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High-temperature sliding wear behavior of nitrided Ni45(CoCrFe)40(AlTi)15 
high-entropy alloys 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Hard particles of AlN, CrN, Fe4N, and 
TiN phases were produced after 
nitriding. 

• The surface hardness of HEAs increased 
from 8.8 GPa to 14.9 GPa after nitriding. 

• The thickness of the nitrided layer on 
Ni45(FeCoCr)40(AlTi)15 HEAs was 11.5 
μm. 

• The wear resistance of nitrided HEAs 
was superior than that of as-cast HEAs. 

• Oxidative behavior played a dominant 
role in high wear resistance of HEAs.  
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A B S T R A C T   

The nitrided layer on Ni45(CoCrFe)40(AlTi)15 high-entropy alloys (HEAs) was prepared by plasma nitriding. The 
microstructure, hardness, the effect of temperature on the tribological properties and adhesive strength of the 
nitride layer were investigated. The results revealed that the as-cast alloy was composed of a single FCC phase, 
and the hardness measured by nano-indentation was 8.8 GPa. After nitriding, the hard phases, such as AlN, CrN, 
Fe3N, and TiN, appeared, the surface hardness was increased to 14.9 GPa, and the hardness distribution of the 
cross section of the nitrided layer was uniform. Moreover, the scratch test showed that the nitrided layer had 
good bonding properties with the substrate. The friction coefficient and the wear rate were significantly reduced, 
compared to the as-cast alloys due to the generation of unique nitride particles on the surface of the nitrided 
alloys. At low temperatures, the friction mechanism of as-cast and nitrided alloys was dominated by the adhesive 
wear and abrasive wear. Subsequently, the friction mechanism was changed to the oxidative wear and delam
ination wear with increasing the temperature.   

1. Introduction 

The high-entropy alloys (HEAs) are composed of five or more metals 
with the same atomic ratio or near atomic ratio between 5 and 35 at.% of 

the main alloy elements [1]. Due to their high mixing entropy, these 
alloys tend to form a stable and simple single-phase structures, such as 
face-centered-cubic (FCC), body-centered-cubic (BCC), and/or 
hexagonal-closed-packed (HCP) rather than complex intermetallic 
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compounds [2,3]. These alloys usually cause the lattice distortion due to 
the different atomic size and chemical bonds of the constituent elements. 
Therefore, HEAs are stronger than conventional alloys [4,5]. Another 
key feature is the sluggish diffusion observed in HEAs [5,6], which is 
important for high-temperature applications because it means that the 
phases present have good high-temperature mechanical properties, 
which are usually controlled by diffusion dynamics [6,7]. 

According to the surveys conducted in different countries, the eco
nomic losses caused by friction and wear are estimated to be 1–2% of the 
Gross Domestic Product (GDP) [8]. The tribological properties of HEAs 
have become a hot topic due to their great potential in industrial ap
plications [9–15]. Chuang et al. [12] designed a series of AlxCo1.5Cr
FeNi1.5Tiy HEAs, and the wear behavior and mechanism were studied. 
The hard-phase η precipitation was suppressed due to the addition of Al, 
and the hardness was reduced from 509 HV of Al00Ti05 to 487 HV of 
Al02Ti05. However, when the molar ratio of Ti increased from 0.5 to 1 
(Al00Ti10 and Al02Ti10), the volume fraction of η precipitates 
increased significantly, and the hardness was 654 H V and 717 H V. 
Therefore, the wear resistance was significantly improved. 

The surface-coating technologies have been successfully applied to 
improve the surface hardness and tribological properties of metals and 
alloys. Researchers used ion implantation, Physical Vapor Deposition 
(PVD) technologies, to modify the surface of alloys [16–18]. However, 
the bonding strength or toughness of the modified layer was insufficient, 
which made it easy to crack and peel off under the bearing condition. 
Researchers have applied surface chemical heat treatment to 
high-entropy alloys to improve surface properties, such as boronizing 
and carburizing. The surface chemical heat treatment technologies have 
been applied to improve the surface properties of high-entropy alloys, 
such as the boronizing and carburizing [19–21]. However, the plasma 
nitriding is essentially a diffusion process different from other coating 
techniques. It is an excellent surface-hardening technique extensively 
used by the industry due to its high nitrogen potential, short processing 
time, and low environmental impact, improving the wear resistance, 
fatigue life, and corrosion resistance of parts, such as cams, gears, or 
molds, especially the parts containing the elements which have good 
binding ability with N, such as Al, Fe and Cr [22–25]. Nishimoto et al. 
[26] studied the microstructures and mechanical properties of CoCr
FeMnNi HEAs. The results indicated that the FCC structure of the 
nitrided surface at lower nitriding temperatures was replaced by CrN at 
higher temperatures, and the surface hardness was increased from 200 
HV of as-cast alloy to 1300 HV after nitriding, which greatly improved 
the wear resistance of the sample. Wang et al. [27] investigated the 
microstructures and wear properties of nitrided coatings on AlCoCrFeNi 
in different environments. It was concluded that the hardness of the 
nitrided HEA was significantly improved, compared to that of the as-cast 
alloy according to several strengthening mechanisms. The primary wear 
mechanism of the as-cast alloys in air was the abrasive wear, while the 
wear mechanism of the nitrided HEAs in the acid rain was oxidative and 
corrosive wears. 

High-temperature wear is one of the limiting factors for the repeated 
contact-surface life of metals, and it is a potential failure mechanism for 
forging tools. Except for some refractory HEAs containing high melting 
point elements, the HEAs generally have the potential for high- 
temperature applications owing to their good oxidation resistance, su
perior age-softening resistance, and high elevated-temperature 
strengths [1,28,29]. The above reports were more concerned with the 
friction and wear properties of the nitride layer on HEAs at room tem
perature. However, the sliding-wear behavior for that at elevated tem
perature has so far rarely been investigated. 

In the present study, the definition of traditional HEAs was broken 
through. The content of Ni was increased to 45 at.%. The configurational 
entropy of the alloy was 1.56 R higher than the defined value (1.5 R). 
Therefore, it still belonged to the category of HEAs. Previous study [30] 
showed that the as-cast Ni45(CoCrFe)40(AlTi)15 HEAs had high yield 
strength (σ0.2 = 1110 MPa) and great ductility (no fracture). However, 

the tribological behavior of the high entropy alloy was not clear. 
Therefore, the effects of temperature on the tribological properties of 
Ni45(CoCrFe)40(AlTi)15 nitrided layers were discussed in detail. 

2. Experimental 

Alloy ingots with a nominal composition of Ni45(FeCoCr)40(AlTi)15 
were prepared by arc-melting a mixture of pure elemental metals (pu
rity > 99 wt%, weight percent) in a Ti-gettered high-purity argon at
mosphere with a water-cooled copper mold (WK-II Vacuum Arc Melter, 
China, manufactured by Beijing Wuke Optoelectronics Technology Co., 
Ltd.). These ingots were remelted five times under a vacuum environ
ment so as to ensure a chemical homogeneity. The homogeneous melt 
was then cast into a water-cooled copper mold with a size of 85 (length) 
× 10 (width) × 2 mm (thickness). 

In order to reduce the material waste caused by severe edge effects 
during the nitriding process, the entirely cuboid sample was carefully 
ground and fully polished. Subsequently, the plasma nitriding furnace 
(LDMC-100A, Germany) was used to perform the surface nitriding 
treatment on the polished samples in an ammonia atmosphere at 550 ◦C 
for 9 h. The flow rate of ammonia was 0.4 m3/h. After nitriding, all the 
samples were cut into small pieces with a size of 10 (length) × 10 
(width) × 1.5 mm (thickness). 

The dry sliding-wear test was performed, using a universal wear- 
testing machine (HT-4001, China, manufactured by Lanzhou Institute 
of Chemical and Physics, Chinese Academy of Sciences) at different 
temperatures, such as 20, 100, 200, 300, 400, 500, and 600 ◦C, as 
schematically illustrated in Fig. 1. The temperature was recorded, 
employing the cromel-alumel thermocouples with the accuracy of 
±1.5%. In order to avoid the experimental error due to the influence of 
temperature on the grinding pair, the tested samples were rubbed 
against a hardened Si3N4 ball with a diameter of 5.5 mm, at a distance of 
8 mm from the center, a sliding velocity of 0.084 m/s (200 r/min) for 30 
min, and a normal load of 10 N. 

A load cell was used to record the friction coefficient during the tests. 
The volume loss of the alloys was calculated by measuring the depth and 
width of the wear scars, using a three-dimensional (3D) surface profiler 
based on scanning the white light interferometry. The volumetric loss is 
defined by Refs. [31,32]:  

ΔV = Lh (3h2 + 4b2) ⁄ (6b)                                                               (1) 

Where ΔV is the volumetric loss, L is the perimeter of the wear ring, h 
and b are the depth and width of the wear scars, respectively. The wear 
rate is defined as follows [31,32]:  

Wr = ΔV ⁄ (SP)                                                                               (2) 

Where Wr is the wear rate, S is the sliding distance, and P is the load. 
The microstructure and chemical composition of the alloys, the wear 

surface, and wear debris were analyzed, using a scanning electron 

Fig. 1. Schematic diagram of a friction and wear test.  
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microscope (SEM, JEOLJSM-6390, Japan) with an attached X-ray 
energy-dispersive spectrometer (EDS, Oxford). The X-ray photoelectron 
spectroscopy analysis (XPS, K-Alpha, USA, Thermo Elemental) was used 
to determine the chemical compounds on the wear surfaces, and the 
nanoindentation test with Berkovich indenter (Nano Indenter G200, 
USA) was employed to measure the hardness of the surface and cross 
section of different samples. The displacement resolution was 0.01 nm, 
the strain rate was 0.05 s− 1, and the thermal drift rate was less than 0.5 
nm/s. The crystal structure was characterized, using an X-ray diffrac
tometer (XRD, D/MAX-2400, Japan, Rigaku) with the Cu Kα radiation. 
The scanning range was from 20◦ to 90◦ in 2θ at a scanning rate of 3◦/ 
min. The surface roughness was obtained by the atomic force micro
scope (FM-Nanoview 6600, China, manufactured by Zhengzhou Junyi 
Instrument Equipment Co., Ltd.). In addition, the scanning rate was 1 Hz 
and the scanning range was 400 × 400 nm. The scratch test was one of 
the most commonly-used methods to investigate the adhesion properties 
of engineering coatings. The scratch test was used to evaluate the 
adhesion strength between the nitride layer and substrate. The bonding 
strength of the nitrided layer was assessed using a microhardness tester 
equipped with an acoustic emission tester and a function recorder as a 
scratch tester. The load range was 0–200 N. The loading rate was 60 N/ 
min, and the scratch speed was 2 mm/min. 

3. Results 

3.1. Phase and microstructure 

Fig. 2 shows the XRD patterns of as-cast and nitrided Ni45(FeCoC
r)40(AlTi)15 HEAs. The diffraction peaks of the as-cast alloy are identi
fied as a single FCC phase according to Fig. 2 (a). This structural feature 
was attributed to the high-entropy effect of HEAs, which indicated that 
(1) the high mixing entropy made the alloy system have a high degree of 
mixing, (2) the atoms of the alloy occupied the positions on the lattice 
sites randomly, and (3) the trend of atomic ordering and segregation 
decreased, inhibiting the formation of metal compounds and phase 
separation [1]. After nitriding, Fig. 2 (b) reflected that the intensity of 
the diffraction peak of the FCC phase decreased sharply. Furthermore, 
AlN, CrN, Fe3N, and TiN phases were formed. 

The as-cast microstructures and nitrided surface morphologies of 
Ni45(FeCoCr)40(AlTi)15 HEAs are shown in Fig. 3. Typical cast dendrite 
and interdendrite structures (defined as DR and ID, respectively) are 
observed in the alloys. The chemical compositions of the different re
gions of the alloy analyzed by EDS are summarized in Table 1. The DR 
region is enriched in Al and Ni, but lack of Cr and Ti. On the contrary, Cr 
and Ti segregation are obviously seen in the ID region. 

The initial surface roughness (Ra) of the mirror-polished specimens 
is 6.3 nm. After nitriding, the surface roughness (Ra) value increased to 
97.7 nm due to the gas composition consisting of a greater amount of 

hydrogen, resulting in more sputtering and the formation of nitrides as 
observed by micro-particles on the surface [Fig. 3(b)]. The EDS analysis 
further confirmed the presence of nitrides in the form of microparticles, 
as presented in Table 2. These nanoparticles, smaller than 500 nm, are 
uniformly distributed on the nitrided surfaces of the Ni45(FeCoC
r)40(AlTi)15 HEAs. It is found that these large particles are the micro
aggregates of nanoparticles (The transformation from C to A). These 
results revealed that the nanoparticles of the nitrided layer aggregated 
and formed larger particles with increasing the nitriding temperature, 
resulting in the increase in the surface roughness. The formation of 
microaggregates was also confirmed by Wang et al. [33]. 

The results of the microstructure and elemental analysis of the cross 
section of the nitrided Ni45(FeCoCr)40(AlTi)15 HEAs are shown in Fig. 4. 
A clear boundary is observed between the coating and the substrate 
(marked as the yellow dotted line), and the measured thickness of the 
nitride layer is 11.5 μm, which is also indicated by the EDS line-scanning 
results. The content of the N element remains stable, about 10 μm, after 
which a fast decrease occurs in a distance range about 1.5 μm, until the 
thickness of the nitrided layer reaches 11.5 μm. This trend suggests that 
the nitrided layer attained a high level of hardness. During the plasma 
nitriding, the element having lower entropy of formation with the N 
element tends to catch nitrogen atoms to form nitrides. As a result, the 
nitrogen concentration was saturated at a high level, forming nitrides. 
Moreover, the general variation in the nitrogen distribution is inverse to 
the typical variation of other metal elements throughout the distance 
range, including a rapid decrease in the distance from about 10 to 11.5 
μm. Furthermore, the former variation is much larger than the latter. 
This trend is reasonable because the six elements of the alloy balance the 
change in the nitrogen content. Moreover, the EDS elemental mapping 
of the cross section of the nitride layer showed that the relative distri
butions of all metal elements in the nitrided layer and the matrix are 
substantially similar, while the N element of the nitrided layer is 
significantly richer than that in the matrix. 

The matrix structure under the nitride layer is still a typical dendrite 
structure, and the dendrite and interdendrite are observed clearly. 

Plasma nitriding is essentially a diffusion process different from 
other coating techniques. Various nitride compound layers may be 
produced on the surface but underneath the compound layer, there is a 
nitrogen-rich diffusion layer. The diffusion layer provides a strong 
support for the bonding between the nitrided layer and the substrate 
[34,35]. The scratch test is one of the most commonly-used methods to 
investigate the adhesion properties of engineering coatings. A scratch 
test was used to evaluate the adhesion strength between the nitride layer 
and substrate, which is shown in Fig. 5. The scratches appear deeper and 
wider with the load increasing from 0 to 200 N, which is fully reflected 
in Fig. 5(a) and (c). During this process, the increase in the friction force 
can be clearly divided into two stages: prior to about 72 N, the friction 
force remains stable, and after that, the friction force increases rapidly. 

Fig. 2. XRD patterns of (a) as-cast and (b) nitrided Ni45(FeCoCr)40(AlTi)15 HEAs.  
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Moreover, the depth of the detected scratch at this position is about 11.5 
μm (the position marked by the blue dashed line in Fig. 5(a)), and the 
profile of the wear scar section is presented in Fig. 5(d). From this 
feature, it can be judged that the nitrided layer was penetrated with the 
load increasing to 72 N. In the process of loading and sliding, the 
acoustic-emission signal always fluctuates irregularly within a small 
range without mutation, which means that the nitrided layer was not 
destroyed. Large crack or brittle block spallation is not observed, indi
cating that the nitrided layer has good bonding properties with the 
substrate. The scanning morphologies showed that the two sides of the 
scratch surface are flat, and no trace of brittle peeling. In addition, the 
morphology of the scratch surface at the maximum deformation (Fig. 5 
b) is clear and smooth without deep crack, indicating that the nitrided 
layer was not seriously damaged, which also verified the good bonding 

between the nitrided layer and the substrate. Moreover, the EDS line 
scan results from the N element showed that the thickness of the 
nitriding diffusion layer was 2 μm (from 9.5 to 11.5 μm), that is, the N 
element dropped from the beginning to the stable stage. 

Fig. 6(a) displays the nano-hardness of the as-cast and nitrided alloys 
surfaces as a function of the indentation depth. It is concluded that the 
surface hardness of as-cast and nitrided alloys is 8.8 ± 0.2 GPa and 14.9 
± 0.2 GPa, respectively. The nitrided samples showed higher hardness 
with an increase by about a factor of 1.6, compared to that in the as-cast 
samples, which indicates that the nitrided alloys exhibited better per
formance in tribological applications. The hardness-depth profiles of as- 
cast and nitrided HEAs are presented in Fig. 6(b). The hardness of the as- 
cast samples at different depths is always maintained at 8.8 GPa with 
slight fluctuations, which is consistent with the surface hardness of the 
as-cast alloys. The hardness of the nitride layer at different depths from 
the surface is similar, about 14.9 GPa. However, the hardness decreases 
sharply near the interface between the nitride layer and the substrate 
until the hardness of the substrate under the nitride layer is 8.8 GPa, 
which is in line with the cross-sectional hardness of the as-cast sample. 
The stable nitride-layer hardness and uniform distribution of N elements 
indicate that a uniform and stable nitride layer with the high hardness is 
formed during the plasma-nitriding process, improving the wear 
resistance. 

3.2. Wear behavior 

3.2.1. Friction coefficient 
Fig. 7 displays the variation of the friction coefficient of as-cast and 

nitrided Ni45(FeCoCr)40(AlTi)15 HEAs with sliding times at different 
temperatures. The friction coefficient curves under different conditions 

Fig. 3. SEM images for the microstructure of (a) as-cast and (b) nitrided Ni45(FeCoCr)40(AlTi)15 HEAs.  

Table 1 
Chemical compositions of different regions in as-cast Ni45(FeCoCr)40(AlTi)15 
HEAs.  

Composition (at. %) Al Co Cr Fe Ni Ti 

DR 6.3 13.4 14.1 14 47.6 4.6 
ID 2.3 12.2 19.3 12.2 41.7 12.4  

Table 2 
The elemental analysis of different forms of nitride particles in Fig. 2(b).  

Composition (at. %) Al Co Cr Fe Ni Ti N O 

A 7.0 5.6 4.9 18.4 14.4 3.1 20.8 25.8 
B 6.2 4.0 9.0 16.5 14.8 3.9 15.8 29.7 
C 6.6 6.4 8.7 23.4 14.8 4.0 8.0 19.6  

Fig. 4. The microstructure and elemental analysis of the cross section of the nitrided Ni45(FeCoCr)40(AlTi)15 HEAs.  
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have the same tendency. The friction coefficient gradually rises to a 
stable value and periodically fluctuates within a small range with the 
damage and compaction of the wear scar surface, which is called the 
transition from the running-in stage to stable stage. Another similar 
feature is that the friction coefficient of as-cast and nitrided HEAs has the 
same variation trend with increasing the temperature. The friction co
efficient increases first and then decreases. However, the friction coef
ficient of the as-cast alloy increases gradually within 20–200 ◦C and then 
decreases gradually, while the friction coefficient of the nitrided alloy 
reaches the maximum at 300 ◦C due to the different sensitivities of the 
as-cast and nitrided alloy surfaces to frictional heat, resulting in different 
formation rates of the oxide film during the friction process. 

The coefficient of friction of the nitrided alloy is lower than that of 
the as-cast alloy at the same temperature, as listed in Table 3. The sur
face structures of nitrided alloys are different from those of as-cast al
loys, as reflected in Fig. 3(b). During the wear test of nitrided alloys, the 

Si3N4 pellet scratched with the surface nitrides first. As described above, 
the surface of the nitrided alloy was composed of a plurality of nitride 
phases, and the nanoscale nitride particles were uniformly distributed 
on the FCC substrate to enhance the entire compound layer. These 
nanoscale particles were difficult to ground and decompose due to the 
high hardness, meaning that numerous balls were added between the 
friction pairs. The existence of the ball changed the wear mechanism 
from the sliding friction to rolling friction on a microscopic scale. 
Meanwhile, due to the rolling of the hard nanoparticles, it was easier to 
smash the abrasive debris generated between the friction pairs, reducing 
the abrasive wear and the fluctuation of the friction coefficient caused 
by the friction debris as the third body. 

3.2.2. Worn surface and wear mechanism 
Fig. 8 shows the wear-surface morphologies of as-cast HEAs at 

different temperatures. There are many grooves parallel to the sliding 

Fig. 5. The scratch test of the nitrided layer: (a) The scratch acoustic-emission signal and friction curve; (b) The morphology of the largest deformation of the scratch; 
The 3D topography (c) and 2D contour (d) of the scratch at a load of 72 N. 

Fig. 6. (A) The nano-hardness of the as-cast and nitrided Ni45(FeCoCr)40(AlTi)15 HEAs surfaces. (b) The hardness-depth profiles for as-cast and nitrided HEAs.  
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direction, and some granular and flake-like debris as seen in Fig. 8(a), 
(b), (c), and (d), which is the typical feature of the abrasive wear. 
Moreover, more debris is observed on the wear surface as shown in Fig. 8 
(c). In addition, Fig. 8 (c) shows that the grooves scratched by the 
abrasive grains are deeper and wider compared to the wear surface of 
the as-cast HEAs at 20 and 100 ◦C as shown in Fig. 8(a) and (b). Hence, 
more severe abrasive wear occurred at 200 ◦C, which was consistent 
with the results of the friction coefficient in Fig. 7. The oxygen content of 
the wear debris of as-cast HEAs at different temperatures reflected from 
Table 4 is much higher than that of the surface, indicating the occur
rence of the debris-oxidation reaction. Furthermore, the loose particles 
and plastic deformation areas of the worn surface imply the character
istics of the adhesive wear. Plastic shearing of the surface of the asperity 
contact resulted in the peeling of the worn debris. Due to the adhesion 
effect, the debris generated by the sliding may adhere to the worn sur
face and transfer to the Si3N4, or to other previously-attached fragment 
to form larger agglomerate, which was easily oxidized due to its large 
surface area, reducing the adhesion strength of the debris [36,37]. 
Therefore, the debris was peeled off from the surface, forming loose 
particles. Some of the debris was ground and drawn at the cyclic stress, 

and sintered at high temperatures to form the deformation areas as re
flected in Fig. 8(b). Therefore, the dominant wear mechanisms of as-cast 
alloys from 20 to 300 ◦C were abrasive wear and adhesive wear of the 
oxidized particles. 

The surface morphology is smoother, and only some tiny debris and 
shallow scratches are observed with no large grooves and fragments at 
400 ◦C and 500 ◦C as shown in Fig. 8 (e) and (f), indicating the slight 
abrasive wear. Therefore, the friction coefficient was decreased. The 
oxygen content on the worn surface and debris is higher as shown in 
Table 3, suggesting a mechanism of the oxidative wear. Furthermore, 
irregularly-shaped pits are traces of brittle oxide-film peeling, which is 
also a feature of the oxidative-wear mechanism. The adhesion effect is 
weakened due to the formation of the thick oxide film, which acts as a 
solid lubricant to avoid the direct contact of the friction pairs. The 
presence of the flake structure and the cracks indicates that the delam
ination wear has occurred at 400 ◦C as exhibited in Fig. 8(e). The 
asperity on the soft surface was subjected to cyclic loading, and the shear 
plastic deformation occurred and accumulated in the surface layer, 
leading to the periodic dislocations in the metal surface layer. According 
to the Hertz-contact theory [38], the dislocation density near the surface 

Fig. 7. Friction coefficient as a function of the sliding time for Ni45(FeCoCr)40(AlTi)15 HEAs: (a) as-cast alloys, (b) nitride alloys.  

Table 3 
The friction coefficients of as-cast and nitrided Ni45(FeCoCr)40(AlTi)15 alloys at different temperatures.   

20 ◦C 100 ◦C 200 ◦C 300 ◦C 400 ◦C 500 ◦C 600 ◦C 

as-cast 0.32 ± 0.02 0.36 ± 0.02 0.69 ± 0.03 0.38 ± 0.03 0.33 ± 0.02 0.21 ± 0.01 0.12 ± 0.01 
nitrided 0.2 ± 0.01 0.26 ± 0.01 0.27 ± 0.02 0.35 ± 0.02 0.15 ± 0.01 0.13 ± 0.01 0.12 ± 0.02  
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was lower than that inside, indicating that the maximum shear defor
mation occurred within a certain depth. During the friction process, the 
shear deformation accumulated, causing the dislocation accumulation 
at a certain depth below the surface, which resulted in the formation of 
cracks or holes. According to the stress-field analysis, the normal stress 
on the parallel surface prevented the crack from extending in the depth 
direction, but extended in the direction parallel to the surface. When the 
crack propagated to a critical length, the material between the crack and 
the surface was peeled off in the form of the flaky debris [39]. The 
hardness of the alloy decreased slightly with the temperature further 
increasing to 600 ◦C. Moreover, the delamination wear occurred on the 
contact surface, forming the flake debris, as exhibited in Fig. 8(g). 
Therefore, the wear mechanism at high temperatures was mainly 
oxidative and delamination wear. 

The overall wear-surface morphology of the nitrided HEAs is much 
smoother than that of the as-cast HEAs, as shown in Fig. 9. The surface 
hardness of the nitrided alloy was significantly increased. The nano- 
hardness was increased from 8.8 GPa for the as-cast HEAs to 14.9 GPa 
for the nitrided HEAs, which means that a higher ultimate shear strength 
needs to be overcome in the process of sliding. Hence, it is difficult to 

produce large debris to plough the surface and form large grooves under 
the same conditions [40]. However, a small amount of tiny debris and 
slight scratches indicate that the slight abrasive wear has occurred. The 
black areas in Fig. 9(a), (b), and (c) indicate the characteristics of the 
adhesive wear. The elastic deformation of the friction-pair contact de
creases due to the higher hardness of the material surface, which means 
that the contact area of the friction pair decreases, and the contact 
pressure increases. It is easier to form bonding points at the contact 
interface. As a result, the characteristics of the adhesive wear are more 
prominent [41]. However, the area of the dark region decreases signif
icantly with increasing the temperature, which means that the degree of 
adhesive wear is decreased. The adhesive wear is the most serious at 
room temperature. However, small amounts of tiny debris and fine 
scratches reflect the characteristics of slight abrasive wear [14]. 

The wear surface of the nitrided Ni45(CoCrFe)40(AlTi)15 HEAs 
changes greatly with the temperature increasing to 300 ◦C. The disap
pearance of the plastic deformation and dark areas indicates that the 
adhesive wear has not occurred (Fig. 9 (d)). The smooth wear surface 
and a large number of small and irregular debris of the nitrided 
Ni45(CoCrFe)40(AlTi)15 HEAs indicate the occurrence of the oxidative 
wear. Moreover, the spalling of oxide particles increases the wear- 
surface roughness, increasing the friction coefficients of the nitrided 
HEAs at 300 ◦C, as reflected in Fig. 6 and Table 3. 

Some delamination fractures are detected in Fig. 9(e). Friction is a 
process of energy consumption. In addition to the frictional heat, the 
friction energy was partially consumed to form the wear debris. When 
the energy accumulated to the critical value, the fragments were 
generated and even peeled off. The fracture of the brittle material was 
caused by the normal stress. The hard and brittle oxide film was 
destroyed by friction for a long time, thus forming the delamination 
structure and leading to the occurrence of delamination wear. The 
smoother surface morphology with the scattered tiny debris and small 
scratches is presented in Fig. 9(f) and (g). The complete oxide film is 
more protective for the wear surface during sliding. 

3.2.3. Wear rate 
Fig. 10(a) reflects the wear rates of the as-cast and nitrided Ni45(C

oCrFe)40(AlTi)15 HEAs specimens at different temperatures. It is found 
that the wear rate of the nitrided alloys drops sharply compared with 

Fig. 8. SEM images of the worn surfaces of as-cast Ni45(CoCrFe)40(AlTi)15 HEAs at different temperatures: (a) 20 ◦C; (b) 100 ◦C; (c) 200 ◦C; (d) 300 ◦C; (e) 400 ◦C; (f) 
500 ◦C; and (g) 600 ◦C; (a1) and (a2) are the magnification images of debris and delamination in Fig. 8 (a). 

Table 4 
Chemical compositions (at. %) of the wear debris and worn surfaces of Ni45(C
oCrFe)40(AlTi)15 HEAs at different temperatures.  

Temperature Al Co Cr Fe Ni Ti O 

20 ◦C Debris 6.2 9.8 9.4 9.8 31.1 5.8 27.9 
Surface 6.8 12.0 11.7 11.5 38.3 6.6 13.0 

100 ◦C Debris 3.5 5.9 5.9 5.8 19.3 3.5 55.9 
Surface 6.6 12.8 12.4 12.6 42.0 7.7 5.9 

200 ◦C Debris 7.4 8.7 8.8 8.8 29.0 5.3 31.9 
Surface 7.5 12.7 12.4 12.0 40.2 7.0 8.2 

300 ◦C Debris 6.9 7.0 7.1 6.9 22.2 3.9 46.0 
Surface 7.8 12.6 12.4 11.8 42.9 9.6 2.8 

400 ◦C Debris 4.1 6.0 6.2 5.9 19.9 3.6 54.4 
Surface 3.8 6.6 6.6 6.2 20.5 3.7 52.7 

500 ◦C Debris 5.1 4.4 5.8 4.4 15.0 3.2 62.1 
Surface 3.3 6.0 6.1 5.7 19.0 3.7 56.2 

600 ◦C Debris 3.5 4.9 5.1 5.1 16.1 3.0 62.3 
Surface 2.0 6.2 4.5 9.4 14.4 2.5 60.9  
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that of the as-cast alloys in accordance with the Archard’s law, that is, 
the wear resistance of the alloy is proportional to the hardness [42]. The 
maximum wear rate of the nitrided alloy is 8 × 10− 5 mm3/(Nm) at 
20 ◦C, which is much lower than the minimum wear rate of the as-cast 
alloy at 300 ◦C [23 × 10− 5 mm3/(Nm)]. The hardness reflects the ability 
of the material to resist the intrusion of the material into the surface 
[43]. The high hardness results in shallow scratches on the surface, and 
the volume of the wear scar generated by the cutting is minute, that is, 
the wear resistance is high. It is found that the minimum volume loss of 
the as-cast alloy is 1.01 mm in width and 24 μm in depth, while the 
maximum volume loss of the nitrided alloy is 0.63 mm in width and 9.7 
μm in depth, which indicates that the volume loss of the nitrided samples 
is much lower than that of the as-cast alloys. Moreover, the nitrided 
layer was not worn through during wear (the thickness of the nitrided 
layer was 11.5 μm). 

Combined with Figs. 7(a), 8 and 10(a), the trend of the wear rate of 
the as-cast alloy was consistent with the analysis of the friction coeffi
cient and wear morphology. The friction coefficient and wear rate of the 
as-cast alloy are higher at 200 ◦C than those at other temperatures. XPS 
was used to analyze the chemical valence and strength of oxygen ele
ments on the wear surface of the as-cast alloy at different temperatures, 
as presented in Fig. 11. The oxygen peaks become increasingly stronger 
with the increase of temperature, indicating that the degree of oxidation 
increases. 

The wear rate of the nitrided alloy can be divided into three stages as 
a function of temperature. First, from 20 to 200 ◦C, the wear rate de
creases with increasing the temperature due to the reduced adhesion 

Fig. 9. SEM images of the worn surfaces of nitrided Ni45(CoCrFe)40(AlTi)15 HEAs at different temperatures: (a) 20 ◦C; (b) 100 ◦C; (c) 200 ◦C; (d) 300 ◦C; (e) 400 ◦C; 
(f) 500 ◦C; and (g) 600 ◦C. 

Fig. 10. Wear rates of (a) as-cast and nitrided Ni45(CoCrFe)40(AlTi)15 HEAs; (b) Al0⋅6CoCrFeNi and GCr15 bearing steel at different temperatures.  

Fig. 11. The chemical valence and strength of oxygen elements on the wear 
surfaces of as-cast alloys at different temperatures. 
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effect. The above analysis has confirmed that the wear mechanism at 
this stage is mainly abrasive and adhesive wear. However, the surface 
was not softened with increasing the temperature due to the high- 
temperature resistance of the nitrided layer. Hence, the wear particles 
have limited the damage to the surface. Furthermore, the protection of 
the oxide film and high temperature reduced the bonding strength at the 
nanoscale between the friction-pair contact surfaces as shown in Fig. 9 
(a)–(c). Hence, the total wear loss was actually weakened, and the wear 
rate was reduced. 

From 200 to 300 ◦C, the wear rate increases slightly due to the 
variation of friction mechanism as reflected in Fig. 10(a). The large 
amount of particles and the friction coefficient suggest the instability of 
the friction process, indicating that the formation and removal of the 
oxide film compete with each other. Moreover, the continuous peeling 
and formation of the oxide film lead to an increase of the wear rate. 

The decrease of the wear rate in the third stage (as reflected in Fig. 10 
a) is mainly attributed to the anti-wear and protective effect of the oxide 
film. The smooth friction coefficient indicated that the friction process is 
stable at this stage, as exhibited in Fig. 7, and the oxidation rate is higher 
than the wear rate. The elemental composition and chemical state of the 
Ni45(CoCrFe)40(AlTi)15 HEA oxide film analyzed at 600 ◦C by XPS are 
presented in Fig. 12. The main components of alloys oxide films are 
Al2O3, Cr2O3, and Fe2O3, among which Al2O3 and Cr2O3 have dense 
structures and strong adhesion. Thus, the protective film formed is very 
dense, reducing the diffusion rate of O ions and thereby preventing the 
continuous oxidation of the substrate. Accordingly, this feature ensures 
the excellent oxidation resistance of the Ni45(CoCrFe)40(AlTi)15 alloys at 
high temperatures [44]. 

Fig. 12(g) shows the curve-fitted N 1s spectrum of nitrides dispersed 
on the worn surface. The main N 1s peaks of TiN are 396.7 eV and 
397.17 eV. The electron binding energy peak of N and Al is about 
396.20 eV, which corresponds to Al2p3/2 (the binding energy peak 
appears at 74.40 eV), indicating the formation of AlN compounds. 
Furthermore, combined with the analysis of the XPS detection results of 
Fe, Cr and N, it is concluded that Fe3N and CrN were formed during the 
nitriding process, and the corresponding binding energies of N1s peaks 
are 396.80 eV and 397.30 eV, respectively. 

The friction and wear experiments of Al0⋅6CoCrFeNi HEAs and GCr15 
were carried out in the previous experiments [14]. Moreover, the test 
and calculation methods were completely consistent with those of 
Ni45(CoCrFe)40(AlTi)15 HEAs in this paper. The wear rate of as-cast 
Ni45(CoCrFe)40(AlTi)15 alloys is higher than that of Al0⋅6CoCrFeNi 
HEAs and GCr15 bearing steel at lower temperature (≤200 ◦C) as 
indicated in Fig. 10. The wear rate of Ni45(CoCrFe)40(AlTi)15 alloys 
decreases above 300 ◦C, while the wear rates of Al0⋅6CoCrFeNi HEAs and 
GCr15 bearing steel continue to increase with increasing the tempera
ture, and the wear rate of Ni45(CoCrFe)40(AlTi)15 alloys is significantly 
lower than that of other two. Especially, at 600 ◦C, the wear rate of 
GCr15 is higher 5 times than that of the as-cast Ni45(CoCrFe)40(AlTi)15 
alloys and 29 times than that of the nitrided Ni45(CoCrFe)40(AlTi)15 
alloys, which indicates that the Ni45(CoCrFe)40(AlTi)15 alloys have 
higher wear resistance. Some studies have shown that the carbide phase 
is easily decomposed at high temperatures, decreasing the hardness of 
GCr15 rapidly [45,46]. However, the high-entropy alloys have higher 
resistance to high-temperature softening. According to Archard’s law 
[32], the wear resistance of the alloy is directly proportional to the 
hardness. Therefore, the wear rate is different greatly at high 
temperatures. 

4. Discussion 

4.1. The formation of nitride phases 

AlN, CrN, Fe3N, and TiN phases are formed after nitriding, as shown 
in Fig. 2. The studies have shown that the lower formation enthalpy 
means that the compound has a higher bond energy and better stability 

[35,47]. For example, the enthalpies of formation of some nitrides were 
AlN ( − 318 kJ/mol), CrN ( − 125 kJ/mol), Fe3N ( − 2.2 kJ/mol), and 
Ni3N ( + 0.2 kJ/mol), indicating that N elements tend to combine with 
Al, Cr, and Fe to form nitrides under the same conditions, while it is 
difficult to generate Ni3N. Moreover, the diffraction peak of Ni3N is not 
observed in the XRD pattern in accordance with the 
thermodynamic-analysis results. The higher hardness of the nitrided 
alloy can be attributed to the inherent hardness of the deposited com
pounds, that is, the hardness of the nitride phase is much higher than 
that of the matrix, which is different from the high hardness of the 
coating due to the presence of nanocrystalline phase in previous studies 
[48]. 

Compared with the as-cast alloys, the increase in hardness of nitrided 
alloys can be attributed to (1) the dispersion strengthening of a large 
number of nitrides, since the total percentage of strong and moderate 
nitriding forms, such as Al, Cr, Fe, and Ti, is 41.7 at.%, and (2) the 
strengthening effect of nitrogen atoms on the solid solution in the non- 
nitride phase of the nitrided layer [47]. 

4.2. Effect of temperature on friction coefficient 

Fig. 7 shows the influence of temperature on the friction coefficient 
of as-cast and nitrided HEAs. The friction coefficient of both of them 
increases first and then decreases with the increase of temperature, but 
the turning points are different. The friction coefficients of the as-cast 
alloys turn at 200 ◦C, while that of the nitrided alloys reach their 
maximum at 300 ◦C. During the sliding process, most of the frictional 
energy is consumed by plastic deformation, which is directly converted 
into the thermal energy of the surface material. The contact between two 
bodies can be approximated as a single contact or as multiple contacts 
[49]. Friction changes the chemical-reaction dynamics between the 
friction pairs, resulting in reactions that need to be carried out at high 
temperatures and that can occur at room temperature during sliding. 
Such reactions induced by the friction energy are referred to as tri
bochemistry reactions, and the wear controlled by this reaction is called 
as the tribochemical wear [50,51]. In the case of the low stress contact, 
the asperity interaction results in instantaneous high temperatures, and 
thermal oxidation triggered by temperature rise promotes the formation 
of surface oxide film, which is generally considered as a beneficial form 
of corrosion [52]. At low temperatures, oxidation occurs at the convex 
contact of the surface due to the frictional heat, while at higher tem
peratures, oxidation occurs on the entire surface and changes the wear 
mechanism [52,53]. Oxygen molecules bind to metal atoms on the 
surface of the fresh metal and form strong chemical bonds. This oxida
tion product prevents further diffusion of oxygen molecules, inhibiting 
the persistence of chemical bonds [54]. The oxidation of many metals 
follows the following rules [55]. 

h = Ct1 /

2 (3)  

where h represents the thickness of oxide film, t is the growth time, and C 
is the constant of parabolic rate. 

In addition, because the frictional heat excites molecular diffusion, 
the growth rate of the oxide-film thickness during sliding is also a 
function of temperature [55]: 

K ​ = ​ Aexp (− Q /RT) (4)  

where K is the growth-rate constant of the oxide film, A is the chemical 
reaction constant [kg2/(m4 s)], Q is the activation energy associated 
with the oxidation reaction (kJ/mol), R is the gas constant, and T is the 
thermodynamic temperature of the surface. During the formation of the 
oxide film, two competing processes occur: the breakdown of the oxide 
film leads to the formation of further debris particles, and the oxidation 
reaction of the fresh metal to form the oxide film [14]. The formation or 
removal of such layers depends on the dominant party in the competi
tion. The contact of the asperities results in adhesive contacts caused by 
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Fig. 12. XPS analysis of the oxidation films of nitrided alloys tested at 600 ◦C: (a) Ni element; (b) Co element; (c) Cr element; (d) Fe element; (e) Al element; (f) Ti 
element; (g) N element; and (h) O element. 
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interatomic interactions. The friction force is contributed by the adhe
sion of the asperities and other sources of surface interactions during 
relative sliding. A lateral force is required to shear the adhesive bonds, 
and after shearing of the existing contacts, new contacts are formed, 
which is an important factor for increasing the friction coefficient. Ac
cording to Eqs. (3) and (4), the growth rate of the oxide film is slow at a 
lower temperature, forming the thin oxide film. The oxide film ruptured 
under the action of cyclic pressure, forming the granular or flaky frag
ments. Subsequently, the metal exposed to the environment was further 
oxidized to form a new oxide film. The formation and destruction of the 
oxide film were a repeated process, and the accumulation of debris 
increased the roughness of the worn surface. The ambient temperature 
gradually increased from 20 ◦C to 200 ◦C, the as-cast alloys gradually 
thickened the oxide film generated due to the friction heat, but the 
oxide-film removal speed was still higher than the formation speed, 
generating more debris and increasing the friction coefficient as re
flected in Fig. 8. Meanwhile, the increase in the amount of debris causes 
more adhesive contacts on the wear surface and improves the friction 
force. At higher ambient temperatures, the oxide generated by the 
external environment and the sliding process may be partially or 
completely removed due to the sliding effect, so the oxide film will 
gradually thicken. The oxide film adhered to the surface of the wear scar 
and separated the Si3N4 ball from the fresh metal surface instead of 
directly contacting it. In addition, the oxide film can be used as a smooth 
bearing zone and can be regarded as a solid lubricant to reduce the 
friction coefficient by taking advantage of its lower shear stress and 
higher hardness. Meanwhile, the temperature has a great influence on 
the adhesion. When the contact-interface temperature is higher than the 
critical value, the adhesion decreases with the increase of temperature 
[56,57]. Therefore, the friction coefficient decreases with the ambient 
temperature increasing from 300 to 600 ◦C. However, the nitrides pro
duced on the surface of the nitrided HEAs had good thermal stability and 
high dispersion, leading to the higher atmospheric corrosion resistance 
and temperature softening resistance of the nitride layer and reducing 
the notch sensitivity [34,35]. Therefore, the change of the friction co
efficient of the nitrided alloy occurs at 300 ◦C, which is summarized in 
Fig. 7 and Table 3. 

4.3. Effect of temperature on wear rate of as-cast alloy 

Combined with Figs. 7(a), 8 and 10(a), the friction coefficient and 
wear rate of the as-cast alloy at 200 ◦Care higher than those at other 
temperatures. The XPS analysis results indicate that the oxidation rate 
increases with the increase of temperature, as shown in Fig. 11. Detailed 
studies have shown that changes in the wear scars were related to the 
formation of the compaction layer of oxide fragments and some oxide 
particles on the sliding surface, and most of the retained particles 
participated in the development of the compact layers [58,59]. During 
the cyclic sliding process, the agglomerated particles were subjected to 
the thermoelastic stress and compaction, while the fine particles were 
more likely to stick together when heated. The sintering rate of particles 
increases with increasing the temperature, and the oxidation rate of the 
residual metal in the particles increased, which formed sturdier and 
smooth solid layers [58,60,61]. These layers provided long-lasting 
protection because the oxide debris was further formed after decom
position and re-compacted to the smooth surface. Thus, following the 
establishment of the wear debris layers, two competing processes 
occurred during sliding. If the compacted layer was hard enough not to 
be scratched, the smooth solid layer can effectively protect the surface 
and reduce the wear rate. On the contrary, if the fragments and sintered 
particles were insufficiently compacted, it was easier to produce loose 
abrasive particles to damage the surface, resulting in an increased wear 
rate. 

Moreover, assuming that the wear volume of the compacted layer is 
negligible and only debris particles are further generated from the 
original alloys contact surface of the sliding part, which is justified, 

because the wear volume loss mainly came from the scratching of the 
soft surface by the wear debris. The volume of the pear groove formed by 
the injury was lost, and the harder compacted layer was not easily 
scratched as reflected in Figs. 8 and 9. Therefore, the volume of the worn 
debris particles remaining on the sliding surface after sliding can be 
expressed as [39]: 

Vr ​ (t) ​ =
π
6

∫ t

0

{

AN(t)[1 − Ce(t)]

∫ ∞

0

[
D3f (D)(1 − Pr(D))

]
dD

}

dt (5)  

where A is the obvious area of the wear scar at that time; N(t) is the 
number of wear debris particles formed at unit time; Ce(t) is the effective 
coverage of the wear protective layers at that time; f (D)dD is the per
centage of newly formed particles that fall within the diameter range; 
Pr(D) is the probability that a wear particle is removed from the wear 
track, and D is the diameter. 

Assuming that all the remaining debris particles are finally merged 
into a wear debris layer with an average thickness d, the coverage of 
these layers on the area of apparent wear marks is [35]]: 

Ccomp = ​
Vr(t)
2Ad

(6) 

Formulae (3) and (4) describe in detail the kinetic model followed in 
the formation of the oxide layer. If an oxide ‘glaze’ of a critical thickness 
can be established on its surface, the wear debris particle layer is 
particularly effective in preventing wear. 

Assuming that a compacted wear debris layer area, dAc(τ), was 
formed at time, τ, a “glazed” area will be formed after a while, and the 
total area of “glazed” at time, t, is given by Ref. [35]: 

Ag(t) =

∫t− t(c)

0

dAc(τ) (7)  

where t(c) is the critical time for a ‘glaze’ of critical thickness to develop 
on the compacted debris. 

Thus, it is obvious that the compacted clastic particles and oxidized 
“glaze” layers can coexist on sliding surfaces. Although both types are 
protective, the “glaze” layer is more effective. Therefore, the production 
of a higher coverage, thicker and denser oxide layer at high temperature 
can better protect the surface of the material, reducing the wear rate 
(Fig. 10 a), and resulting in a transition from severe wear to slight wear 
(Figs. 8 and 9). 

5. Conclusions 

In the present work, Ni45(FeCoCr)40(AlTi)15 HEAs were prepared by 
arc melting with a water-cooled copper mold, and then the nitrided 
layers were prepared by plasma nitriding. The microstructures of the as- 
cast and nitrided alloys, the properties of the nitrided layer, and the 
influence of temperature on the friction coefficient, wear rate and fric
tion mechanism of different samples was investigated. The following 
conclusions are drawn:  

(1) The XRD results reflected that as-cast Ni45(FeCoCr)40(AlTi)15 
HEAs consisted of single FCC phases. The FCC peak intensity of 
the nitrided alloy dropped sharply, and the hard phases of AlN, 
CrN, Fe3N, and TiN appeared. The surface roughness increased 
from 6.3 nm in the as-cast alloys to 97.7 nm in the nitrided alloys.  

(2) The surface hardness of the alloy increased from 8.8 GPa in the 
as-cast material to 14.9 GPa in the nitrided alloy. The thickness of 
the nitrided layer was about 11.5 μm. The hardness of the 
nitrided layer was uniform at different depths and the nitride 
layer had a good bonding strength with the substrate.  

(3) Compared with the as-cast alloy, the improvement of the surface 
hardness and the formation of nitrided particles effectively 
reduced the friction coefficient. The friction coefficient of the as- 
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cast alloy increased gradually from 20 ◦C to 200 ◦C, and then 
decreased gradually until 600 ◦C. The change of the friction co
efficient of the nitrided alloy appeared at 300 ◦C. Further, the 
coefficient of friction was slightly different in all cases.  

(4) The wear resistance of the nitrided alloy was higher than that of 
the as-cast alloy at higher temperatures, and both of them had 
lower wear rates at high temperatures due to the protection and 
anti-wear effect of oxide films.  

(5) The wear mechanism of as-cast and nitrided alloys was mainly 
dominated by the abrasive and adhesive wear at lower temper
atures, and gradually changed to the oxidative and delamination 
wear with increasing the temperature. 
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