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Abstract: The in-situ formation of oxides on alloy surface induced by high temperature can effectively reduce 

wear and resist oxidation. In consideration of the solid solution strengthening effect and great oxidation 

resistance of additional elements at elevated temperature, the NiCrWMoCuCBFe coating was prepared by high 

velocity oxygen flame (HVOF) spraying technology, and its tribological behavior was scrutinized from 25 to 

800 °C. By means of high temperature Vickers hardness tester and high temperature X-ray diffractometer, the 

mechanical properties and microstructures of NiCrWMoCuCBFe coating were measured. And the effect of the 

mechanical properties and microstructures of the coating on tribological performance was discussed in detail. 

The results showed both its friction coefficient (0.37) and wear rate (5.067 × 10−6 mm3·N−1·m−1) at 800 °C were the 

lowest, which was mainly related to the formation of “glaze” layer on the coating surface at high temperature. 

The glaze layer consisted of two parts, which were NiCr2O4 oxide film with the ability of interlaminar slip 

formed in the outer layer and nano-grains existed in the inner layer. Worth mentioning, these nano-grains 

provided bearing capability while the oxide film was vital to reduce wear rate and friction coefficient. As the 

ambient temperature increased, many hard oxides were produced on the wear scars, including NiO, Cr2O3, 

MoO3, and Mo2C. They can improve tribological and mechanical properties of NiCrWMoCuCBFe coating at a 

wide temperature range. 
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1 Introduction 

There are numerous mechanical components serving 

at high temperature applications (energy exploration, 

mechanical metallurgy, aerospace, and many other 

fields), such as high-temperature bearings, valves, and 

hot end parts of gas turbines. They not only need 

to withstand the severe oxidation and degraded 

mechanical properties caused by high temperature, 

but also should have excellent resistance to deal 

with tribological issues during service. The synergistic 

effect of high temperature and wear usually shortens 

service life of components, and even leads to serious  

safety accidents. Therefore, it is of great significance 

to strengthen the resistance of wear and friction of 

components at high temperature for improving the 

reliability in use of components and reducing energy 

consumption. 

Taking full account of the wear reduction mechanism 

of the common solid lubricant used in high temperature, 

many researchers found that both the direct addition of 

solid lubricant and in-situ formation of solid lubrication 

film with low shear strength could effectively improve 

tribological performance of the material in elevated 

temperature [1–3]. For example, Mo and V elements 

as well as additives which could lead to formation of 
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self-lubricating oxides at high temperature play a vital 

role in reducing wear rate [4–6]. The addition of Ag, 

Au, and other compounds with multi-slip system would 

reduce the friction coefficient due to the softening effect 

at high temperature [7–10]. Given the two major factors 

affecting the tribological property of materials at high 

temperature: the oxidization behavior and the stability 

of mechanical properties, in-situ formation of oxide film 

induced by temperature could effectively improve 

tribological properties. Besides, this method could 

not only avoid the complexity of the preparation 

process but also maintain the stable mechanical 

properties of materials in the high temperature 

environment. In fact, many alloys would form a glaze 

layer during friction at high temperature, including 

Ni-based alloys, Co-based alloys, even high-entropy 

alloys, and Ti alloys [11–15]. The high hardness of 

the oxides forming these glaze layers was the essential 

factor to improve the mechanical properties of 

materials. For example, Xu et al. [16] investigated the 

mechanical properties and high temperature friction 

properties of high-entropy FeNiCoCr alloys. It was 

found that oxides containing Co and Cr were formed 

on the worn surface of the material during friction 

at high temperature. Among them, the Co-enriched 

oxides were more favorable to form a dense lubricating 

glaze layer to reduce the wear rate, and decrease the 

friction coefficient. 

In view of the fact that both oxidation and friction 

usually occur on the surface of materials, the preparation 

of coatings can efficiently prevent substrate surface 

from friction and wear at high temperature. As one of 

the commonest means for preparing coatings, the high 

velocity oxygen flame (HVOF) spraying technology 

has been widely used as preparing coatings to resist 

wear [17–19]. Its advantages include the low porosity, 

controllable thickness of preparing coatings, and no 

damage to the substrate [20]. As for the most familiar 

HVOF spraying coating, the Ni-based alloy coatings 

can maintain the great wear resistance and excellent 

oxidation resistance at a wide temperature range. In 

order to endow Ni-based alloys with more excellent 

mechanical strength and wear resistance at high tem-

perature, it is the effective method to introduce many 

elements with high temperature stability and solution 

strengthening effect into Ni-based alloy coating. For 

example, Cr element easily forms chromium carbide, 

chromium boride, and other hard phases with C, B, 

and other elements at high temperature to improve 

the hardness and wear resistance of the alloy coating 

[21, 22]. Besides, when the Cr2O3 oxides were formed 

and distributed over the coating surface when the tem-

perature rose up, it also could improve hardness and 

reduce friction coefficient [23, 24]. NiCrWMoCuCBFe 

coating belongs to Ni-based alloy coating, which con-

tains Cr, W, Mo, and other solid solution strengthening 

elements. As W and Mo elements with larger atomic 

radii were dissolved into the coating, serious lattice 

distortion would happen to the element Ni. The lattice 

distortion was likely to hinder the diffusion of elements, 

and improve the chemical stability of the alloy coating 

at high temperature [25, 26]. In addition, the high 

melting point of elements such as W and Mo might 

also produce high hardness oxides, carbides, and 

borides at elevated temperature, which can improve 

both mechanical properties and wear resistance of 

the coating [27–29]. At present, it had been found that 

NiCrWMoCuCBFe coating possesses excellent me-

chanical properties, corrosion resistance, and cavitation 

erosion resistance [30–33]. However, there were few 

studies on its tribological properties at high temperature. 

In this study, NiCrWMoCuCBFe coating was prepared 

by HVOF spraying technology, and its tribological 

behavior was investigated from 25 to 800 °C. With the 

aid of high temperature Vickers hardness tester and 

high temperature X-ray diffraction (XRD) tester, the 

mechanical properties and chemical composition of 

NiCrWMoCuCBFe coating at high temperature were 

measured in-situ. Combined with mechanical properties 

and chemical composition of this coating at different 

temperatures, the tribological mechanism of the coating 

was discussed. The aim is to clarify the effect of 

in-situ formation of “glaze” layer on the tribological 

performance of NiCrWMoCuCBFe coating at 800 °C, 

and provide sufficient technical reference and theoretical 

basis for the application of NiCrWMoCuCBFe coating 

about friction at high temperature environment. 

2 Experimental 

2.1 Preparation of NiCrWMoCuCBFe coating 

The spraying powders were commercial 

NiCrWMoCuCBFe powders which was water atomized, 
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and its nominal chemical composition is shown in 

Table 1. The sprayed substrates were 316 L stainless 

steels (022Cr17Ni12Mo2) with the size of Φ 25 mm × 

7.8 mm. In order to improve the bonding strength 

between coating and substrate, the sprayed surfaces 

of the substrates were sandblasted by sandblasting 

equipment (GS-943; Beijing Changkong Sand Blasting 

Equipment Co., Ltd., Beijing, China).  

Then these sandblasted samples were placed in 

acetone solution for 20 min ultrasonic cleaning to 

remove oil stains and impurities. The samples were 

fixed to ensure that the HVOF flame flow was per-

pendicular to the sample surfaces during spraying. 

At the same time, the HVOF spray gun (Diamond Jet 

2700, Sulzer Metco, USA) was installed on an automatic 

mechanical arm (IRB 2400/16, ABB, Switzerland) for 

spraying in order to ensure the consistency of coating. 

The specific spraying parameters are shown in Table 2. 

Table 1 Nominal element composition of NiCrWMoCuCBFe 
powder. 

Elements Ni Cr W Mo Cu C B Fe

wt％ 54 20.5 10 9 4 0.75 0.75 1 

Table 2 Spraying parameters of NiCrWMoCuCBFe coating. 

Item Value 

Oxygen flow (m3/h) 19.8 

Natural gas flow (m3/h) 13.1 

Air flow rate (m3/h) 18.7 

Nitrogen carrier gas flow (m3/h) 0.9 

Powder feed rate (g/min) 25.0 

Gun speed (mm/s) 800.0 

Spraying distance (cm) 27.0 
 

2.2 Tribological experiments 

Before tribological testing, 320, 800, 1,500, and 2,000 mesh 

SiC sandpapers and diamond paste with a particle size 

of about 0.5 μm were used to grind and polish the 

prepared samples surfaces to make their roughness 

level at Ra ≈ 0.1±0.02 μm. The experiments were carried 

out using a pin-on-disk tribometer at high temperature 

(CSM, Switzerland), and the friction coefficient curves 

of the coating at 25, 200, 400, 600, and 800 °C were 

real-time recorded. In the tribological experiment, the 

Si3N4 balls with the diameter of 6 mm were used. The 

experimental load was 5 N, the rotation radius was  

5 mm, the friction distance was 300 m, and the linear 

velocity was 10 cm/s. Each experiment was repeated 

three times. 

2.3 Characterization of mechanical properties 

The Vickers microhardness of NiCrWMoCuCBFe 

coating at 25, 200, 400, 600, and 800 °C was measured 

in-situ by high temperature Vickers hardness test system 

(HTR&V-1200, Archimedes, USA) at argon atmosphere. 

The heating rate was set at 20 °C per minute and the 

holding time was 20 min. 10 points were tested at each 

target temperature, and the average microhardness 

value was obtained. During measuring, the load was 

fixed at 300 g, and the dwelling time was 10 s. Then, a 

microhardness tester (MH-5-VM, Shanghai Embedway 

Information Technologies Co., Ltd., China) was used 

to measure the Vickers microhardness of the coating 

on their wear tracks and non-worn surfaces at each 

testing temperature. There were ten points tested at 

each sample, and the average microhardness value was 

calculated.  

2.4 Microstructure characterization 

An optical microscope (Olympus, Reco, Tokyo, Japan) 

was used to obtain images of the different areas on the 

as-polished NiCrWMoCuCBFe coating surface. The 

porosity of each image was calculated by Image J 

software. Finally, the average porosity of ten images was 

calculated as the porosity of the coating. Besides, the 

JSM-5600LV scanning electron microscopy (SEM; JEOL, 

Japan) was used to observe the surface morphology 

of NiCrWMoCuCBFe powder and coating before and 

after friction experiment. And a three-dimensional (3D) 

surface profilometer (MicroXAM-3D, ADE Corporation, 

USA) was used to obtain the 3D morphology and 

the roughness on wear scars of these samples after 

tribological experiments at different environment 

temperature. In addition, the wear volume of the 

samples was obtained by Eq. (1), and the wear rate 

was calculated by Eq. (2): 


0

2πV rV                                   (1) 

 
V

SF
                                    (2) 

where V  is the wear volume (mm3), 
0

V  is the wear 
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volume of actual length with 1 mm which can be 

obtained directly by the 3D surface profilometer, r  is 

the rotation radius during friction,   is the wear rate 

of the coating (mm3·N−1·m−1), S  is the wear distance (m), 

and F  is the load on the sample during friction (N). 

In addition, high temperature X-ray diffractometer 

(Rigaku, Ultima, Japan) was used to analyze the chemical 

composition of the coating surface under vacuum 

environment at 25, 200, 400, 600, and 800 °C. The sample 

dimensions used were 7 mm × 7 mm × 3 mm, and the 

excitation source of X-ray diffractometer was Cu Kα 

ray (λ = 1.54056 Å, 40 kV, 40 mA). The scanning range 

was 10°–80°, and the scanning step size was 0.02°. After 

the tribological experiment, the element distributions 

on the surfaces of the worn and unworn coatings 

were measured by energy dispersive X-ray diffraction 

spectrometer (D8Discover25, Bruker, Germany). Besides, 

a microscopic confocal Raman spectrometer (Jobin- 

Yvon HR-800, Horiba, France) was used to analyze the 

chemical composition of the coating after friction in 

25, 200, 400, 600, and 800 °C. The Argon-ion (λ = 532 nm) 

was used as the excitation light source for the micro 

confocal Raman spectrometer. In addition, the focused 

ion beams (FIB) equipment (Helios G4, Waltham, USA) 

was used to prepare the polished coating and the 

cross-section worn surface after friction at 800 °C. 

And transmission electron microscopy (TEM; TECNAI 

G2 S-TWIN, F20, USA) was used to observe their 

microstructure.  

3 Results 

3.1 Microstructure of powder and as-sprayed coating 

Figure 1 shows the SEM morphology of 

NiCrWMoCuCBFe powder, sprayed coating surface, 

and cross-section surface. It can be seen that the 

spraying powder was quasi-spherical with smooth 

surface, and its particle size was about 10–50 μm. 

Some particles with smaller size were embedded in 

the powder particles with larger size (Fig. 1(a)), which 

may be attributed to the characteristics of water 

atomization. Besides, there were not only agglomerated 

particles on the as-sprayed coating surface but also 

some plastically deformed particles (Fig. 1(b)). It can 

be seen from the fractured morphology that the 

prepared coating had an obvious lamellar structure, 

and there were some powders embedded inside the 

coating (Fig. 1(c)). 

According to the cross-section morphology of 

NiCrWMoCuCBFe coating, the thickness of the pre-

pared coating was uniform, about 450 μm (Fig. 2(a)). 

Figure 2(b) shows the TEM morphology of cross-section 

surface of NiCrWMoCuCBFe coating (the red line in 

 

Fig. 1 SEM images of (a) NiCrWMoCuCBFe powder, (b) surface and (c) fracture surface of NiCrWMoCuCBFe coating. 

 

Fig. 2 (a) SEM, (b) bright-field TEM, and (c) HRTEM images of cross-section surface of NiCrWMoCuCBFe coating. 
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Fig. 2(a)). It can be seen that there are a few micro 

defects and slight oxidation inside the coating. And the 

porosity of the coating was still maintained a low level 

of 3.24%±0.53%. A few Cr2O3 particles can be observed 

from the high-resolution TEM (HRTEM) morphology 

of NiCrWMoCuCBFe coating (Fig. 2(c)), which is 

attributed to the inevitable oxidation of powder particles 

as they were molten during spraying. 

However, it can be found that the XRD peaks of 

NiCrWMoCuCBFe coating and powder were basically 

consistent (Fig. 3), which mainly belonged to Ni-based 

solid solutions and Cr23C6. Meanwhile, there were 

no significant oxide diffraction peaks. In addition, 

full width of half maximum of the diffraction peak of 

NiCrWMoCuCBFe coating was larger than that of the 

powder. That is, there was incomplete grains formed 

or the effect of solid solution strengthening generated 

during the coating preparation, resulting in lattice 

distortion inside the coating. The strengthening intensity 

of diffraction peaks of Cr23C6 also means that solid 

solution effect was generated in the process of coating 

preparation, leading to the increase of its content. 

 

Fig. 3 XRD pattern of NiCrWMoCuCBFe powder and coating. 

3.2 The friction behavior of NiCrWMoCuCBFe 

coating at elevated temperature 

It can be seen from real-time friction coefficients that 

the friction coefficients of NiCrWMoCuCBFe coating 

at different temperatures was all fluctuated greatly 

at the beginning of friction (Fig. 4(a)). Especially at 

200 °C, the friction coefficient of the coating increased 

continuously from the lowest of 0.52 (when the friction 

distance reached about 30 m) to the stable 0.84 (after 

friction of approximately 200 m). Compared to that at 

200 °C, the shorter running-in period was exhibited at 

25, 400, 600, and 800 °C. And their friction coefficients 

were almost stable after friction around 50 m. The 

average friction coefficient at different temperatures 

can be calculated by friction coefficients at stable stage. 

Meanwhile, Fig. 4(b) displays that the average friction 

coefficient showed a decreasing trend with the increase 

of temperature. At 25 °C, the average friction coefficient 

was about 0.86. When the temperature rose to 800 °C, 

it decreased down to 0.37. Besides, in Fig. 4(b), the wear 

rate of the coating firstly increased, and then decreased 

when the environment temperature increased. The 

highest wear rate of the coating was about 2.103 × 

10−4 mm3·N−1·m−1 at 400 °C. And the lowest wear rate 

was only about 5.067 × 10−6 mm3·N−1·m−1 at 800 °C, which 

was lower 2 orders of magnitude than that at 400 °C. 

In other words, NiCrWMoCuCBFe coating possessed 

the most stable and the smallest friction coefficient, 

as well as the lowest wear rate at 800 °C. 

The width of wear scars on NiCrWMoCuCBFe 

coating increased at first and then decreased, as can 

be seen in Fig. 5. The width of wear scars at 400 °C 

(930 μm, in Fig. 5(c1)) was more than twice that at 

800 °C (400 μm, in Fig. 5(e1)). It can be seen from the 

3D morphology that the depth of wear scars was the 

largest at 400 °C (Fig. 5(c2)), followed by that at 600 °C 

(Fig. 5(d2)). After friction at 25 and 400 °C, many furrows 

appeared on the worn surface (Figs. 5(a1) and 5(c1)). 

These furrows were parallel to the friction direction. 

A small amount of wear debris was distributed at the 

exit of the sliding counterpart (Figs. 5(a3) and 5(c3)), 

which belonged to the main feature of abrasive wear. 

As for 200 °C, the roughness was the largest and there 

were some spalling trails presented on the worn surface 

(Fig. 5(b1)). Likewise, a large amount of wear debris was 

also found at the interface (Fig. 5(b3)). However, when 

the temperature increased up to 600 °C, there were 

much wear debris except for furrows existed in the wear 

scars (Fig. 5(d1)). Besides, the worn surface was relatively 

smooth and the amounts of debris were reduced at 

800 °C (Fig. 5(e1)). Similarly, a transfer film developed at 

the interface after friction at 600 and 800 °C (Figs. 5(d3) 

and 5(e3)). Based on the SEM morphology of wear scars 

of NiCrWMoCuCBFe coating and Si3N4 counterpart 

at different temperatures, the wear mechanism of 

NiCrWMoCuCBFe coating can be summarized as 

shown in Table 3. At room temperature, the wear 

behavior of the coating was mainly abrasive. When the 

temperature rose to 200 °C or even 400 °C, adhesive and 
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abrasive wear acted together. And then the temperature 

rose to 600 and 800 °C, oxidative wear played a 

dominant role. From Fig. 5, it can be seen that the 

agglomerated wear particles appeared in the worn 

surface of coating and counterpart after friction at 

200 °C (Figs. 5(b1) and 5(b3)) and 400 °C (Figs. 5(c1) and 

5(c3)). Suh et al. [34, 35] had also found that many wear 

particles were likely to be penetrated into the sliding 

surface under the action of frictional shear force without 

lubricants, and then these agglomerated particles exited 

the interface as oxidized thin sheets under the combined 

effect of load and temperature. Then, this delaminated 

wear also appeared on the worn surface after friction 

at 600 °C (Figs. 5(d1) and 5(d3)).  

 

Fig. 4 (a) Real-time friction coefficients, and (b) average friction coefficient and wear rate at elevated temperature of NiCrWMoCuCBFe 
coating. 

Fig. 5 SEM images of wear scars of (a1) NiCrWMoCuCBFe coating and (a3) Si3N4 counterpart, (a2) 3D morphology of wear scars on the 
coating surface at 25 °C; and the corresponding morphologies at (b1–b3) 200 °C, (c1–c3) 400 °C, (d1–d3) 600 °C, and (e1–e3) 800 °C. 

Table 3 Wear mechanism of NiCrWMoCuCBFe coating at different temperatures. 

Wear temperature (°C) Wear mechanism 

25 Abrasive 

200 The combined action of abrasive and adhesive 

400 The combined action of abrasive and adhesive 

600 Compacted oxide film and adhesive 

800 Glaze and compacted oxide film 
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3.3 Oxidation products after friction at elevated 

temperature  

Figure 6 shows the XRD patterns of NiCrWMoCuCBFe 

coating surface after friction at various testing 

temperatures. These measured XRD diffraction peaks 

belonged to Ni-ss and Cr23C6, which is basically con-

sistent with that of the sprayed coating as shown in 

Fig. 3. When the environment temperature increased 

to 800 °C, the XRD peaks on the coating surface were 

not only the mentioned phases but also appeared the 

diffraction peaks of NiO, Cr2O3, Mo2C, and NiCr2O4. To 

a certain extent, NiO and Cr2O3 can not only enhance 

the mechanical properties of the alloy, but also play 

an important role in reducing wear rate and lowering 

the friction coefficient, because of their high hardness 

and lubrication effect. The hardness of Mo2C was about 

10.58–12.65 GPa. Moreover, Mo2C possessed a large 

shear modulus and could play as a lubricant to reduce 

the friction coefficient of the coating [36, 37]. 

Raman analysis of NiCrWMoCuCBFe coating after 

friction at different temperatures was performed on 

the worn surface, as shown in Fig. 7. The Raman peak 

of Si3N4 can always be detected on the surface of the 

worn surface because the Si3N4 balls were also rubbed 

in the friction process, resulting in the deposition of 

wear debris on the worn surface. Cr2O3 [38, 39] firstly 

appeared on the worn surface of the NiCrWMoCuCBFe 

coating surface after friction at 25 °C. When the ambient 

friction temperature increased to 200 °C, the peak of 

NiO [40, 41] also appeared in the Raman spectrum. 

The appearance of the Raman peaks of NiO and Cr2O3 

can be attributed to two factors. Firstly, the frictional 

heat generated during sliding was enough to form 

these oxides even if the environment temperature was 

still at a low level. Furthermore, there were already a 

few Cr2O3 generated during HVOF-spraying process, 

which can be seen from Fig. 2(c). Similarly, MoO3 [42] 

appeared on the worn surface when the temperature 

reached 400 °C. Drawing on the thermodynamics of 

the oxidation of metal elements, the lower Gibbs free 

energy of the chemical reaction, the easier to form 

oxide [43]. According to Eqs. (3) and (4), the Gibbs free 

energy of several major elements of the coating (as 

shown in Table 4) in the oxidation process at 800 °C 

can be calculated: 

 

Fig. 6 (a) XRD patterns of NiCrWMoCuCBFe coating after friction at 25, 200, 400, 600, and 800 °C. (b) 30°–43° XRD patterns of 
NiCrWMoCuCBFe coating after friction at 800 °C. 

 

Fig. 7 Raman pattern of NiCrWMoCuCBFe coating after friction (a) at 25, 200, and 400 °C, and (b) at 600 and 800 °C. 
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Table 4 Standard Gibbs free energy of several elements of 
NiCrWMoCuCBFe coating at 800 °C. 

Chemical reaction θ
mr G  (kJ/mol) 

22Ni(s) + O (g) 2NiO(s)  −334.84 

2 2 34Cr(s) 3O (g) 2Cr O (s)   −1830.82 

2 32W(s) 3O (g) 2WO (s)   −1233.24 

2 32Mo(s) 3O (g) 2MoO (s)   −975.08 
 

   m B f m
B

(B)
r
G G                         (3) 

      
m m m

(B) (B) (B)G H T S                   (4) 

That is, the standard Gibbs free energy difference 

mr

G  of a chemical reaction was equal to the sum of 

the standard Gibbs free energy of the product and the 

reactants. The B  means the stoichiometric coefficients 

of each product and reactant in chemical reaction. The 

standard Gibbs free energy  m (B)rG
  of each reactant 

and product at 800 °C is a function of the standard 

enthalpy of formation  m (B)H  and the standard 

entropy  m (B)S  of the substance at this temperature. 

Since the standard Gibbs free energies of NiO, Cr2O3, 

WO3, and MoO3 were all negative, which indicated that 

these compounds were readily formed at 800 °C. 

4 Discussion  

4.1 In-situ characterizations of microhardness and 

oxidation products at high temperatures 

Given the characteristics of oxidation wear [44, 45], 

the mechanical properties and chemical elements of 

NiCrWMoCuCBFe coating at high temperature can 

directly affect the tribological properties. Thus, it is 

very necessary to test the Vickers hardness and XRD 

of NiCrWMoCuCBFe coatings in-situ at different tem-

peratures. With the increase of temperature, the in-situ 

Vickers microhardness value of NiCrWMoCuCBFe 

coating measured in Argon showed an overall trend of 

decline with increasing the environment temperature. 

That is, the coating softened at high temperature  

(Fig. 8(a)). Among them, the highest microhardness 

value was about 629.91 HV300 g at 25 °C. The in-situ 

microhardness value of the coating was 470.89 HV300 g 

at 800 °C, which is significantly lower than that at 25 °C. 

Besides, the microhardness of the coating at 200 °C 

decreased slowly compared with that at 25 °C, indicating 

that the internal microstructure of the coating still had 

excellent compressive resistance to the action of external 

force. However, the microhardness value of the coating 

dropped sharply as the temperature rose to 600 °C. 

At this time, the coating underwent obvious plastic 

deformation subjected to external force.  

Opposite trend to in-situ Vickers microhardness 

at high temperature evolution was observed, the 

microhardness values of the wear tracks and non-worn 

surfaces were both enhanced with the increase of 

temperature (Fig. 8(a)). The microhardness of the 

non-worn surfaces after friction at 800 °C increased 

by 34.46% compared with that at 25 °C, mainly due 

to the oxidation generated under the action of high 

temperature. To be specific, the formation of these 

high hardness compounds, e.g., NiO, Cr2O3, Mo2C, 

and NiCr2O4, would have great ability to improve the 

microhardness of the coating surface and reduce wear 

rate. In addition, the microhardness of the wear tracks 

improved gradually with the increase of friction 

temperature. At the same time, it can be seen that the 

microhardness in the wear tracks was significantly 

higher than that in the non-worn surface under the 

 

Fig. 8 (a) In-situ microhardness values on the coating surface at 25, 200, 400, 600, and 800 °C, and micro-hardness values of non-wear 
scars and worn surface after friction. (b) In-situ XRD of NiCrWMoCuCBFe coating at 25, 200, 400, 600, and 800 °C. 
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same condition. The reasons can be ascribed to two 

aspects. On the one hand, the oxide content of the wear 

track was likely to increase with the combined action 

of frictional heat and ambient heat, thus improving the 

hardness value of the wear track. On the other hand, 

the effects of work hardening which is caused by the 

action of repeated sliding would result in the increase 

of microhardness values of the worn surfaces compared 

to the unworn ones under corresponding conditions. 

The in-situ formation of oxidation products measured 

by high temperature XRD was still dominated by 

NiO, Cr2O3, MoO3, and NiCr2O4 (Fig. 8(b)), which was 

basically same as the products generated on the worn 

surface after friction in the Section 3.3 (Figs. 6 and 7). It 

also reflected that the oxides generated at high tem-

perature environment would not disappear with the 

decrease of temperature. Worth mentioning, although 

the slight oxidation (Cr2O3 can be seen in Fig. 2(c)) 

appeared on the coating surface during HVOF spraying, 

most of oxides generated when the environment tem-

perature went up. Besides, the peaks of Pt appeared on 

the XRD pattern. The element Pt came from the sample 

carrier, which cannot affect the tribology performance 

of this coating. 

4.2 The generation process of “glaze” layer in high 

temperature 

Despite a large amount of wear debris, there were 

grooves, pitting, and spalling appeared on the surface 

of the worn surface of NiCrWMoCuCBFe coating after 

friction at medium and low temperatures (Figs. 9(a1) 

and 9(a2)). The Si3N4 counterpart would be pressed into 

the coating under the action of load, generating severe 

plastic deformation on the coating surface (Fig. 9(a1)). 

Under further action of the friction force, the brittle 

damage occurred on the coating surface, resulting in 

a large amount of hard abrasive debris and many 

furrows and cracks appeared on the worn surface 

(Fig. 9(a2)). The generated abrasive debris interlocked 

with each other during sliding, resulting in a high 

friction coefficient at 25 °C. When the temperature rose 

to 200 °C, more wear debris were generated due to the 

declined hardness of the coating by the effect of high 

temperature (Figs. 9(b1) and 9(b2)). When the amount 

of debris gradually increased, they would hinder each 

other and then make the friction coefficient increased 

as well. At this time, wear debris was also crushed into 

a sheet accumulation in the worn surface, which is 

termed as wear by delamination When the temperature 

went up to 400 °C, there were a competition between 

the declined hardness of the material and the formation 

of friction products. The declined hardness of the 

coating would lead to more wear debris generation. 

However, there were many oxides with high hardness 

formed due to high temperature in the wear tracks as 

abrasive particles. As a result, the wear rate increased 

obviously (Figs. 9(c1) and 9(c2)). 

As the temperature rose to 600 and 800 °C, lubrication 

glazes began to appear on the worn surface (Figs. 10(a1) 

and 10(b1)). The onset of glaze layer formation had 

an important role in reducing the friction coefficient 

and wear rate. Besides, it had been found on the worn  

 

Fig. 9 Local magnification SEM images of worn surface of NiCrWMoCuCBFe coating at (a1) 25 °C, (b1) 200 °C, and (c1) 400 °C.
HRSEM images of worn surface at (a2) 25 °C, (b2) 200 °C, and (c2) 400 °C. 
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Fig. 10 Magnified SEM images of NiCrWMoCuCBFe coating at 
(a) 600 °C and (b) 800 °C. HRSEM images of NiCrWMoCuCBFe 
coating at (c) 600 °C and (d) 800 °C. 

surface of many Ni-based alloys after friction at high 

temperature [46–48]. The HRSEM morphology analysis 

was carried out on the lubrication glaze. A lot of nano- 

particles distribute on the glaze layer of coating after 

friction at 600 and 800 °C (Figs. 10(a2) and 10(b2)). These 

nanoscale oxides composed of NiO, Cr2O3, MoO3, Mo2C, 

and NiCr2O4 have great lubrication effect in lowering 

friction coefficient at the interface. Therefore, the 

formation of lubrication glazes at high temperature 

was mainly due to two reasons. On the one hand, the 

declined hardness of NiCrWMoCuCBFe coating with 

the increasing of temperature led to the enhancement 

of the plastic deformation ability. On the other hand, 

the high temperature environment resulted in the 

oxidation of the coating surface, thus a large number 

of hard oxides formed. Therefore, these oxide films 

on the coating surface were further sintered at high 

temperatures to form glaze layer with lubricant property 

when the coating was subjected to friction forces. To 

sum up, the formation process of the lubricating glaze 

can be summarized by the following six processes. At 

first, the inevitable oxidation generated on this coating 

surface due to the heating process before friction. 

Subsequently, plastic deformation occurred due to the 

combined effect of temperature and load between the 

Si3N4 balls and coating surface when friction begun. 

Therewith, the mutual wear led to the generation of 

the wear debris on the wear scars. The oxidation of the 

wear debris caused by high temperature. These oxides 

mixed and bonded with each other. And finally, the 

oxides were agglomerated, compacted, and sintered to 

form a tribo-film due to the combined action of friction 

shear force and high temperature. This formation of 

lubricant glaze was consistent with many Ni-based 

alloy coatings at high temperatures [49, 50]. 

4.3 The microstructure of “glaze” layer and its 

influence on wear 

TEM analysis was performed on the lubrication glaze 

of NiCrWMoCuCBFe coating after friction at 800 °C. 

It can be seen that the cross-section morphology of 

wear scars at 800 °C was mainly divided into two parts 

 

Fig. 11 (a) TEM image of the cross-section surface of wear scar after friction at 800 °C. HRTEM images of (b) “A” and (f) “C” 
regions in (a). SAED images of (c) “A” and (d) “C” regions in (a). (e) Local magnified image and corresponding SAED image of “B” 
region in (a). 
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(Fig. 11(a)). The outer layer of coating was the closest 

to the worn surface, which showed significant cracks 

and spalling. In addition, there were many nano particles 

distributed on this part of the wear track (Fig. 11(a)). 

The size of these grains was very small, almost less 

than 10 nm. The small grain size was also caused by 

the combined effect of high temperature and friction 

force, resulting in grain refinement. From HRTEM 

and selected area electron diffraction (SAED) analysis 

of “A” region, it showed that the region was dominated 

by spinel NiCr2O4 (Figs. 11(b) and 11(c)). Under the 

action of friction force and high temperature, the 

chemical bond of NiO and Cr2O3 broke and these 

two compounds recombined with each other to form 

the spinel NiCr2O4, whose chemical reaction equation 

was shown in Eq. (5): 

 
2 3 2 4

NiO Cr O NiCr O                        (5) 

Among them, O2− was cubic close packing structure, 

Ni2+ was filled in the tetrahedral interstice, and Cr3+ 

was located in octahedral interstice [47, 51, 52]. The 

formation process and chemical structure of 
2 4

NiCr O  

were shown in Fig. 12.  

In addition, many grains with different sizes could 

be seen in the inner layer of the wear track. After the 

analysis of regions “B” and “C”, it was found that these 

nanocrystals were mainly NiO and Cr2O3 (Figs. 11(d)– 

11(f)). There existed substructure inside NiO grains 

and the sub-grain boundaries were perpendicular to 

the worn surface (Fig. 11(e)). Generally, since a large 

number of tangled dislocations were concentrated 

on grain boundaries, the generation of sub grain 

boundaries would prevent the dislocation going 

through, thus the mechanical properties of the coating 

could be strengthened. 

In summary, the friction and wear mechanism of 

NiCrWMoCuCBFe coating at 800 °C is shown in Fig. 13. 

Because the outer layer of the coating was in contact 

with the Si3N4 counterparts, plastic deformation 

took place firstly under the coupling action of high 

temperature and friction force. The lattice distortion 

of NiCrWMoCuCBFe coating was caused by repeated  

 

Fig. 12 Chemical structure of NiO, Cr2O3, and NiCr2O4 as well as the formation process of NiCr2O4. 

 

Fig. 13 Friction and wear mechanism of NiCrWMoCuCBFe coating at 800 °C. 
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frictional action therewith. In addition, some oxidation 

products with high hardness such as NiO, Cr2O3, Mo2C, 

and MoO3 would be formed in the outer layer because 

this area was contacted fully with the atmospheric 

environment. These hard oxide particles were constantly 

peeled off under the action of friction force, which 

may form cracks and spalling on the coating surface. 

Whereafter, the area of the coating exposed to atmo-

spheric environment was increasing, which provided 

sufficient conditions for further oxidation. At the same 

time, these oxidation products had lubricant properties 

that led to reduction of the friction coefficient and wear 

rate of the coating at 800 °C. Besides, Ni, Mo, Cr, and 

other elements in the coating could diffuse to the 

surface continually under the action of ambient heat, 

accelerating the formation of oxide film. As can be 

seen from Fig. 13, the lamellar NiCr2O4 oxide film was 

likely to produce interlaminar shear by friction effect, 

thus reducing the friction coefficient of the coating 

[53–56]. Meanwhile, the formation of the oxide film 

was beneficial to avoid the direct contact between 

the coating and the Si3N4 counterpart to reduce the 

wear rate of the coating and form a “glaze” layer on 

the surface. In addition, NiO and Cr2O3 nanocrystals 

comprised the inner layer of the coating. Nano-grains 

possessed better mechanical properties than coarse 

grains according to the Hall-Petch equation. Therefore, 

they would play a supporting role to maintain 

mechanical strength of the overall coating, though the 

coating surface had softened at high temperature.  

The aforementioned can conclude that the enhan-

cement of friction properties of NiCrWMoCuCBFe 

coating at high temperature was closely related to the 

formation of glaze layers on the coating surface. This 

“glaze” layer was mainly composed of oxides with 

lubrication and high hardness properties. In low 

temperature stage, the little generated oxides were not 

effective in lowering the friction coefficient or improving 

the mechanical properties of this coating in the friction 

process. Instead, the softening effect of the coating 

was dominant, which could explain why the friction 

coefficient and wear rate were relatively high. However, 

with the increase of the friction temperature, these 

increasing oxides began to play a key role in the 

tribological and mechanical properties of the coating. 

By reason of the foregoing, it can be seen that 

NiCrWMoCuCBFe coating has not only good wear 

reduction effect and wear resistance but also great 

high temperature mechanical properties at 800 °C. 

5 Conclusions 

In this study, NiCrWMoCuCBFe coating was prepared 

by HVOF spraying technology, and its tribological 

properties at 25, 200, 400, 600, and 800 °C were studied. 

The tribological behaviors of the coating at 600   

and 800 °C were mainly analyzed. Based on in-situ 

high temperature Vickers hardness tester and high 

temperature XRD diffractometer, the influence of 

the mechanical properties and the microstructure on 

the tribological properties of this coating at high 

temperature was discussed. The morphology evolution 

of these wear tracks after high temperature friction was 

analyzed by HRSEM. Especially, the wear mechanism 

at 800 °C was analyzed by TEM in detail. The main 

conclusions were as follows: 

1) Many hard oxides including NiO, Cr2O3, Mo2C, 

and MoO3 were generated on the NiCrWMoCuCBFe 

coating surface after friction at high temperature. The 

generation of these hard oxides was mainly due to the 

effect of ambient heat.  

2) The friction coefficient and wear rate of 

NiCrWMoCuCBFe coating at 800 °C are the lowest 

(0.37 and 5.067 × 10−6 mm3·N−1·m−1, respectively), which 

were mainly related to the formation of “glaze” layer 

on the coating surface at high temperature. 

3) The formation of “glaze” layer mainly experienced 

six processes in high temperature friction: oxidation by 

high temperature, the plastic deformation, the generation 

of wear debris, further oxidation of wear debris, the 

oxides mixed and bonded with each other, and then 

agglomeration, compaction, sintering, and adherence 

to one of the counterparts due to the combined action 

of friction shear force and high temperature. 

4) After friction at 800 °C, the “glaze” layer was mainly 

divided into two parts. The outer layer was mainly 

composed of hard oxide particles and the NiCr2O4 

oxide film with lamellar structure. Its interlaminar shear 

caused by friction shear force can effectively reduce the 

friction coefficient and wear rate of NiCrWMoCuCBFe 

coating. The inner layer was mainly nanoparticles with 

high hardness, which can endow the coating good 

mechanical properties at high temperature. 
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