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Abstract

In the manufacturing sector, energy loss often stems mainly from wear. By improving the
surface characteristics of alloys, we can substantially cut down on this kind of loss, which in
turn boosts the efficiency of energy use. In this study, Fe40Mn19Cr20Ni20Mo1 high-entropy
alloy (HEA) with a face-centered cubic (FCC) structure was subjected to aluminum–nitrogen
co-infiltration treatment via pack aluminizing and plasma nitriding, forming an aluminum–
nitrogen co-infiltrated layer with a thickness of approximately 17 µm. An analysis was
carried out on the microstructure, growth dynamics, and tribological behavior of the Al-N
co-infiltrated layer across a broad temperature spectrum. The results showed that the
surface hardness of the samples treated by aluminizing and Al-N co-infiltration reached
592 HV and 993 HV, respectively, which were significantly higher than that of the hot-rolled
alloy (178 HV). The Al-N co-infiltrated HEA exhibited a low and stable friction coefficient
as well as wear rate over a wide temperature range (20–500 ◦C), which was attributed to
the formation of the Al-N co-infiltrated layer composed of AlN, CrN, and FeN phases. This
study demonstrates that Al-N co-infiltration treatment is an effective surface modification
technique, which can significantly enhance the hardness and tribological properties of
high-entropy alloys over a wide temperature range.

Keywords: high-entropy alloy; aluminum–nitrogen co-infiltration; surface hardness;
wide-temperature-range tribological properties; aluminizing; plasma nitriding

1. Introduction
High-entropy alloys (HEAs) represent a significant breakthrough in the field of materi-

als science in the 21st century. Since the concept was first proposed by Cantor et al. [1] and
Yeh et al. [2] in 2004, HEAs have attracted extensive attention in the materials community
due to their four unique core effects [3–5]. Compared with the traditional alloys, HEAs not
only exhibit excellent mechanical properties, corrosion resistance, and radiation resistance
but also demonstrate good high-temperature stability [6–10], thus holding great potential
for applications in extreme environments [11–13].

However, HEAs still face challenges in tribological applications. Especially under
extreme conditions such as high temperature and high pressure, surface wear has become
a prominent issue that limits the further extension of their service life and the stable
exertion of their performance [14–16]. Statistics show that approximately 23% of global
energy consumption is attributed to friction and wear. By adopting protection measures
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for mechanical equipment (e.g., lubrication), the energy loss caused by friction and wear is
expected to be reduced by 40% [17]. Therefore, improving the wear resistance of materials
through surface modification technologies has become a current research focus [18–20].

Surface modification technologies such as aluminizing, nitriding, and boronizing can
significantly enhance the surface hardness, oxidation resistance, and wear resistance of
alloys [21–23]. Zhu et al. [24] successfully prepared FeCoCrNiCux and FeCoCrNiSix HEA
coatings on SUS 304 stainless steel substrates via laser cladding. The results indicated that
the addition of Cu could enhance the thermal conductivity of the coatings and improve
their toughness and bonding strength, while the addition of Si could refine the grain size
and increase the work hardening degree, thereby enhancing the wear resistance of the
coatings. Aluminizing treatment can form a dense Al2O3 oxide film on the surface, which
effectively prevents further oxidation and wear [25,26]; nitriding treatment, on the other
hand, can significantly improve the surface hardness and wear resistance by forming a
high-hardness nitride layer (e.g., AlN, CrN) [27,28]. In recent years, aluminizing-nitriding,
as a composite surface treatment technology, combines the advantages of the oxidation
resistance of aluminum and the high hardness of nitrogen. Satish Indupuri et al. [29]
prepared oxide-free AlN coatings using nitrogen-protected plasma spraying technology,
which greatly improved the wear resistance and corrosion resistance of the alloy. He
et al. [30,31] demonstrated that introducing aluminum during the plasma nitriding process
achieved ultra-high surface hardness and exceptional wear performance. Zhuang et al. [32]
subjected 42CrMo steel to aluminum-enhanced plasma nitriding, which resulted in a harder
surface layer and excellent wear resistance. Ma et al. [33] performed plasma nitriding on
the surface of an aluminum alloy, which improved both the microstructure and mechanical
properties of the aluminum surface, nearly doubling its surface hardness. Aluminizing-
nitriding has demonstrated excellent performance in traditional materials such as steel and
nickel-based alloys [34], but its application in HEAs has rarely been reported.

Although the FeMnCrNi high-entropy alloy system exhibits good strength and tough-
ness, its high-temperature tribological performance still requires improvement [35]. Partic-
ularly at elevated temperatures, material softening tends to exacerbate wear. To further
enhance the wear resistance and high-temperature oxidation resistance of this alloy across
a broad temperature range (from room temperature to 600 ◦C), this study adopts the
aluminum–nitrogen co-infiltrated technique, which has proven effective in traditional
alloys, and applies it to this novel high-entropy alloy substrate. The objective is to achieve
synergistic enhancement of surface properties through the formation of a composite diffu-
sion layer.

Against this backdrop, this study focuses on the Fe40Mn19Cr20Ni20Mo1 HEA. A com-
posite process of pack aluminizing followed by plasma nitriding is employed to prepare
an aluminizing-nitriding layer. The microstructure, growth kinetics, and mechanical prop-
erties, as well as the tribological behavior of this layer over a wide temperature range
(20–600 ◦C) are systematically investigated. The primary objective is to determine the
critical temperature at which coating failure occurs, thereby establishing a safe operational
temperature window for its industrial application. This research aims to reveal the for-
mation mechanism and wear-resistant mechanism of the aluminizing-nitriding layer in
HEAs, thereby providing a new technical approach and theoretical basis for the surface
strengthening of HEAs.

2. Materials and Methods
2.1. Material Preparation

In this research, we fabricated a high-entropy alloy (HEA) featuring a nominal com-
position of Fe40Mn19Cr20Ni20Mo1 through vacuum induction melting. Following this, the
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alloy underwent homogenization treatment at 1200 ◦C for a duration of 1.5 h. Subsequently,
hot rolling was applied at the same temperature to decrease the alloy’s thickness to 5 mm.
The alloy was cut into specimens with dimensions of 22 mm × 10 mm × 5 mm using the
electrical discharge machining (EDM) process. These alloy samples then underwent a series
of treatments including grinding, polishing, ultrasonic cleaning, and finally, drying.

A stepwise treatment was applied to the hot-rolled Fe40Mn19Cr20Ni20Mo1 HEA. In
the first step, the hot-rolled Fe40Mn19Cr20Ni20Mo1 HEA was subjected to aluminizing
via the pack aluminizing method. The alloy was placed in the center of a corundum
crucible (with an inner diameter of 80 mm and a height of 100 mm) filled with a commercial
aluminizing agent (composed of aluminum powder, Al2O3, and NH4Cl). Aluminizing
processes were carried out at three distinct temperature levels: 800 ◦C, 850 ◦C, and 900 ◦C.
Correspondingly, the treatment durations were set at 3 h, 6 h, and 9 h, respectively. Given
that the aluminide layer formed at 800 ◦C demonstrated outstanding coating adhesion along
with an appropriate thickness, this specific set of parameters was chosen for subsequent
testing. In the second step, the aluminized Fe40Mn19Cr20Ni20Mo1 was subjected to nitriding
via the plasma nitriding method. Following placement on the cathode plate, the alloy
specimen underwent chamber evacuation to below 50 Pa; subsequently, NH3 was gradually
introduced. Nitriding treatments were performed at temperatures of 500 ◦C, 550 ◦C, and
600 ◦C, with holding times of 2 h, 5 h, and 10 h under conditions of 350 Pa and 850 V. Finally,
an aluminum–nitrogen co-infiltration alloy was obtained. The Fe40Mn19Cr20Ni20Mo1
HEA in its hot-rolled, aluminized, and Al-N co-infiltration states were denoted as the
H-alloy, Al-alloy, and Al-N-alloy, respectively.

2.2. Tests on Mechanical and Frictional Performance

VDI 3198 test was employed to evaluate the adhesion between the substrate and the
diffusion layer [36] (Details are provided in Supplementary Material Figure S1). The four
different textures of the left part of Figure S1, illustrate the imprint shapes that guarantee
strong interfacial bonds between the coating and the substrate. The system is divided
into six grades, among which HF1 through HF4 represent acceptable failures, while HF5
and HF6 are considered unacceptable. A Rockwell hardness tester (Model HR-150A,
Shandong, China) was used to perform indentation tests on different Al-alloys and Al-N-
alloys under an applied load of 1500 N. The indentation morphology was observed using a
metallographic microscope (Model IE500M, Ningbo, China). The Vickers microhardness
tester (Model HV-1000A, Shanghai, China) was used to apply a 1000 N load for 15 s on the
H-alloy, Al-alloy, and Al-N-alloy.

Tribological tests were conducted under dry air conditions using an elevated-
temperature ball-on-disk tribometer (HT-1000, Zhejiang, China). The tribopair for this test
was a Si3N4 ball. This ball was characterized by a hardness value of approximately 1500 HV
and a radius of 2.75 mm. Testing temperatures were sequentially set at 20, 100, 200, 300,
400, 500, and 600 ◦C, respectively. The sliding speed was maintained at approximately
0.063 m/s for 1800 s. The alloys employed for elevated-temperature tribological testing
had dimensions of 22 × 10 × 5 mm3.

Following the wear test, the wear scars were examined with a Keyence VK-X1100
(manufactured in Japan) for detailed analysis. The wear volume loss and wear rate were
calculated by measuring the depth and width of the wear tracks. The wear volume loss
(∆V, mm3) was calculated using the following formula:

∆V =
Lh

(
3h2 + 4b2)

6b
(1)
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where h, b, and L represent the depth, width, and perimeter of the wear track, respectively.
The wear rate (Wr) is computable through the following formula:

Wr =
∆V
PS

(2)

where P and S denote the normal load and sliding distance, respectively.

2.3. Microstructure Characterization

The indentation morphology of the alloys was examined with an IE500M metallo-
graphic microscope (Ningbo, China) after Rockwell testing. X-ray diffraction (XRD, AERIS,
The Netherlands) was conducted on the alloys to identify their crystal structure. The
microstructure and worn surface morphology of the H-alloy, Al-alloy, and Al-N-alloy were
investigated using a scanning electron microscope (SEM, Phenom XL, Shanghai, China)
equipped with an energy-dispersive X-ray spectrometer (EDS).

3. Results and Discussion
3.1. Preliminary Experimental Preparations

Firstly, a preliminary test was conducted on Al-alloy to select the final aluminizing pro-
cess. The VDI 3198 test was employed to evaluate the adhesion between the diffusion layer
and the substrate. Among the aluminizing tests, the specimens that underwent treatment
at 800 ◦C with holding durations of 3 h, 6 h, and 9 h demonstrated comparatively favorable
adhesion, with a rating of HF2-3 (see Supplementary Material Figure S2). Subsequently, the
alloys prepared under the above three aluminizing processes were subjected to nitriding
treatment at 600 ◦C for 10 h. Furthermore, based on the comprehensive evaluation of the
adhesion between the obtained diffusion layer and substrate, hardness, and wear resistance,
the subsequent aluminizing process was selected as 800 ◦C for 9 h (see Supplementary
Material Figure S3). Secondly, the aluminized alloys were subjected to nitriding treatment.
Nitriding was conducted at 500 ◦C, 550 ◦C, and 600 ◦C with holding times of 2 h, 5 h,
and 10 h, respectively, to obtain Al-N co-diffused alloys. Furthermore, based on a com-
prehensive evaluation of the adhesion between the obtained diffusion layer and substrate,
hardness, and wear resistance, the optimal Al-N co-diffusion process was identified as
aluminizing at 800 ◦C for 9 h combined with nitriding at 550 ◦C for 10 h (see Supplementary
Materials Figure S4 and Table S1). Finally, this optimized process was adopted to conduct
friction and wear tests over a wide temperature range.

3.2. Microstructure

Figure 1 presents the XRD patterns of the H-alloy, Al-alloy, and Al-N-alloy. The H-
alloy is a solid solution with a single-phase face-centered cubic (FCC) structure. After
aluminizing, the surface of the alloy consists of Al10Mn3Ni-type intermetallic compounds.
Furthermore, after nitriding, a large number of nitrides-including CrN, AlN, and FeN are
formed on the surface of the Al-N co-diffused Fe40Mn19Cr20Ni20Mo1 HEA.

Figure 2 shows the SEM images and EDS mapping of the surface and cross-section
of H-alloy. As shown in Figure 2a, the surface of the aluminized HEA exhibits a porous
and inhomogeneous microstructure. The surface exhibits the presence of dark colored
particles and light colored particles, which correspond to Al2O3 particles and intermetallic
compounds, respectively. The Al2O3 particulates are likely to be sourced from either the
aluminizing agent employed in the process or the residual oxygen present on the surface
of the alloy. In Figure 2b, the SEM micrograph and corresponding EDS mapping of the
cross-section of the Al-alloy are presented. The aluminized coating exhibits a thickness
of roughly 44 µm, which is composed of an aluminized stratum and an interdiffusion
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zone (IDZ). The Al concentration within the aluminized layer exhibits a gradual decline
moving from the outer surface towards the inner region, and the layer is divided into three
sub-layers: with the thicknesses of approximately 6 µm, 8 µm, and 19 µm, respectively.
Sub-layer (I) is mainly composed of Al10Mn3Ni-type intermetallic compounds, while Sub-
layer (II) is dominated by Al32Cr20-type intermetallic compounds. Sub-layer (III) consists of
Al2MnNi-type intermetallic compounds, i.e., Al2(Fe, Mn, Ni). As for the interdiffusion zone
(IDZ), It has a thickness of approximately 11 µm, predominantly consisting of AlNi-type
intermetallic compounds (see Supplementary Material Figure S5).

 

Figure 1. XRD patterns of the Fe40Mn19Cr20Ni20Mo1 HEA under different processing conditions on
the surface.

Figure 2. SEM images and EDS mapping of the aluminized Fe40Mn19Cr20Ni20Mo1 HEA: (a) surface;
and (b) cross-section.

Figure 3 displays the SEM images and EDS mappings of the surface and cross-section
of the Al-N co-diffused alloy. After plasma nitriding, a large number of micron-scale nitride
structures are present on the alloy surface, which correspond to CrN, AlN, and FeN in
the XRD pattern. Meanwhile, the thickness of the diffusion layer of the Al-N-alloy is
approximately 17.4 µm (Corresponding to layer (I) in Figure 3b). Additionally, the results of
EDS and line scanning indicate that the nitrogen element is uniformly distributed through-
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out the entire Al-N-alloy layer, and the nitrogen content in the whole layer is basically
consistent. The internal bonding of the entire diffusion layer is excellent, with no inclusions
or cracks. The results indicate that the Al-N co-infiltration layer has been successfully
prepared on the surface of the aluminized alloy using plasma nitriding technology.

Figure 3. SEM images and EDS mapping of the surface and cross-section of aluminum–nitrogen
co-infiltration Fe40Mn19Cr20Ni20Mo1 HEA: (a) surface; and (b) cross-section.

3.3. Hardness and Bonding Properties of HEA
3.3.1. Vickers Hardness of HEA

The surface hardness values of H-alloy, Al-alloy, and Al-N-alloy are presented in
Figure 4. H-alloy, Al-alloy, and Al-N-alloy have surface hardness values of 178 HV, 592 HV,
and 993 HV. The surface hardness of Al-alloy is three times higher than that of H-alloy. In
the case of the H-alloy exhibiting a FCC crystal structure, the introduction of Al serves as a
catalyst to facilitate the nucleation and growth of hard BCC phases as well as intermetallic
compounds [37]. From the matrix to the IDZ, the rising Al content corresponds to a
microstructural transition: starting from a single FCC phase, progressing to AlNi-type
intermetallics, and finally forming a hard, outer layer of Al10Mn3Ni-type compounds.
Furthermore, after plasma nitriding, the surface hardness of the Al-N-alloy reaches five
times that of the H-alloy. indicating that Al-N co-infiltration significantly improves the
surface hardness, which is attributed to the formation of a large number of nitrides on
the surface. For Al-alloy, the increase for its hardness is mainly due to the formation
of high-hardness nitrides, which is primarily attributed to the strong covalent bonds or
ionic bonds formed between nitrogen atoms and metals or other elements. For example,
the high hardness of AlN, FeN, and CrN is mainly attributed to the factors such as their
strong covalent bonds, stable crystal structures, grain refinement strengthening, and solid
solution strengthening. These characteristics enable them to exhibit excellent performance
in high-temperature, high-pressure, and wear-prone environments [38,39].
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Figure 4. Vickers hardness of H-alloy and Al-alloy surface and Al-N-alloy.

3.3.2. Evaluation of Infiltration Layer Bonding Properties

The VDI 3198 test was used to determine the bonding property between the diffusion
layer and the matrix. When the aluminizing temperature was 800 ◦C for 9 h, the bonding
property between the diffusion layer and the matrix was relatively good. Based on these
findings, aluminizing at 800 ◦C for 9 h was adopted as the pretreatment prior to the
subsequent nitriding step, and then the optimal Al-N co-infiltration process was selected
from these experiments. The surface morphology after the Rockwell indentation test is
shown in Figure 5. There is no delamination near the indentation, only a small number
of cracks. It can be confirmed that the bonding grade between their diffusion layers and
matrices is HF2-HF3, which belongs to acceptable failure, indicating good bonding property.

Figure 5. Surface morphology of the sample after Rockwell indentation test at 1500 N: (a) Al 800 ◦C-
9 h; (b) Al-N 550 ◦C-10 h.

3.4. Growth Kinetics of Al-N-Alloy Gradient Coating

For the purpose of investigating the growth characteristics of the Al-N-co-infiltration
layer, the layer thickness was determined through the analysis of cross-sectional images of
the Al-alloy sample. Table 1 presents the thicknesses of the Al-N-co-infiltration layers under
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different temperatures and durations. The growth kinetics of this layer can be described by
the following equation:

d 2 = Kt (3)

where d, K, and t correspond to the diffusion layer thickness (m), diffusion coefficient (m2/s),
and time (s), respectively. An increase in temperature promotes atomic diffusion, leading
to a corresponding rise in the diffusion coefficient. The diffusion coefficients at various
temperatures, obtained by fitting Equation (4), are summarized in Table 2. Furthermore,
the temperature dependence of the diffusion coefficient follows the Arrhenius relationship:

K = K0 exp
(
− Q

RT

)
(4)

wherein, K0 refers to the pre-exponential factor (m2/s), Q refers to the average activation
energy for diffusion (J/mol), T refers to the thermodynamic temperature, and R refers
to the gas constant (8.314 J/mol·K−1). By taking the natural logarithm of both sides of
Equation (4), a linear relationship between lnK and 1/T can be obtained, as shown in
Equation (5):

ln K = ln K0 +

(
−Q

R

)
·
(

1
T

)
(5)

Table 1. The total thickness of aluminum–nitrogen co-infiltration layer (µm) obtained at different
times and temperatures.

Al-N co-infiltration parameters 500 ◦C 550 ◦C 600 ◦C

2 h 3.6 7.5 9.7
5 h 8.5 11 14.1
10 h 11.2 17.4 26.4

Table 2. Diffusion coefficients at different temperatures.

Nitriding temperature for the Al-N-alloy (◦C) 500 550 600

Diffusion coefficient (×10−14 m2/s) 3.406 7.825 15.930

The pre-exponential factor K0 and the average activation energy for diffusion Q can be
directly derived from Equation (5). It is concluded that the average diffusion activation
energy and pre-exponential factor of the Al-N-alloy after Al-N-co-infiltration treatment are
86.582 kJ/mol and 2.43 × 10−8; respectively.

Figure 6 depicts the evolution of diffusion layer thickness with temperature and hold-
ing time, as well as the lnK-1/T curves. The average diffusion activation energy obtained in
this study is higher than that of Fe40Mn20Cr20Ni20 alloy subjected to direct plasma nitriding,
which is 41.388 kJ/mol [39]. Nishimoto et al. [40] calculated that the Q required for the
plasma nitriding of CoCrFeMnNi HEA is 64.038 kJ/mol. According to Table 2, the diffusion
coefficients of the Fe40Mn19Cr20Ni20Mo1 HEA after Al-N-co-infiltration at 500 ◦C–600 ◦C
are 3.406 × 10−14 m2/s, 7.825 × 10−14 m2/s, and 1.593 × 10−14 m2/s, respectively. This
may be attributed to the relatively low temperature of the second-step nitriding experiment,
which results in a low diffusion coefficient. The kinetics of the Al-N composite infiltration
coating are influenced by factors such as the treatment process and substrate structure.



Lubricants 2025, 13, 509 9 of 20

Figure 6. (a) Thickness of aluminum–nitrogen co-infiltration Fe40Mn19Cr20Ni20Mo1 HEA versus
the time at 500, 550, and 600 ◦C; (b) the graph of lnK vs. 1/T for aluminum–nitrogen co-infiltration
Fe40Mn19Cr20Ni20Mo1 HEA.

3.5. Tribological Behavior
3.5.1. Wear Rate and Coefficient of Friction

The changes in the average coefficient of friction (COF) of the H-alloy, Al-alloy, and
Al-N-alloy over time are shown in Figure 7a–c, respectively. In general, the average friction
coefficients of the three alloys exhibit a trend from high values at low temperatures to low
values at high temperatures. This is because an oxide film is very likely to form at the
interface during the friction process and in a high-temperature environment. Therefore,
the oxide film changes from a discontinuous one formed at 20 ◦C to a continuous and
dense one formed at high temperatures, which causes the COF to decrease gradually
with increasing the temperature. The average COF of the H-alloy exhibits a decreasing
trend with rising temperature. (from 0.76 at 20 ◦C to 0.42 at 600 ◦C). With increasing the
temperature, the average COF of the Al-alloy first decreases, then increases, and finally
decreases again, reaching a maximum value of 0.55 at 400 ◦C. The average COF of the Al-
N-alloy is shown in Figure 7c. With increasing the temperature, the average COF remains
stable at approximately 0.55 within the temperature range of 20–500 ◦C, which is attributed
to the high hardness and excellent wear resistance of the Al-N-co-infiltration layer. It
decreases at 600 ◦C (with the lowest COF of approximately 0.475 at this temperature).
Among the three alloys, the average COF of the Al-N-alloy remains relatively stable over
a wide temperature range, which indicates that the Al-N-alloy exhibits excellent thermal
stability and reliable tribological properties.

The temporal variations in the COF of the H-alloy, Al-alloy, and Al-N-alloy over time
are shown in Figure 7d–f, respectively. The friction process comprises two distinct stages:
the running-in period and the subsequent steady-state stage [41]. During the initial run-in
period, The real contact area of the tribological pair progressively increases under applied
load, and the surface roughness also increases accordingly until it reaches the stable period.
Therefore, the COF gradually increases during the running-in period until it reaches a
steady-state value. As the temperature rises from 20 ◦C to 600 ◦C, the running-in periods
of the H-alloy, Al-alloy, and Al-N-alloy change as follows: the H-alloy’s running-in period
shortens from 40 s to 14 s; the Al-alloy’s running-in period shortens from 200 s to 27 s; and
the Al-N-alloy’s running-in period increases from 100 s to 250 s. The Al-N-alloy exhibits a
relatively long running-in period over a wide temperature range. This is mainly attributed
to the extremely high hardness and excellent stability of the nitrided layer on the surface.
Additionally, high surface hardness makes it more difficult for the surface asperities to be
sheared off and flattened [42,43].

At 20 ◦C, the COF of the Al-alloy shows a slowly upward trend, and the overall curve
is relatively flat. At 100–300 ◦C, there is a slightly upward trend with fluctuations in the
initial stage of the experiment (approximately the first 200 s), followed by entry into a stable
region. The COF remains stable at approximately 0.48 before 1200 s, and then stabilizes
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at around 0.64 in the period from 1200 s to 1800 s. At 400 ◦C, the COF remains stable at
approximately 0.4 before 600 s. After a short unstable period with significant fluctuations,
the friction coefficient rapidly rises to a higher plateau (around 0.65) and maintains stability.
At 500 ◦C, after the COF curve rises rapidly in the initial stage, it enters a relatively stable
stage (at approximately 0.5). At 600 ◦C, the COF stabilizes at around 0.42, and the curve is
very smooth, with almost no upward trend or large fluctuations.

 

Figure 7. Evolution of the average COF for the (a) H-alloy, (b) Al-alloy and (c) Al-N-alloy with the
temperature; The COF curves of (d) H-alloy, (e) Al-aloy and (f) Al-N-aloy at different temperatures.

In the temperature range of 20–400 ◦C, the running-in period of the Al-N-alloy in-
creases with rising the temperature, which indicates that the Al-N-alloy possesses excellent
wear resistance and high surface stability. It then enters a stable region, where the COF
shows minimal fluctuations (stabilizing at approximately 0.64). At 500 ◦C, the COF curve
remains stable for a certain period (stabilizing at around 0.43 before 900 s), after which it
increases to roughly 0.65, with relatively intense fluctuations in the curve. At 600 ◦C, the
COF curve is stable with almost no fluctuations (stabilizing at approximately 0.48).

The COF is governed by temperature, alloy microstructure, and surface morphol-
ogy [44]. The boundaries between each layer of the gradient coating are irregular, yet each
layer has a clear boundary. The friction process leads to progressive material removal from
the contact surface, resulting in mixed friction behavior between adjacent layers. When
friction is confined to a single layer, the friction coefficient stabilizes with minor fluctuations;
once friction extends to different layers, the COF changes due to variations in the interface
structure. This explains why the COF stabilizes at different values during each temperature
stage. According to Chen et al. [45], the COF of the SiC/h-BN composite layer exhibited
three distinct decreasing stages at 800 ◦C. Although its variation trend differs from that of
the present experiment, the evolution of the friction coefficient is still mainly attributed to
changes in the frictional contact interface [46,47].

Figure 8b shows the cross-sectional profile of the wear track of the Al-alloy. Material
pile-up is clearly observable at both ends of the scratch, providing direct evidence of
plastic deformation and material displacement along the scratch edges. For different wear
depths, the involved material structures are also different. With increasing temperature,
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the depths of the wear tracks are approximately 22.81 µm, 17.66 µm, 18.97 µm, 21.81 µm,
25.77 µm, 46.71 µm, and 36.96 µm, respectively. As the depth increases, the contact interface
progressively accesses different zones of the coating, from the near-surface region to deeper
layers, thereby altering the underlying wear mechanisms. The temperature range of
20–400 ◦C corresponds to Layer (III), and the temperature range of 500–600 ◦C corresponds
to the (IDZ) layer.

Figure 8. The cross-sectional profile of the wear track of (a) H-alloy, (b) Al-alloy and (c) Al-N-alloy;
and the average wear rate at different temperatures: (d) H-alloy, (e) Al-alloy and (f) Al-N-alloy.

Figure 8c shows the cross-sectional profile of the wear track of the Al-N-alloy. The
depths of the wear tracks are approximately 13.80 µm, 11.01 µm, 10.51 µm, 12.79 µm,
16.80 µm, 24.64 µm, and 31.67 µm, respectively, over the temperature range of 20–600 ◦C. It
can be seen from Figure 3 that the thickness of the Al-N co-infiltrated layer is approximately
17.4 µm (corresponding to layer (I) in Figure 3b), and the second layer is an aluminized
layer with a thickness of about 13.5 µm (corresponding to layer (II) in Figure 3b). Therefore,
it can be concluded that in the temperature range of 20–400 ◦C, the cross-sectional profile
corresponds to the Al-N co-infiltrated layer, while at 500 ◦C and 600 ◦C, it corresponds to
the aluminized layer.

The wear rate is governed by multiple interfacial mechanisms, including microstruc-
tural transformations, the formation of lubricious or oxide layers, and tribochemical reac-
tions at the sliding interface [48–50]. The variation in the wear rates of three alloys with
temperature is depicted in Figure 8d–f. The H-alloy exhibits a wear rate at 20 ◦C that is
1.6 times that of the Al-alloy and 2.8 times that of the Al-N-alloy. The wear resistance of
the alloys shows a clear temperature dependent trend. At 200 ◦C and 300 ◦C, the H-alloy
exhibits wear rates 2.2 times and 4.0–4.2 times greater than those of the Al-alloy and Al-N-
alloy, respectively. However, this trend reverses at 600 ◦C, where the wear rates of both the
Al-alloy and Al-N-alloy exceed that of the H-alloy by factors of 3.3 and 2.6, respectively.
In conclusion, the Al-N-alloy exhibits excellent wear resistance over a wide temperature
range, characterized by a low and stable wear rate [51].

The wear rate of the H-alloy gradually increases in the temperature range of 20–300 ◦C,
which is attributed to the fact that its surface is covered with a layer of fragmented ox-
ide. The local oxide film cannot offset the material softening effect caused by increasing
temperature, and at this point, The observed increase in the wear rate can be primarily
accounted for by the softening behavior of the alloy. At 300 ◦C, Progressive compaction
and sintering of initially dispersed wear debris result in the formation of a coherent oxide
layer through structural integration. At this critical temperature, a steady-state regime
is established where oxide formation and frictional removal occur at comparable rates,
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resulting in maximum wear. In the temperature range of 300–600 ◦C, the wear rate of the
H-alloy gradually decreases, coinciding with the formation of a continuous, dense oxide
film on the worn surface. At this point, the oxidation process plays a dominant role. The
dense oxide film effectively isolates the direct contact between the friction pair and the
material surface, thereby maintaining continual protection on the sliding interface and
dramatically lowering the material’s wear rate.

The wear rate of the Al-alloy shows a trend of first decreasing and then increasing. In
the temperature range of 20–400 ◦C, the wear rate of the Al-alloy is lower than that of the
H-alloy. This is because the aluminizing treatment provides the H-alloy with higher surface
hardness and promotes the formation of an Al2O3 oxide film. Under high-temperature
friction conditions, the Al-alloy exhibits higher wear rates than the H-alloy at both 500 ◦C
and 600 ◦C, the oxidation-wear competition mechanism of intermetallic compounds is
strongly affected by their environmental brittleness [52]. Even under predominant oxide
film formation, the inherent brittleness of the material makes it highly sensitive to stress
concentration and oxygen penetration, which triggers cracks and intensifies wear. The drop
in Al content and rise in O and base metal content in EDS data at 500 ◦C (Table 3) confirm
this breakdown.

Table 3. Chemical composition (at. %) of the worn surfaces of H-alloy, Al-alloy and Al-N-alloy at
varius temperatures.

Temperature/◦C Fe Mn Cr Ni Mo O Si Al N

H-alloy 20 14.98 7.37 7.11 7.04 0.36 60.92 2.22
100 14.43 7.14 7.03 6.78 0.36 63.34 0.91
200 25.20 12.42 11.94 11.65 0.58 37.87 0.34
300 26.74 13.16 12.66 12.61 0.69 33.69 0.46
400 26.48 13.36 12.84 12.66 0.62 33.71 0.32
500 22.26 11.29 10.93 10.66 0.56 44.09 0.22
600 21.65 10.85 10.36 10.3 0.56 46.08 0.20

Al-alloy 20 15.05 10.01 8.24 1.21 0.01 12.39 0.02 52.64
100 14.70 9.38 7.94 1.34 0.05 11.27 0.06 54.80
200 16.33 10.28 7.29 4.08 0.35 11.98 0.02 49.67
300 16.56 9.54 6.43 4.66 0.31 15.20 0.05 47.25
400 16.43 9.48 6.4 4.65 0.31 14.56 0.03 48.14
500 19.09 9.33 10.09 10.74 0.52 30.16 0.06 20.02
600 17.14 7.22 8.98 12.53 0.43 25.31 0.02 28.36

Al-N-alloy 20 11.40 5.40 2.70 5.70 0.60 8.10 0.04 22.50 43.20
100 12.10 5.30 2.60 4.90 0.70 8.30 0.04 22.80 42.90
200 12.16 5.20 2.90 5.60 0.70 7.20 0.04 24.10 42.10
300 12.00 5.50 2.90 5.40 0.60 8.10 0.05 22.50 42.40
400 10.80 4.50 2.70 5.70 0.90 9.00 0.05 23.40 42.40
500 20.70 9.83 12.44 12.19 0.64 25.14 0.04 18.39 0.62
600 19.31 7.62 4.45 9.37 0.19 18.57 0.04 40.06 0.39

The Al-N-alloy exhibits the lowest and most stable wear rate within the temperature
range of 20–500 ◦C, which is attributed to the formation of a modified layer with extremely
excellent performance on its surface. The Al-N co-infiltration process not only infiltrates
aluminum into the surface but also infiltrates nitrogen (N) simultaneously. Nitrogen re-
acts with elements such as aluminum (Al), chromium (Cr), and iron (Fe) to form hard
phases including AlN, CrN, and FeN. The AlN phase not only has extremely high hardness,
which can effectively resist abrasive wear and plastic deformation, but also exhibits better
toughness than many intermetallic compounds [53–55]. This prevents the microcracks and
delamination wear that the aluminized layer may suffer due to the brittleness, thereby
ensuring excellent performance of the Al-N-alloy in the temperature range of 20–500 ◦C.
Secondly, the introduction of nitrogen further improves the structure and properties of the
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surface oxide film. As the temperature increases, AlN itself oxidizes to form a dense Al2O3

film, while CrN also contributes to the formation of a stable Cr2O3 film or composite oxide
film. This oxide film exhibits stronger adhesion, higher density, and higher resistance to
cracking and spalling [56–59]. Even under frictional shear, it can be rapidly repaired, con-
tinuously isolating the substrate from the external environment and effectively preventing
the inward diffusion of oxygen and the outward loss of material. This is the key reason
why its high-temperature wear rate increases slowly and linearly, without severe spalling
(the peak at 500 ◦C) as observed in the aluminized layer. At 600 ◦C, the wear rate begins
to increase sharply. As temperatures approach and exceed 500 ◦C, these nitrides coarsen
or dissolve, leading to a dramatic softening of the coating and a loss of its load-bearing
capacity (as confirmed by the precipitous drop in N content in EDS data at 500 ◦C, Table 3).

3.5.2. Analysis of Wear Mechanisms and Surface Morphology

To prevent the manuscript from becoming overly lengthy while still providing rep-
resentative data, we have strategically selected: The wear morphology and elemental
distribution at the test temperatures of 20 ◦C, 300 ◦C, and 600 ◦C are presented herein. SEM
and EDS maps for other test temperatures are provided in the Supplementary Materials
(Figures S8–S10).

The wear morphologies and EDS mapping of the H-alloy at different temperatures
are shown in Figure 9. Wear morphologies demonstrate a systematic trend with increasing
temperature. In the temperature range of 20–200 ◦C, wear debris and fragmented oxide
layers are visible on the worn surface, exhibiting the typical characteristics of adhesive wear.
The elemental composition of the worn H-alloy surface, as determined by EDS analysis, is
summarized in Table 3. From the oxygen content and its distribution, it can be inferred that
oxidative wear occurs in the temperature range of 20–200 ◦C. As the temperature increases,
the surface oxygen content decreases, oxides migrate, the wear rate rises continuously,
and reaches its maximum value at 300 ◦C. This indicates that adhesive wear dominates
the material failure mechanism in this temperature range. The combined effect of friction
and heat causes material softening, thereby increasing the tendency for adhesive wear. At
400 ◦C, the worn surface exhibits shallow, fine grooves accompanied by minor wear debris
distributed across the wear track. Beyond a critical temperature threshold, accelerated
oxide formation outpaces frictional removal, leading to a distinct decline in the wear rate.
At this stage, the dominant wear mechanisms transition to abrasive and oxidative wear.
With further temperature elevation to 500–600 ◦C, intensified oxidation leads to oxidative
wear becoming the predominant material removal mechanism, and obvious grooves and a
large amount of wear debris are visible on the worn surface; the wear mechanism is still
dominated by the combination of abrasive wear and oxidative wear.

The wear morphologies and EDS mapping of the Al-alloy at different temperatures
are shown in Figure 10. At 20 ◦C, the worn surface is covered with a large number of
wear debris of varying sizes, with obvious plastic deformation marks and relatively deep
grooves. The surface is rough with severe material removal. It can also be concluded from
the oxygen content in Table 3 that oxidative wear also occurs at 20 ◦C. At this point, the wear
mechanism consists of adhesive wear and oxidative wear. A progressive rise in oxygen
content leads to a corresponding intensification of surface oxidation as the temperature
increases from 100 to 400 ◦C. As wear debris continue to recede, the surface evolves toward
a smoother morphology with reduced asperities. The wear mechanism is mild adhesive
wear and oxidative wear. When the temperature rises to 500 ◦C and 600 ◦C, the oxygen
content also increases. Marked debris buildup is observed alongside extensive plastic
deformation zones and pronounced grooves, suggesting severe adhesive and oxidative
wear. High temperatures may soften the substrate, causing the oxide film to crack and
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spall due to insufficient support. After local and fresh metal is exposed, transient adhesion
occurs, leading to an increase in wear rate.

Figure 9. Wear morphology and EDS mapping of H-alloy at varius temperatures: (a) 20 ◦C; (b) 300 ◦C;
(c) 600 ◦C.

Figure 10. Evolution of wear morphology and surface composition of Al-alloy with Temperature:
(a) 20 ◦C; (b) 300 ◦C; (c) 600 ◦C.
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Figure 11 presents the temperature-dependent wear morphology evolution and cor-
responding EDS elemental distribution of the Al-N alloy. The abrasive grooves on the
worn surface appear markedly shallower than those of the hot-rolled HEA, which can be
attributed to the comparable hardness between the generated wear debris and the Al-N
co-infiltrated layer. This hardness match effectively mitigates the plowing effect during
the wear process. In the temperature range of 20–300 ◦C, the worn surface gradually
becomes smoother, with a decrease in generated wear debris and spalling. Therefore, the
dominant surface wear mechanism is the polishing effect. At 400 ◦C, a small amount of
wear debris and grooves appear, and the wear mechanism at this point is mild adhesive
wear and oxidative wear. In the temperature range of 500–600 ◦C, the oxygen content
increases rapidly, a large amount of wear debris and deep grooves are generated on the
worn surface, and the wear mechanism changes to severe adhesive wear and oxidative
wear. The cracking rate of the oxide film exceeds its formation rate, leading to an increase
in wear rate.

Figure 11. Evolution of wear morphology and surface composition of Al-N-alloy with Temperature:
(a) 20 ◦C; (b) 300 ◦C; (c) 600 ◦C.

Figure 12 displays the XPS results of the worn surfaces for the three alloys at 300 ◦C,
while the corresponding spectra at 20 ◦C and 600 ◦C are provided in Supplementary
Figures S14 and S15. During the sliding process, substantial frictional heat generated leads
to surface oxidation of the alloys, resulting in the formation of metal oxides. Across the
temperature range of 20–600 ◦C, the worn surfaces are covered with abundant oxides,
including Fe3O4, Fe2O3, FeO, MnO, Mn2O3, MnO2, Cr2O3, CrO3, Ni2O3, NiO, MoO3, and
Al2O3. In the case of the Al-N alloy, nitrides of Cr, Fe, and Al were also detected. At 20 ◦C,
distinct peaks corresponding to Fe, Mn, Cr, Ni, Mo, and Al are evident. However, these
metallic peaks diminish and eventually disappear at 300 ◦C and 600 ◦C.



Lubricants 2025, 13, 509 16 of 20

Figure 12. High-resolution XPS spectra of individual elements from the worn surfaces of three alloys
after sliding against a silicon nitride ball at 300 ◦C: (a) Fe; (b) Mn; (c) Cr; (d) Ni; (e) Mo; (f) Al.

Based on the aforementioned morphological characteristics, we have proposed corre-
sponding wear mechanism models, as illustrated in Figures 13 and 14.

Figure 13. Tribological diagram of H-alloy at verius temperatures.

Figure 14. Tribological diagram of Al-N-alloy at various temperatures.

4. Conclusions
In this study, hot-rolled Fe40Mn19Cr20Ni20Mo1 HEA was subjected to Al-N co-

infiltration treatment. The microstructures and mechanical properties of the H-alloy,
Al-alloy, and Al-N-alloy were characterized. The hardness of the coating and the bond-
ing strength of the infiltrated layer were tested, and the growth kinetics of the Al-N
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co-infiltrated layer were established. Subsequently, the tribological behavior of the HEA at
different temperatures was discussed. The main conclusions are as follows:

(1) The Al-N co-infiltration treatment significantly enhances the hardness of the alloy. The
Al-alloy was prepared by aluminizing the H-alloy at 800 ◦C for 9 h. The Al-N-alloy
was obtained by plasma nitriding the Al-alloy at 550 ◦C for 10 h. The hardness of the
H-alloy, Al-alloy and Al-N-alloy is 178 HV, 592 HV and 993 HV, respectively.

(2) By fitting the growth kinetics, the activation energy for diffusion in the Al-N-alloy
is determined to be 86.582 kJ/mol, while the diffusion activation energy of the FCC
Fe40Mn20Cr20Ni20 HEA during plasma nitriding is 41.388 kJ/mol. The migration of
nitrogen atoms in the Al-N co-infiltrated layer used in this study requires overcoming
a higher energy barrier, making its diffusion kinetic process more difficult.

(3) The Al-N co-infiltrated alloy exhibits excellent tribological properties over a wide
temperature range. The average friction coefficients of the H-alloy, Al-alloy, and
Al-N-alloy decrease with increasing temperature. Specifically, in the temperature
range of 20–400 ◦C, the average friction coefficient of the H-alloy fluctuates between
0.58 and 0.79. The average coefficient of friction for the Al-alloy ranged from 0.45 to
0.55, while that of the Al-N-alloy remained stable at 0.55. The wear rates of the H-alloy
and Al-alloy show a trend of first increasing and then decreasing as the temperature
rises. The wear rate of the Al-N-alloy remains stable below 400 ◦C, being substantially
lower than those of the H-alloy and Al-alloy. Beyond this threshold, it increases with
further temperature elevation.

(4) The wear mechanism of the H-alloy is mainly adhesive wear, oxidative wear, and
abrasive wear. As the temperature increases, the oxidative wear becomes more severe.
The wear mechanism of the Al-alloy is mainly oxidative wear and adhesive wear. The
wear mechanism of the Al-N-alloy is mainly the polishing effect, oxidative wear, and
adhesive wear.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/lubricants13120509/s1, Figure S1. Schematic diagram of clas-
sification of VDI 3198 indentation test and coating adhesion; Figure S2. Rockwell indentation
morphology of different aluminizing processes: (a) 800 ◦C 3 h; and (b) 800 ◦C 6 h; and (c) 800 ◦C
9 h; and (d) 850 ◦C 3 h; and (e) 850 ◦C 6 h; and (f) 850 ◦C 9 h; and (g) 900 ◦C 3 h; and (h) 900 ◦C 6 h;
and (i) 900 ◦C 9 h; Figure S3. Rockwell indentation morphology and corresponding wear curves of
different aluminized alloys after plasma nitriding at 600 ◦C for 10 h: (a,d) 800 ◦C 3 h; (b,e) 800 ◦C
6 h; (c,f) 800 ◦C 9 h; Figure S4. Rockwell indentation morphology of aluminum alloy under different
nitriding processes: (a) 500 ◦C 2 h; and (b) 500 ◦C 5 h; and (c) 500 ◦C 10 h; and (d) 550 ◦C 2 h;
and (e) 550 ◦C 5 h; and (f) 550 ◦C 10 h; and (g) 600 ◦C 2 h; and (h) 600 ◦C 5 h; and (i) 600 ◦C 10 h;
Figure S5. SEM image of the cross-section of aluminized Fe40Mn19Cr20Ni20Mo1 HEA; Figure S6.
SEM image of the cross-section of Al-N co-infiltrated Fe40Mn19Cr20Ni20Mo1 HEA; Figure S7. SEM
image of the Fe40Mn19Cr20Ni20Mo1 HEA; Figure S8. Wear morphology and EDS surface spectrum
of hot-rolled HEA at different temperatures: (a) 100 ◦C; (b) 200 ◦C; (c) 400 ◦C; (d) 500 ◦C; Figure S9.
Wear morphology and EDS surface spectrum of aluminized HEA at different temperatures: (a)
10 ◦C; (b) 200 ◦C; (c) 400 ◦C; (d) 500 ◦C; Figure S10. Wear morphology and EDS surface spectrum of
aluminium-nitrogen co-infiltration HEA at different temperatures: (a) 10 ◦C; (b) 200 ◦C; (c) 400 ◦C;
(d) 500 ◦C; Figure S11. Low-magnification wear scar morphology and EDS surface spectrum of
hot-rolled HEA at different temperatures: (a) 20 ◦C; (b) 100 ◦C; (c) 200 ◦C; (d) 300 ◦C; (e) 400 ◦C; (f)
500 ◦C; (g) 600 ◦C; Figure S12. Low-magnification wear scar morphology and EDS surface spectrum
of aluminized HEA at different temperatures: (a) 20 ◦C; (b) 100 ◦C; (c) 200 ◦C; (d) 300 ◦C; (e) 400 ◦C; (f)
500 ◦C; (g) 600 ◦C; Figure S13. Low-magnification wear scar morphology and EDS surface spectrum
of aluminium-nitrogen co-infiltration HEA at different temperatures: (a) 20 ◦C; (b) 100 ◦C; (c) 200 ◦C;
(d) 300 ◦C; (e) 400 ◦C; (f) 500 ◦C; (g) 600 ◦C; Figure S14. High-resolution XPS spectra of individual
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elements from the worn surfaces of three alloys after sliding against a silicon nitride ball at 20 ◦C;
Figure S15. High-resolution XPS spectra of individual elements from the worn surfaces of three alloys
after sliding against a silicon nitride ball at 600 ◦C; Table S1. Hardness and wear rate of Al-alloy
under different nitriding processes; Table S2. The EDS spot scan in Figure S6.
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