteristic peaks, such as
(100), (101), (102), and (110), further confirms the high purity and well-crystallized nature
of the hexagonal boron nitride sample.
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Figure 2. (a) TEM image of hBN powder; (b) HRTEM image of hBN powder; (c) SAED pattern of
hBN powder; (d) XRD pattern of hBN.

3.2. Phase Composition and Micromorphology

Figure 3a presents the XRD pattern of the hBN-Ni/WC/CeO, cladding layers. Com-
pared to the CeO,-Ni/WC cladding layer [31], the phase composition exhibited significant
differences, with additional Cr;B and hBN phases being detected in the hBN-Ni/WC/
CeO; cladding layer. Cr;B is an in situ formed hard intermetallic reinforcement phase.
Its formation is attributed to the high-temperature reaction between Cr and B elements
during the cladding process. This phase possesses high hardness (typically 1500-2000 HV)
and good thermal stability, which contributes to the enhancement of the cladding layer’s
resistance to plastic deformation and wear resistance through an effective second-phase
strengthening mechanism, particularly under high-temperature wear conditions [32,33].
The hBN phase facilitates the formation of a lubricating tribofilm at the contact interface
during sliding, effectively reducing the friction coefficient due to the easy shear between
its lamellae. TGA results (Figure 3b) indicate a mass retention of 98.41% for CeO, at
1060 °C, while hBN exhibited a significantly higher mass retention of 99.95% at the same
temperature. This provides direct evidence for the thermal stability of hBN and its ability to
remain largely undecomposed during the cladding process. Furthermore, the combination
of hBN and the in situ formed hard Cr,;B phase establishes a lubrication-reinforcement
synergy, whereby the Cr,B phase primarily imparts resistance against wear and plastic
deformation, and the hBN phase mitigates shear stresses during friction. Therefore, this
synergy is anticipated to endow the composite cladding layer with balanced and superior
tribological performance across a wide temperature range.

Figure 4a,b present the microstructure of the NWB25 and NWB75 cladding layers,
respectively. Low-magnification SEM images (Figure 4a,b) indicate that both cladding
layers are overall continuous and dense, free from macroscopic defects such as cracks.
Higher-magnification images (Figure 4(al,b1)) reveal that the dark gray Ni-based matrix is
embedded with a large number of irregularly shaped, bright white reinforcement phases.
These bright white phases exhibit highly irregular geometries with distinct boundaries
and sharp edges. Their size distribution is non-uniform, with some particles aggregating
into larger clusters while others are individually embedded within the matrix. The particle
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surfaces are not smooth, exhibiting slight undulations and surface roughness. Additionally,
blocky phases in a light gray contrast are also observed. Figure 4c presents the quantitative
analysis of the effect of hBN content on the microstructure of the hBN-Ni/WC/CeO,
cladding layers. A comparison between NWB25 and NWB?75 reveals significant differences
in their grain size and porosity. The average grain size increased from 28.14 nm for
NWB25 to 38.35 nm for NWB75, suggesting that a higher hBN content promotes grain
coarsening. Similarly, the porosity increased from 0.1813% for NWB25 to 0.2351% for
NWB75. Compared to the 0.5 wt% CeO,-Ni/WC cladding layer (average grain size:
12.06 nm; porosity: 0.0673%), these results indicate that the incorporation of hBN may be
detrimental to achieving greater densification and grain refinement [19,23,34].
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Figure 3. (a) XRD pattern of hBN- Ni/WC/CeO, cladding layer; (b) TGA of hBN and CeO5.
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Figure 4. (a) SEM morphology of NWB25; (al) Figure 4a enlarged morphology of the rectangular
box; (b) SEM morphology of NWB75; (b1) Figure 4b enlarged morphology of the rectangular box;
(c) The porosity and average grain size of the hBN-Ni/WC/CeO; cladding layer. In Figure 4(al) and
Figure 4(b1), the yellow dotted boxes indicate the morphological features presented in Figure 5a and
Figure 5b, respectively.
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Figure 5. (a) SEM morphology and EDS elemental distribution map within the box of Figure 4(al);
(b) SEM morphology and EDS elemental distribution maps within the box of Figure 4(b1); (c) Cross-
sectional SEM morphology of NWB25; (c1) Figure 5¢c EDS element line scan results of the rectangular
area. The red dotted circles indicate the regions of elemental enrichment at the corresponding
locations in Figure 5a,b.

To systematically analyze the microscopic phase composition, Figure 5a,b present
the SEM morphology and the corresponding EDS elemental maps for the NWB25 and
NWB75 cladding layers, respectively. The corresponding EDS point analysis data are listed
in Table 3. Combined with EDS point analysis (Table 3) and XRD results, the dark gray
continuous matrix (Point 1), primarily containing Ni, Cr, and Fe, was identified as the
v-Ni solid solution and NigFe. The bulk light gray phase (Point 2) is rich in Cr and C,
with an atomic ratio consistent with the theoretical values for Cr;C3 and Crp3Cg carbides.
Point 3 exhibits enrichment of Fe, Ni, and Si. The atomic percentages of Ni and Si (34.92%
and 11.84%, respectively) are close to the 3:1 stoichiometric ratio of Ni3Si, identifying this
phase as the Ni3Si intermetallic compound. The white particulate phases (Points 4 and
5) are primarily composed of W and C, and their composition is similar across different
measurement points. Combined with the XRD diffraction peaks, these phases are confirmed
to be a mixture of WC and W,C. The EDS maps (areas marked by red circles in Figure 5a,b,
corresponding to the black dotted phases) show simultaneous enrichment of B, N, and Cr
elements, indicating the presence of hBN and Cr;B phases. These phases are uniformly
dispersed within the cladding layer, demonstrating that the ultrasonic dispersion process
achieved excellent uniformity in hBN distribution.
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Table 3. EDS point scanning results (at%) of different point in Figure 5a,b.
Point B C N Si Cr Fe Ni Ce A4
1 41.52 14.69 1.08 412 1.79 2.20 34.43 0.00 0.17
2 35.46 20.91 0.00 0.41 11.38 1.18 14.34 0.07 16.25
3 32.31 19.55 0.54 11.84 0.12 0.43 34.92 0.03 0.26
4 10.81 53.45 2.82 0.86 0.06 0.06 2.72 0.04 29.18
5 8.82 56.56 2.55 0.00 0.80 0.45 476 0.07 25.99

The interfacial bonding characteristics between the NWB25 cladding layer and the
45 steel substrate were investigated through cross-sectional microstructure observation and
EDS line scanning results, as shown in Figure 6¢. The composite cladding layer exhibits
a uniform thickness with an average value of 1.23 £ 0.26 mm. EDS line scanning across
the interface revealed clear compositional gradients of the main elements (Ni, Fe, Cr, and
W) across the interface, with an interdiffusion zone width of approximately 90 ym. The
formation of this diffusion layer is indicative of good metallurgical bonding between
the cladding layer and the substrate. In contrast to the 0.5 wt% CeO,-Ni/WC cladding
layer (fabricated using the same process parameters) reported in previous studies, which
exhibited a much broader interdiffusion zone of ~210 um [31], the introduction of hBN in
the present study significantly suppressed the elemental interdiffusion at the interface. This
suggests that hBN likely influences the melt pool fluidity, interfacial energy, or diffusion
kinetics, thereby reducing the diffusion rates of metallic atoms and ultimately playing a
key role in tailoring the interfacial microstructure and bonding properties.
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Figure 6. (a) Surface microhardness distribution; (b) Microhardness distribution across cross-sections;
(c) Nanoindentation load-depth curve.
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3.3. Microhardness and Nanoindentation

Figure 6a presents the microhardness measured on the surface of the cladding layers.
The microhardness of the cladding layer increases with the hBN content, indicating that a
higher hBN content promoted the formation of more Cr,B hard phases, thereby enhancing
the overall microhardness of the cladding layer. Figure 6b displays the microhardness
profile along the cross-sectional depth (from the cladding layer, through the interdiffusion
zone, to the 45 steel substrate). From the substrate to the interdiffusion zone, the hardness
increases gradually. This gradual change arises from the good metallurgical bonding
enabled by the ~90 um wide interdiffusion zone, which prevents a sharp property gradient
between the dissimilar materials. However, from the interfacial zone to the cladding layer
itself, the hardness exhibits a sharp increase, demonstrating the significant strengthening
effect provided by multiple reinforcing phases (e.g., WC, Cr;B, and W,C). A notable
observation is that the hardness data for the NWB75 cladding layer shows greater scatter,
with a significantly larger standard deviation (error bar) than NWB25. This is directly
attributed to its higher porosity (0.2351%). The inhomogeneous distribution of pores
introduces greater variability in the mechanical properties.

Figure 6¢ presents representative nanoindentation load—displacement curves for the
hBN-Ni/WC/CeO, cladding layers. The nanomechanical properties extracted from these
curves are summarized in Table 4. The results indicate that increasing the hBN content
to 0.75 wt% (NWB75) significantly enhances the elastic modulus to 318.7 GPa and the
nanohardness to 12.1 GPa. This represents a substantial 15.35% increase in elastic modulus
relative to NWB25 (276.3 GPa), compared to a more modest 8.04% increase in nanohardness
(NWB25: 11.2 GPa). The notable discrepancy between the enhanced elastic modulus and
the relatively smaller improvement in nanohardness suggests that the addition of high
hBN content primarily facilitates the formation or refinement of high-modulus phases
(e.g., CryB), rather than being highly effective in improving the overall resistance to plastic
deformation.

Table 4. Mechanical properties of NWB25 and NWB75.

Sample H(GPa) E(GPa) H/E H3/E?(GPa)
NWB25 112+14 276.3 £5.5 0.0405 0.0184
NWB75 121+ 1.6 318772 0.0380 0.0174

3.4. Thermal Cycling Tribological Performance Analysis
3.4.1. Friction and Wear Behaviors of Cladding Layers

Figure 7 systematically compares the evolution of the friction coefficient versus time
for both NWB25 and NWB75 cladding layers under thermal cycling conditions, along with
the average friction coefficient for each stage. In the 25 °C-1 stage, the NWB25 cladding
layer, with its lower hBN content (0.25 wt%), provided an inadequate supply of solid
lubricant. This resulted in slow formation of a lubricating film at the friction interface,
causing pronounced fluctuations and prolonged instability in the friction coefficient. In
contrast, the NWB75 cladding layer, with its higher hBN content (0.75 wt%), possessed
an enhanced and sustained lubrication capacity. It rapidly formed a stable lubricating
film at the initial sliding stage, resulting in a stable friction process from the outset. In the
subsequent 300 °C-1 stage, both cladding layers exhibited a low initial friction coefficient.
This is primarily attributed to the accumulation of wear debris generated in the previous
25 °C-1 stage at the contact interface. Some debris acted as rolling elements, providing a
third-body lubrication effect which effectively reduced frictional resistance initially. As
the test progressed and the temperature rose, this debris gradually induced plowing and
adhesion effects on the friction surface (e.g., through debris hardening or embedding),
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causing the friction coefficient to increase gradually from its initial low value. During the
600 °C-1 stage, the accumulated wear debris and the material surface experienced softening
and oxidation due to the high temperature, leading to a reduction in their microhardness
and a consequent weakening of the plowing effect. Simultaneously, the high temperature
facilitated the formation of a tribo-oxidative layer on the surface, which reduced direct
mechanical interlocking between the tribo-pair. Consequently, the friction coefficient
curve in this stage was overall relatively stable, with significantly reduced amplitude
of fluctuations.
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= 1 1 | 1 I Lt
2 | NWB75 . . . MWWWM
2 | | | | 1
o) 0.8 : i | :

g NWB25 e
B | 1
g ! | I
.- I |
S 0.4 | ) 1
-2 NWB75 | NWB75 .
k‘ | I
0.2 | .
| I
| I
1 Y O —
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (min)
(b) NWB25
1.0 NWB75

0.4 I
W, w [ -] e N e [l 5
-~ - v = [ . ¢} N = w <
02128 5 T Iy w5
] —E—] =N — =] =R

e
=

25°C-1 300 °C-1 600 °C-1 300 °C-2 25°C-2
Temperature(°C)

Figure 7. (a) Friction coefficient versus time curve; (b) Average coefficient of friction.

During the 300 °C-2 test, the high initial friction coefficient indicated that the cladding
layer surface still exhibited high frictional resistance at the beginning of sliding. During
the 25 °C-2 test, the average friction coefficient reached the maximum value observed in
the entire thermal cycle (NWB25: 0.757; NWB75: 0.907). Notably, the tribological behavior
of NWB75 at this stage closely resembled that during the initial 25 °C test, primarily
characterized by an overall upward shift in the friction coefficient-time curve; whereas
NWB25 exhibited a markedly different evolution: after a brief running-in period, its
friction coefficient did not continue to increase but rather displayed a decreasing trend.
This suggests that the surface material of NWB25 may have undergone microstructural
transformation or activation of lubrication mechanisms (e.g., altered lubricity of wear
debris, further exposure of subsurface hBN) after the complete thermal cycle, thereby
improving the tribological conditions.

Figure 8 presents the SEM morphologies and 3D morphologies of the wear tracks
on the NWB25 and NWB75 cladding layers after different thermal cycling stages. SEM
observations indicated that the width of the wear tracks on both cladding layers exhibited a
gradual increasing trend as the thermal cycling test progressed. Notably, upon transitioning
from the 600 °C-1 to the 300 °C-2 stage, the wear track width for both cladding layers
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underwent a sharp increase. The wear track width increased from 713 pm to 957 um (a
34.2% increase) for NWB25, and from 773 pm to 1070 um (a 38.4% increase) for NWB75.
This suggests a significant transition in the wear mechanism of the cladding layers under
the 300 °C-2 sliding conditions, evolving from mild to severe wear. Analysis of the 3D wear
track morphologies revealed relatively shallow depths following the 25 °C-1, 300 °C-1,
and 600 °C-1 stages. In contrast, the wear tracks became notably deeper starting from the
300 °C-2 stage.

@ T GD 1 (0 1 (D)

F Z 500

e 1

450
400

350

Figure 8. (a) Wear track SEM morphology of NWB25; (al) Three-dimensional morphology of NWB25;
(b) Wear track SEM morphology of NWB75; (b1) Three-dimensional morphology of NWB75.

Figure 9a presents the cumulative wear volume of the samples during the thermal
cycling test. The results show that the cumulative wear volume increased gradually as the
testing progressed through the stages. Notably, upon transitioning from the 600 °C-1 to
the 300 °C-2 stage, the wear volume exhibited the most pronounced increase. Figure 9b
further compares the wear volume attributed to each individual test stage (defined as the
difference between the cumulative wear volume at the end of a given stage and that at the
end of the previous stage). Analysis revealed two distinct features: first, the incremental
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wear volume was the smallest at the 300 °C-1 stage. Second, the incremental wear volume
was the largest at the 300 °C-2 stage. The wear volumes for NWB25 and NWB75 at this
stage were 10.92-fold and 13.52-fold larger, respectively, than that at the 300 °C-1 stage.
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Figure 9. (a) Wear volume in thermal cycling friction test; (b) Single-temperature-point wear volume;
(c) Worn surface Raman analysis of NWB25; (d) Unworn surface Raman analysis of NWB25.

Figure 9c,d present the Raman spectra acquired from inside and outside the wear
tracks on the NWB25 cladding layer, respectively. The analysis results indicate that the
intensity of the characteristic Raman peaks gradually increased as the thermal cycling test
proceeded. This suggests that oxidation of the wear track surface occurred continuously
throughout both the heating and cooling stages of the thermal cycle. Phase analysis
identified that both the inside and outside of the wear track primarily comprised NiO,
NiFe;Oy4, Fe3O4, CroO3, WO3, and hBN. For a given test stage, the characteristic peaks
were consistently slightly more intense inside the wear track than outside. This indicates
that the formation of oxides was influenced not only by the ambient temperature, but also
significantly by the additional frictional heating generated during sliding. The detection
of hBN also indicates that its chemical stability was maintained during both the cladding
process and the subsequent friction tests.

3.4.2. Wear Mechanism Analysis

Figure 10 presents the microscopic morphology of the worn surfaces of NWB25 and
NWB?75. Raman analysis after the 25 °C-1 test indicated the occurrence of tribo-oxidation
on the worn surface, which was covered with smeared wear debris and a small number of
spalling pits. As the test progressed to the 300 °C-1 stage, the debris on the worn surface
underwent gradual granulation under the combined effects of the 300 °C temperature and
cyclic stress. These particles acted as a third body. While most particles served to lubricate
the tribo-pair, a small fraction caused plowing grooves on the worn surface (300 °C-1,
bl). This particle lubrication effect contributed to a significant reduction in the wear
volume during this stage. At the 600 °C-1 stage, the debris underwent further oxidation
and sintering, forming a continuous yet loose layer. Some areas exhibited a mixture of
compacted debris and spalling pits. When the temperature cycled back to 300 °C-2, the
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loose debris layer formed during the 600 °C-1 stage readily spalled off under the pressure
from the SizNy counter ball at the beginning of sliding, leading to a significant increase
in the wear volume for this stage. After this stage, the remaining debris was compacted
under the pressure of the counter ball to form a dense tribo-oxidative layer coating the
worn surface.
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Figure 10. (a) SEM morphologies of worn surface on NWB25; (al) Yellow box area enlarged mor-
phology of (a); (b) SEM morphologies of worn surface on NWB75; (b1) Yellow box area enlarged
morphology of (b).

Analysis of the wear track morphology from the 25 °C-2 test revealed that the cladding
layer surface exhibited characteristic features of abrasive wear, such as plowing grooves.
The dense tribo-oxidative layer formed during the 300 °C-2 stage, which coated the sur-
face, resulted in a relatively small wear volume loss during the subsequent 25 °C-2 stage.
Low-magnification images revealed a non-uniform distribution of abundant debris across
the wear track surface and its edges, with localized debris accumulation. This indicates
a material removal mechanism dominated by brittle spalling and plastic tearing. High-
magnification images further revealed prominent spalling pits and plowing grooves parallel
to the sliding direction. The spalling pits with sharp edges suggest material fracture due
to subsurface crack propagation, while the continuous plowing grooves reflect plastic
deformation induced by hard abrasive particles or surface asperities. The debris morphol-
ogy, consisting primarily of flakes and blocks, correlates with the spalling pit morphology.
This indicates that during the 25 °C-2 stage, the material experienced a synergistic wear
mechanism involving brittle spalling induced by fatigue accumulation and abrasive wear.

Figure 11 systematically characterizes the elemental distribution on the wear track
surface of the NWB25 cladding layer throughout the thermal cycling process using EDS
elemental mapping. The EDS micro-area analysis data are presented in Table 5. In the
25 °C-1 stage (Figure 11a), EDS mapping of the debris region revealed a high oxygen atomic
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percentage of 30.25 at%, which, combined with the characteristic peaks of metal oxides
(e.g., NiO, NiFepOy4, Fe304, CryO3, WO3) identified by Raman spectroscopy at this stage,
confirms that significant oxidative wear had already occurred on the material surface during
the initial low-temperature sliding stage. When the temperature increased to 300 °C-1
(Figure 11b), the oxygen content within the debris increased further, indicating that the
heating process significantly accelerated the surface oxidation reaction. In the 600 °C-1 stage
(Figure 11c), the wear track morphology changed significantly: under the combined effects
of high temperature and sustained mechanical shear, the debris agglomerated, forming
a unique flocculent structure. Simultaneously, deep and continuous plowing grooves
appeared on the track surface, revealing a synergistic mechanism between oxidative wear
and abrasive wear under high-temperature conditions, which collectively dominated
the material removal process in this stage. These findings demonstrate that the varying
temperature field during thermal cycling is a key factor governing the surface oxidation
behavior, the evolution of debris morphology, and the transition of wear mechanisms.

= =

Figure 11. SEM morphology and EDS elemental mapping of the worn surface of NWB25: (a) 25 °C-1;
(b) 300 °C-1; (c) 600 °C-1. The elemental scanning results of the corresponding regions 1-3 are shown
in Table 5.
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Table 5. EDS micro-area scanning results (at%) of different point in Figures 11 and 12.

Micro-Area B C N () Si Cr Fe Ni Ce \4
1 24.28 30.11 0.86 30.25 1.61 191 0.56 10.25 0.00 0.17
2 16.70 16.73 1.53 39.26 1.37 3.58 0.97 16.96 0.06 2.84
3 16.18 13.76 0.43 44.24 1.18 4.28 1.10 15.90 0.10 2.83
4 16.56 9.75 0.32 44.61 2.09 5.43 1.26 17.58 0.10 2.30
5 19.56 9.22 1.58 52.62 6.15 191 0.57 7.12 0.06 1.21

Figure 12a presents the worn surface morphology following the 300 °C-2 friction test.
Integrated analysis of the friction coefficient, wear track width, and wear volume data
indicates this stage marks the critical transition point where the wear mechanism shifts
from mild to severe wear. Morphological observation reveals that the debris transformed
from the flocculent structures typical of the 600 °C-1 stage into finer particulate matter.
During cooling from 600 °C to 300 °C post-stage, residual heat and ambient atmosphere
promoted continued surface oxidation, forming a metal oxide layer on the wear track.
During subsequent sliding at 300 °C-2, alternating stresses fractured this oxide layer,
comminuting it into fine debris particles. Figure 12b presents the wear track morphology
following the 25 °C-2 stage. Debris accumulation characteristics resemble those of the
25 °C-1 stage. Surface cracks initiated under alternating loads, with crack propagation
ultimately causing debris to spall from the substrate into the tribo-interface.

Figure 12. SEM morphology and EDS elemental mapping of the worn surface of NWB25: (a) 300 °C-2;
(b) 25 °C-2. The elemental scanning results of the corresponding regions 4 and 5 are shown in Table 5.
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Figure 13 shows the cross-sectional SEM morphology and the corresponding EDS
elemental mapping of the wear track from the NWB25 sample after the complete thermal
cycling test. The thickness of the tribo-oxidation layer is marked on the cross-sectional
SEM micrograph. The thickness of the tribo-oxidation layer on the wear scar surface was
found to increase gradually (from 20.15 to 36.11 um) as the thermal cycling test progressed.
EDS elemental mapping of the wear track cross-section during the 600 °C-1 stage revealed
an inhomogeneous distribution of B and N, with the presence of aggregates (Figure 13c,
B and N elemental maps, indicated by red arrows). This inhomogeneity is attributed to
the softening of the nickel-based matrix at 600 °C, induced by both frictional and ambient
heating, which enveloped the hBN and physically hindered the formation of a continuous
and effective lubricating film at the friction interface. In contrast, B and N were enriched and
uniformly distributed on the wear surface in the other thermal cycling stages, indicating
that hBN maintained good spreading and lubrication capabilities during the other thermal

cycling stages.

Figure 13. Cross-sectional SEM morphology and EDS elemental mapping of the wear track on
NWB25: (a) 25 °C-1; (b) 300 °C-1; (c) 600 °C-1; (d) 300 °C-2; (e) 25 °C-2.
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Figure 14 systematically analyzes the evolutionary behavior of debris in hBN-
Ni/WC/CeO; cladding layers during different thermal cycling stages through microscopic
morphology observation and particle size distribution statistics. In the 25 °C-1 stage, the
debris exhibited a mixed morphology of irregular blocks and flakes, with a broad particle
size distribution. The D50 values for NWB25 and NWB75 were 3.238 um and 2.634 um,
respectively, and the D90 values were 9.302 um and 7.758 um, respectively. This indicates a
dispersed debris size distribution at this stage, reflecting that material removal during the
initial friction was primarily governed by brittle spalling and mild abrasive wear mecha-
nisms. When the temperature increased to 300 °C-1, the mean particle size of the debris
decreased to 3.412 pm for NWB25 and 2.793 pm for NWB75, suggesting that elevated
temperature promoted mechanical fragmentation and oxidative refinement of the debris.
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Figure 14. (a) SEM Morphology of NWB25 wear debris; (al) Particle size distribution of NWB25
wear debris; (b) SEM Morphology of NWB75 wear debris; (b1) Particle size distribution of NWB75
wear debris.

In the 600 °C-1 stage, the debris underwent significant spheroidization and agglom-
eration, with the mean size increasing to 5.643 um for NWB25 and 4.714 um for NWB75.
This size increase primarily resulted from the plastic flow, sintering effect, and surface
tension-induced coalescence of debris under high temperature. At 600 °C, hBN interacted
with the Ni-based matrix, forming granular debris on the wear surface, which hindered its
spreading lubrication capability. This resulted in the agglomeration of hBN, as observed in
the cross-sectional analysis of the wear track. When the temperature cycled to 300 °C-2,
the debris size significantly decreased with a narrower distribution, consistent with the
mechanism of fragmented surface oxide layer forming fine third-body abrasives that domi-
nated the wear process. By the 25 °C-2 stage, the mean size of NWB25 debris increased to
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3.972 um, while that of NWB75 further decreased to 2.587 um. The larger grains and higher
porosity in the NWB75 cladding layer provided space for debris accommodation, enabling
more effective crushing and compaction at the interface. In contrast, fatigue accumulation
in NWB25 exacerbated brittle spalling, leading to debris coarsening. Comprehensive analy-
sis indicates that the temperature during thermal cycling significantly influences debris size
and morphology by regulating surface oxidation, fragmentation, and high-temperature
agglomeration. The hBN content indirectly modulates the debris evolution by altering the
interfacial lubrication state and material failure behavior.

3.5. Discussion

This study systematically investigated the tribological behavior of hBN-Ni/WC/CeO,
composite cladding layers during thermal cycling, revealing the intrinsic mechanism
by which a low hBN content (0.25 wt%) achieves optimal comprehensive performance.
The NWB25 sample (0.25 wt% hBN) exhibited the finest grain size (28.14 nm) and the
lowest porosity (0.1813%), attributed to the synergistic strengthening effect of CeO,’s grain
boundary pinning and the in situ formation of fine and dense Cr,B phases facilitated by an
appropriate amount of hBN. Although NWB75 (0.75 wt% hBN) showed a slightly higher
microhardness (1002.6 HV ), its higher porosity (0.2351%) resulted in lower H/E and
H3/E? values, indicating inferior fracture toughness and resistance to plastic deformation.
The thermal cycling friction tests demonstrated that the wear behavior exhibited distinct
stages: in the 300 °C-1 stage, the reduction in wear volume might be associated with
the refinement of wear debris, whereas the transition from the 600 °C-1 to the 300 °C-2
stage represented a critical failure point. At this point, the oxide layer formed at high
temperature spalled off due to thermal fatigue induced by thermal stress during cooling,
leading to a 34.2% increase in wear scar width and a sharp rise in wear volume. The superior
performance of NWB25 originates from its unique “soft-hard synergy” mechanism: the
Cr,B phase provides resistance to plastic deformation, hBN offers lubrication through
interlayer shear (indirectly evidenced by the reduced friction coefficient and enrichment of
B/N elements), and CeO, acts as a microstructure modifier, enhancing matrix stability by
grain refinement. This study confirms that 0.25 wt% hBN optimally balances the lubrication
effect and structural integrity, while a higher content (0.75 wt%) disrupts this balance due
to agglomeration and increased porosity. Ultimately, the core value of thermal cycling
testing is clarified to lie in revealing the failure threshold and mechanism of the coating
under dynamic thermal-mechanical loads, rather than pursuing perfect performance across
the entire temperature range.

4. Conclusions

The hBN-reinforced Ni/WC/CeO, cladding layer was successfully fabricated on a
45 steel substrate using vacuum cladding technology. The microstructure, phase composi-
tion, mechanical properties, and thermal cycling tribological performance were systemati-
cally investigated. The main conclusions are as follows:

(1) The in situ formed Cr,B strengthening phase and hBN lubricating phase were identi-
fied in the hBN-Ni/WC/CeO; cladding layer. They exhibit a mechanism of synergistic
hardening and lubrication: the Cr,B phase enhances the resistance to plastic deforma-
tion, while the hBN phase reduces the friction coefficient via interlamellar shear.

(2) NWB25 (0.25 wt% hBN) exhibits the optimal structural integrity, possessing the
smallest average grain size (28.14 nm) and the lowest porosity (0.1813%) among
all samples. The microhardness reaches 980.5 HV(,, and nanoindentation results
show the highest H/E (0.0405) and H3/E? (0.0184) ratios, indicating that the low
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hBN content significantly enhances the resistance to plastic deformation and fracture
toughness by suppressing grain coarsening and pore formation.

(8) Atthe 600 °C-1 stage, the nickel-based matrix underwent significant thermal soften-
ing, which led to the encapsulation of hBN particles. This encapsulation physically
hindered the formation of a continuous and effective lubricating film at the friction
interface. In contrast, the homogeneous enrichment of B and N elements on the wear
surface observed in other thermal cycling stages indicates that hBN maintained good
spreading behavior and effective lubricating film-forming capability during those
stages.

(4) The stage from 600 °C-1 to 300 °C-2 represents a turning point in the wear mechanism:
the wear track width of NWB25 increases sharply by 34.2%, and the wear volume in-
creases significantly, indicating a transition from mild abrasive wear to severe spalling.
Raman spectroscopy and cross-sectional EDS analysis reveal that the tribo-oxidation
layer contains NiO, NiFe,Oy, Fe304, Cr,O3, WO3, and hBN. The enrichment of B and
N elements confirms the dynamic evolution of the high-temperature lubricating film.
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