Acta Materialia 296 (2025) 121272

ELSEVIER

Contents lists available at ScienceDirect
Acta Materialia

journal homepage: www.elsevier.com/locate/actamat

Full length article

Check for

Tribo-induced microstructural evolutions and wear mechanisms of | Sopdtes
AlCoCrFeNi, ; eutectic high-entropy alloy at elevated temperatures

Wei Jiang ™, Jian Zhou", Yang Cao "™, Ao Meng ", Runchang Liu®, Jiansheng Li®®,

Zhumin Li®, Yu Zhao*, Yonghao Zhao "

@ School of Materials Science and Engineering, Anhui Polytechnic University, Wuhu 241000, PR China

Y School of Materials Science and Engineering, Hohai University, Changzhou 213200, PR China

¢ Nano and Heterogeneous Materials Center, School of Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094, PR China
4 Key Laboratory of Additive Manufacturing (3D Printing) of Anhui Province, Anhui Polytechnic University, Wuhu 241000, PR China

ARTICLE INFO ABSTRACT

Key words:

Eutectic high-entropy alloy
Friction and wear

High temperature
Oxidation

The tribological behaviors and wear mechanisms of the AICoCrFeNis ; eutectic high-entropy alloy (EHEA) were
investigated in the broad temperature range 25 — 800 °C. The AlCoCrFeNi, ; EHEA exhibits a very low wear rate
at 25 °C, owing to the formation of the composite type oxidation layer consisting of nanocrystals embedded in
amorphous matrix. The EHEA exhibits decreasing trends for COF and stable wear rates with increasing tem-

perature. The synergistic effect of oxidation and plastic deformation causes the formation and thickening of
oxidation layer which is beneficial to wear resistance at 400 °C. At 800 °C, the high temperature enhances atomic
diffusion, thus the amorphous oxide layer undergoes partial crystallization to form nano and ultrafine grains.
Both the newly formed nanograins and ultrafine grains are thermally stable, and possess high hardness which can
improve anti-wear performance of the alloy. This work gets insights into developing new wear-resistant alloys
that is applicable in a broad temperature range, by revealing the tribo-induced surface deformation mechanisms.

1. Introduction

Since 2004, the emergence of high-entropy alloys (HEAs) has
broadened the horizon for materials design [1-4]. The increasing
number of studies has explored the superior properties of HEAs, espe-
cially the excellent synergy in strength-ductility [5,6], outstanding
fracture toughness [7,8], exceptional resistance to creep [9,10] and
remarkable work hardening ability [11,12], even across a wide tem-
perature range. Recently, considerable interest has been attracted to the
tribological behavior and wear mechanisms of HEAs, in seeking novel
wear-resistant materials for engineering application [13,14]. The
CoCrFeMnNi HEA and its variants, such as CoCrFeNi HEA and CrCoNi
medium-entropy  alloy (MEA) [14-18], are representative
multi-principal element alloys (MPEA) with single-phase face-centered
cubic (FCC) structures. These MPEAs in homogeneous coarse-grained
states show excellent ductility, but low strength and poor wear resis-
tance. Simple grain refinement to ultrafine grained and nanocrystalline
regimes can significantly improve the strength of the FCC MPEAs, but
their wear resistance was barely improved. This is because
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homogeneous nanocrystalline structures under sliding friction induced
by shear deformation show brittle fracture, strain localization, surface
roughening and cracks [19]. Constructing gradient nanostructures is
proven a successful strategy to improve the wear resistance; because
gradient nanostructures can inhibit inhomogeneous plastic deformation,
and thus suppress sliding-induced cracks and local brittle fracture [19].
Alloying MPEAs with Mo [20], W [21], Al [22] and Nb [23], etc, to
enhance solid solution or precipitation strengthening effects is another
strategy to improve the wear resistance. For example, alloying the
original single phase CoCrNi MEA with Nb additions, can form lamellar
eutectic structure composed of FCC and Laves phases which can effec-
tively prevent crack initiation and propagation, leading to lowered co-
efficients of friction (COF) and wear rates [24]. Similarly, the addition of
Al into the body-centered cubic (BCC) structure TiZrNbHf refractory
HEA results in severe lattice distortions that in turn enhances the
strength and wear resistance [25].

Eutectic high-entropy alloys (EHEAs) are unique class of HEAs,
featuring dual phase lamellar structures delineated by low-energy phase
boundaries [26-28]. While the different phases on either side of the
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Fig 1. Microstructures and compositional distributions in the as-cast AlCoCrFeNi,; EHEA: (a) an OIM image and the inset of the inverse pole figure color code; (b) a

phase map; (c) the XRD pattern; (d) a set of SEM-EDS maps.

phase boundaries have distinguishable crystal structures and mechani-
cal properties, the phase boundaries become the heterogeneous in-
terfaces for which the stress and strain gradients can build-up upon
them. The microscopic stress and strain gradients stimulate
hetero-deformation induced (HDI) strengthening effect that contributes
positively to strength-ductility synergy [29,30]. At or close to the
eutectic composition, internal shrinkage and compositional segregation
are suppressed, thereby the EHEAs are naturally suitable for large-scale
industrial production [26]. Moreover, sluggish diffusion in EHEAs plays
a crucial role in maintaining the thermal stability of lamellar structures,
offering exceptional resistance to softening at high temperature. For
instance, the as-cast AlCoCrFeNiy; EHEA featuring the lamellar
arrangement of FCC and BCC phases, displays a tensile strength of 1100
MPa and ductility of 18 % [27]. Notably, its remarkable mechanical
properties remain nearly unchanged at the temperatures up to 700°C
[26].

Leveraging lamellar or layered structures for improved tribological
properties has been proven successful, because the alternating micro-
scopic layers of varied phases can disperse local stress concentration and
minimize the formation of wear debris [31-35]. Therefore, it is imper-
ative to have a thorough comprehension of the friction and wear char-
acteristics of EHEAs across a board temperature range to explore the
materials’ potential for structural applications. The enriched knowledge
will aid identifying novel wear-resistant materials for practical engi-
neering applications. The tribological characteristics of the AlCoCr-
FeNiy; EHEA against many different counterparts, including Al;Os,
SigNy, SiC ceramics and GCrl5 steel, have already been done [36]. At
room temperature, the AlICoCrFeNi, ; EHEA displays the lowest COF and
wear rate when being slidden against the SiC ceramic. For another

example, the high temperature tribological performance of the
AlCoCrFeNiy 1 EHEA against SigN4 ceramic is examined. A monotonous
increase in wear rate with rising temperature is observed; the COF
initially rose with increasing temperature from 200 to 600 °C and then
sharply decreased as the temperature increased further [36]. This phe-
nomenon is ascribed to enhanced oxidative wear and the formation of
ultrafine-grained layer beneath the worn surface [36]. Tri Dinh Vo et al.
investigated the effects of sizes and growth rates of oxides on the friction
and wear properties of the AlICoCrFeNiy; EHEA [37]. As the tempera-
ture increases from 500 to 900 °C, the wear mechanism changes from
abrasion to adhesive wears; this is closely related to the development and
growth of oxides [37]. Despite of encouraging advances in researching
wear resistance of EHEAs, our knowledge about the high temperature
wear mechanisms of EHEAs is still limited. In this work, the influence of
temperature on the tribological properties of the AlCoCrFeNiy; EHEA
are investigated in detail. The microstructural evolutions underneath
the surface of contact and the wear mechanisms governing the tribo-
logical behavior of the AlCoCrFeNiy ; EHEA are revealed and analyzed
to explain the excellent tribological properties in a wide temperature
range.

2. Experiments

The AlCoCrFeNiy ; EHEA ingot was casted by melting a mixture of
the commercially pure constituent elements (Fe and Cr: >99.5 wt %; Al,
Co and Ni: 99.9 wt %) in a vacuum induction melting furnace. The ingot
was flipped and re-melted three times to ensure microstructural homo-
geneity. Specimens with dimensions of 20 x 5 x 2 mm® were cut from
the ingot and subsequently ground and polished prior to the friction-
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Fig 2. (a) COF vs. time curves for the AlCoCrFeNi,; EHEA underwent dry sliding tests at different temperatures. (b) Variations of the mean COF with temperature.
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Fig 3. 3D surface morphology for the wear tracks at different temperatures: (a) 25 °C, (b) 200 °C, (c) 400 °C, (d) 600 °C, (e) 800 °C. (f) 2D profiles across transverse

cross sections of the wear tracks.



W. Jiang et al.

wear experiment. The SisN4 sphere with a diameter of 5 mm (provided
by Shandong Qihang Hardware Co., LTD Co., Ltd., China) is used as the
counterpart sliding against the EHEA specimens [38,39]. Reciprocating
sliding friction tests were conducted with a constant normal load of 10 N
and a frequency of 8 Hz for 30 min. The sliding stroke length was 2 mm
and the experimental temperatures are set to 25°C, 200°C, 400°C, 600°C
and 800°C. The temperature of the specimen was increased at the
heating rate of 10°C/min until the target temperature, which was then
maintained for approximately 3 min prior to the friction test. The COFs
at different temperatures are calculated by y= F/P, where P and F are the
normal applied load and frictional force, respectively.

The worn surface morphology was analyzed by the surface profil-
ometer system (Super View W1). The wear rates are determined by the
equation [40]:

\%4

W= PL 1)
where V is the worn volume, P is the normal load, L is the total sliding
distance. The phase structure analysis of the cast AlCoCrFeNiy; EHEA
was performed on the Bruker-D8 Advance X-ray diffractometer (XRD)
with Cu-Ka radiation operating at 40 kV and 40 mA. The scanning angles
(20) and scanning speed are 20°~80° and 2°/min, respectively. The
compositions and microstructures of the specimens were analyzed by
the Carl Zeiss-Auriga scanning electron microscope (SEM) equipped
with an electron back-scattered diffraction (EBSD) system (Oxford In-
struments Aztec 2.0). The EBSD specimens were prepared via a standard
electropolishing process. The electrolyte comprises 10 vol % perchloric
acid and 90 vol % acetic acid. The analysis of the morphology and
chemical composition of the worn surface were conducted on a SEM
(Quanta 250 F, FEI, Hillsboro, OR, USA) equipped with the OXFORD
XMax energy dispersive X-ray spectrometer (EDS) detector. The chem-
ical bonding states of the elements on the worn surfaces of the
AlCoCrFeNiy ; EHEA were analyzed by means of X-ray photoelectron
spectroscopy (XPS) on Thermo Fisher Scientific Nexsa with mono-
chromatised X-ray of Al-Ka source. Microstructures of the worn surface
were investigated in detail by a FEI Talos F200X G2 transmission elec-
tron microscope (TEM) equipped with SuperX energy dispersive X-ray
Spectroscopy (EDS) detector. The TEM specimens were prepared by
focused ion beam (FIB) milling in FEI Scios 2 HiVac dual beam SEM.

3. Results
3.1. Initial microstructures

As presented by the orientation imaging microscopy (OIM) image
and phase image in Fig 1a and b, respectively, the as-cast AlICoCrFeNis 1
EHEA has the FCC/BCC eutectic lamellae structure. The volume fraction
of the BCC phase is approximately 33 %, and the rest is the FCC phase.
The dual-phase microstructure is also corroborated by the XRD pattern
in Fig 1c. According to the SEM-EDS analysis result shown in Fig 1d, the
FCC L1, phase is rich in Co Cr, Fe and Ni, and the BCC B2 phase is rich in
Al and Ni.

3.2. COFs and specific wear rates

Figure 2a exhibits the variations of COF with respect to sliding time
for the AlCoCrFeNis; EHEA at different temperatures. As shown in Fig
2a, all curves show large fluctuations at the running-in stage, this is
attributed to the strain hardening and initial fracture of the worn surface
[14,36]. At 25°C, the COF-time curve shows large fluctuations which are
attributed to the complex physical and chemical interactions involving
three-body abrasion, periodic localized fractures of the surface layer,
and the periodic deposition and removal of debris [14,41]. Similar
phenomena have also been reported for CoFeNip MEA [42], AlICoCrFeNi
HEA [14] and AlCoCrCuFeNi HEA [43]. COF is sensitive to temperature,
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Fig 4. (a) Variations of wear rate with respect to temperature. (b) The rela-
tionship between wear rate and hardness at 25 °C for the AlCoCrFeNi,; EHEA
and other referenced HEAs [14,16,41,44-58]. (c) Wear rates for the present
AlCoCrFeNi, ; EHEA and other referenced HEAs at 600 °C and 800 °C [14,17,
41,42,46,57,60-68].

the magnitudes of fluctuations were small at 200°C, 600°C and 800°C,
but at the 400°C there were multiple large drops of COF. As shown in Fig
2b, the mean COF decreases from ~0.73 at 25 °Cto ~0.51 at 800 °Cas a
general trend, but an interim plateau is seen between 400 °C and 600 °C.
At elevated temperatures, the fairly smooth friction trace is usually
related to oxide coverage on the worn surface, which will lead to the
reduction of COF [14].

Figure 3a-e display the 3D surface morphology of the worn tracks on
the AlCoCrFeNiy ; EHEA. Fig 3f shows the 2D profiles across the deepest
transverse sections of the worn tracks. At 25 °C, the worn track is rela-
tively shallow (Fig 3f), with a smooth bottom and edges (Fig 3a). As the
temperature increases, the depths of the worn track increases, and the
worn surfaces exhibit increasing roughness (Fig 3a-e). At 800 °C, large
accumulation of materials is realized along the edge of the worn track



W. Jiang et al.

SO0)um

Acta Materialia 296 (2025) 121272

50/um ¢

Fig 5. Worn surfaces of the AlCoCrFeNi,; EHEA at different temperatures: (al-a2) 25 °C, (b1-b2) 200 °C, (c1-c2) 400 °C, (d1-d2) 600 °C, (el-e2) 800 °C.

(Fig 3e).

The variation of wear rate with respect to temperature is depicted in
Fig 4a. Fig 4b compares the wear rate and hardness at 25 °C for the
AlCoCrFeNiy; EHEA and several referenced HEAs, including single
phase HEAs and dual-phase (FCC+BCC) systems [14,16,41,44-58].
Generally, wear of most HEAs adheres to Archard’s relationship [59],
that is, the wear rate is proportional to the materials hardness. However,
the present AlCoCrFeNiy ; EHEA demonstrates a low wear rate despite
its relatively low hardness, suggesting that the presence of eutectic
lamellae significantly bolsters its inherent wear resistance. Notably, the
wear rate of the AlCoCrFeNiy; EHEA remains stable up to 800°C,
indicating excellent thermal resistance and anti-wear performance
across a broad temperature range. According to literatures, the wear rate
does not vary linearly with changing temperature. For instance, the wear
rates of CoCrFeNiNby and AlCoCrFeNi alloys initially increase and then
decrease within the temperature range of 25-800°C, peaking at 400 °C
[38,46]. The CoFeNiy MEA exhibits peaked wear rates at 600°C [42]. On
the other hand, the wear rate of an Alg5CoCrFeNi HEA markedly
increased in the temperatures 20-300 °C and remained nearly constant
at temperatures 300-600°C [41]. Moreover, the CoCrNi MEA showed

continuous reduction in wear rate with increasing temperature up to
300 °C [53]. In comparison to many HEAs and MEAs, the wear rates of
present AlCoCrFeNiy; EHEA at 600°C and 800°C is among the lowest
order of magnitude, as shown in Fig 4c [14,17,41,42,46,57,60-68]. The
wear rates of HEAs/MEAs at elevated temperatures are influenced by
multiple factors, including the chemical compositions, the oxidation
layer, and the stress/strain distribution beneath the contact surface.

3.3. Worn surface morphology

Figure 5 exhibits the worn morphologies of the AlCoCrFeNiy ; EHEA
at different temperatures. As shown in Fig 5al, there are patches and
debris on the worn surface. The boxed area in Fig 5al is enlarged in Fig
5a2, thins cracks can then be seen on the patches, suggesting that the
patches are brittle. As the temperature increased to 200 and 400 °C,
delamination fracture occurred to expose the fresh metal underneath as
shown in Fig 5b1 and c1, respectively. Fig 5b2 and c2 are high magni-
fication images showing grooves and fine particles on the worn surfaces.
At 600 °C, delamination fracture was suppressed; Patches were no
longer identifiable; The oxide layer was dense and has a good integrity,
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Fig 6. SEM images and corresponding EDS mapping of Al, Co, Cr, Fe, Ni and O elements on the worn surfaces of the AlCoCrFeNi, ; EHEA at different temperatures:

(a) 25 °C, (b) 400 °C, (c) 600 °C, (d) 800 °C.

Table 1

Chemical compositions (at %) on the worn surfaces at different temperatures.
Temperature Al Co Cr Fe Ni (0]
25 °C 9.3 9.4 9.5 9.4 19.4 43
400 °C 8.9 9.2 9.4 9.3 19 44.2
600 °C 8.6 8.8 8.9 8.7 18 47
800 °C 7.6 7.7 8.1 7.8 15.3 53.5

as shown in Fig 5d1 and d2. As the temperature further ascended to 800
°C, oxide layers were partly peeled off or scratched off, leaving long
grooves on the surface, as shown in Fig 5el. Enlarged image in Fig 5e2
show large peeling pits and numerous oxide patches on the worn
surface.

Figure 6 presents the EDS mapping of Al, Co, Cr, Fe, Ni and O

elements on the worn surfaces at different temperatures. The quantified
chemical composition (at %) are presented in Table 1. As shown in Fig
6a, the patches observed at 25 °C are rich in O element, indicating that
friction induces the formation of oxides. The content of O at 25 °C is
about 43 at %. With temperature increased, the O element distribution
on the friction surface becomes more uniform and the content of O in-
creases gradually, up to 53.5 at % at 800 °C. Notably, there are local
oxygen-deficient regions at 400, 600 and 800 °C. These regions might be
exposed fresh metal underneath, showing enrichments of Co, Cr, Fe and
Ni elements.

XPS analysis were performed on the oxidized tribo-layers. As illus-
trated in Fig 7, the tribo-layer of AlCoCrFeNiy ; EHEA at 25 °C contains
various types of oxides. Notably, the intermetallic AINiy phase is
abounding in the Aly, spectrum across all temperatures tested. The
intermetallic AINiy phase has been reported to impart resistance against
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Fig 7. (a) Alyp, (b) Cozp, () Crap, (d) Feyp, (e) Niyp and (f) Oy spectra on the worn surfaces of the AlCoCrFeNiy ; EHEA at different temperatures by XPS analysis.

plastic deformation and to prevent the formation of abrasive particles
[38]. At 25 °C, metallic Co, Fe and Ni are detected, indicating partial
oxidization of the alloy. As the temperature increased, the metallic Ni
spectrum vanished, while Co and Fe spectrums also progressively
attenuated, reflecting enhanced oxidation effects. Concurrently, the
relative intensity of metal oxide peaks increased with temperature,
corroborating a vigorous oxidation process during sliding [69].
Intriguingly, residual metallic Co and Fe spectra persisted even at 800°C,
presumably due to substrate exposure caused by peeling off of oxide
layer.

Weak CoCrOy4 signals at 200 °C are seen in Fig 7b and c¢; NiCroO4
signal at 400 °C are seen in Fig 7e. In this Ni- and Al-rich EHEA system,
thermal activation promotes Cr incorporation into complex oxide
structures, such as CoCrO4 and NiCroO4 [46]. The NiCroO4 signal in-
tensity gradually increases to the maximum at 600 °C, whereas CoCrO4
signals remains relatively stable across the temperature range. Mono-
tonic decrease in hydroxyl (OH") contribution with increasing temper-
ature is seen in the O spectrum in Fig 7f. This trend is attributed to
reduced atmospheric moisture adsorption at elevated temperatures.
Additionally, surface contaminants such as physisorbed water and hy-
droxyl groups may have contributed to the OH" signal intensity.

The subsurface structures were examined for the objective of gaining
insight into the underlying wear mechanisms at varied temperatures. Fig
8 presents the microstructures beneath the worn surface at 25 °C. In
accordance with the observed diffraction contrast in grain morphology
within the bright field (BF) TEM image and corresponding HAADF-
STEM image, the cross-sectional region may be divided into three
distinct regions: the topmost oxidation layer, the refined nano-lamellar
layer and the coarse-grained region (the red and yellow dash lines
delineate three regions in Fig 8a and b). In the vicinity of sliding contact

surface, an oxidation layer with a thickness range of 60-250 nm serves as
a protective layer, as indicated by the EDS mapping results presented in
Fig 8g. Fig 8c-1 depicts the detailed examination of the microstructures
in the oxidation layer with light contrast, where dark spots are randomly
distributed. Wang et al. suggested that the amorphous area is brighter
than the crystalline one, because an amorphous structure does not
produce strong electron diffraction [70]. The HRTEM image (Fig 8c-2)
and the corresponding selected area electron diffraction (SAED) pattern
reveal randomly oriented nanograins that are embedded within the
amorphous substrate. Within the topmost oxidation layer, cracks are
observed, as shown in Fig 8a.

Beneath the topmost oxidation layer, we showcase the refined nano-
lamellar layer (Fig 8a). As illustrated in Fig 8d, friction shear strain in-
duces severe plastic deformation to the original coarse grains, leading to
the formation of lamellar nanograins extending to a depth of 2 pm. The
average thickness of the nano-lamellar is approximately 21 nm. At the
bottom-right corner of Fig 8a, the thicknesses of the lamellar grains are
larger, attributed to reduced plastic strain away from the surface.
Notably, some bright contrast zones (marked by white arrows) are
embedded in the nano-lamellar layer in the form of inter-lamellae, as
shown in Fig 8e and f-1. As evidenced by the EDS element mapping in
Fig 8g, the aforementioned areas are characterized by an enrichment of
O element. The HRTEM image and corresponding SAED pattern in Fig
8f-2 unveil the nanocrystalline-amorphous composites within the bright
contrast zones. In the HAADF-STEM image, the regions of the
nanocrystalline-amorphous composites have a dark contrast (same in
the later analysis), as shown in Fig 8b. With the friction proceeds, the
nanocrystalline-amorphous composites will expand along the sliding
direction, as shown in Fig 8e. Beneath the nano-lamellar layer, the
coarse grains deform mainly by dislocation slip, leading to high dense
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Fig 8. FIB cross-sectional TEM characterization of the AICoCrFeNi,; EHEA after dry sliding at 25 °C. (a, b) Bright field TEM image and the corresponding HAADF-
STEM image of the subsurface microstructures. (c-1) STEM image of the topmost oxidation layer. (c-2) HRTEM image of boxed area in c-1. (d) STEM image of the
nano-lamellar layer. () STEM image of the blue-boxed area in (a), showing the lamellar structure. (f-1) STEM image showing a typical bright contrast zone in the
nano-lamellar layer. (f-2) HRTEM image of the yellow-boxed area in (f-1). (g) EDS mapping of the green-boxed area in (a).

dislocation substructures. No cracks nor micro-voids are discernible in
the nano-lamellar layer and the coarse grains matrix.

Fig 9 depicts the subsurface microstructures of the AlCoCrFeNis
EHEA tested at 400 °C. As shown in the BF TEM image and corre-
sponding HAADF-STEM image, the worn subsurface features the nano-
structured layer region sandwiched between the oxide layers (Fig 9a and
b). The set of EDS maps confirm O element in the oxide layers (Fig 10).
HRTEM analysis further resolves these oxide layers as nanocrystalline-
amorphous composites, as shown in Fig 9c and e. Within the nano-
structured layer, the original coarse grains are refined into equiaxed
nano-grains with an average grain size of 13 nm (Fig 9d-2). In the
nanostructured layer, regions displaying similar contrast to the oxide
layer (marked by green arrows in Fig 9a and b) are found to contain
similar nanocrystalline-amorphous composites (Fig 9d-1 and d-3).
Notably, d-1 region has a higher amorphous content than d-3 region, as
confirmed by HRTEM analysis. Therefore, it is plausible to infer that
region d-3 represents the transition state between nanostructure to
amorphous phases. Crack propagation is detected in both oxide layers
and the nanostructured layer, and the cracks are marked by white ar-
rows in Fig 9a and b. HRTEM characterization at crack tips (Fig 9f) re-
veals fully amorphous structures, indicating that local plastic
deformation during sliding promoted amorphization [71], which in turn
facilitated crack nucleation.

At 800 °C, the subsurface region beneath the worn surface is

dominated by continuous oxide layer, as shown in Fig 11a and b. Many
cracks are seen in the oxide layer, indicating poor interfacial adhesion at
800 °C. At the topmost surface, an amorphous layer with a thickness of
~50 nm is identified in Fig 11c-2 and the typical diffused diffraction ring
for amorphous structure is seen in the fast Fourier transforms (FFT)
pattern. Beneath the topmost amorphous layer, all the oxide layers in the
observation field present a crystalline structure, as shown in Fig 11d-1,
d-2 and f. This is different from the nanocrystalline-amorphous com-
posites observed at 25 °C and 400 °C, suggesting that there is a thermally
activated dynamic crystallization process at 800 °C.

Within the inner crystalline oxide layer, some equiaxed recrystal-
lized grains with an average grain size of 246 nm are detected, as shown
in Fig 11e. The recrystallization is attributed to the high-temperature
exposure [72,73], consistent with prior reports on 90 % cold-rolled
AlCoCrFeNiy; EHEA, where annealing at 800 °C produces recrystal-
lized ultrafine grains with exceptional thermal stability up to 1200 °C
[74]. There are ordered L1, phases within the recrystallized grains, as
evidenced by the superlattice spots marked by yellow circles in Fig 11e.
EDS maps in Fig 12 confirm homogeneous oxygen distribution
throughout the oxide layer, and some recrystallized grains with weak
signals for oxygen.
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C layer

Cracks

-

Crack tip

Fig 9. FIB cross-sectional TEM characterization of the AlCoCrFeNi,; EHEA tested at 400 °C. (a, b) Bright field TEM image and the corresponding HAADF-STEM
image of the subsurface microstructures. (¢) HRTEM image of the red-boxed area in (a), showing the nanocrystalline-amorphous composites in the topmost
oxidation layer. (d) A high magnification TEM image of the red-boxed area in (a). (d-1) and (d-3) HRTEM image of the selected area in (d), demonstrating the
nanocrystalline-amorphous composites. (d-2) A zoom-in TEM image of the selected area in (d), demonstrating the nanograin structures. (¢) HRTEM image of the red-
boxed area in (a), demonstrating the nanocrystalline-amorphous composites in the bottom oxidation layer. (f) HRTEM image of the selected area in (a), demon-

strating the amorphous structure at the front tip of the crack.
4. Discussions

4.1. Formation mechanisms for the nanocrystalline-amorphous
composites

The nanocrystalline-amorphous composite structures are discernible
in the subsurface of the AlCoCrFeNi, ; EHEA after dry sliding at 25 and
400 °C, as shown in Fig 8 and Fig 9. The amorphization process involves
mechanical alloying, which is commonly observed from dry sliding wear
[75]. The amorphous oxides develop from squeezing, grinding, and
mixing of wear debris and particles at the surface of contact [76].
Frictional heating elevates the average temperature on the contact
surface to several hundred degrees, while the localized contact zones
can reach even much higher temperatures [77]. The concurrent action of
thermal heating (friction heat and/or ambient heat) and oxygen diffu-
sion facilitates the oxidation and solid-state amorphization (SSA)

transition process at the topmost layer [70,78-80]. It is the severe plastic
deformation at the surface caused the crystalline-to-amorphous transi-
tion [70,81,82]. A high density of dislocations associated with accu-
mulated plastic strain increases the microscopic shear stress to a critical
value for amorphization [70] (according to literatures, the maximum
equivalent strain and shear strain induced by friction can reach 21 and
77, respectively [83,84]). In present AlCoCrFeNiy; EHEA, the high
density of dislocations that triggers SSA is attributed to the micro-
structural characteristics. Firstly, high concentrations of solute atoms
and enhanced lattice distortions induced by elastic modulus mismatch
and atomic-size mismatch [85] offer the intrinsically high lattice resis-
tance to dislocation slip [86]. The average atomic size differences § in
FCC and BCC phases in AlCoCrFeNiy; EHEA are 0.038 and 0.071,
respectively, larger than that of 0.0207 in CrMnFeCoNi HEA [86]. Sec-
ondly, the presence of nano-precipitates in the BCC phase promotes
multiplication of dislocations via the pinning effect [27]. Thirdly, the



W. Jiang et al.

Acta Materialia 296 (2025) 121272

Fig 10. Bright field TEM and HAADF image, and the corresponding EDS elemental maps for the AlICoCrFeNi,; EHEA after dry sliding at 400 °C.

semi-coherent interfaces between FCC and BCC phases act as effective
barriers to dislocation slip [30]. Finally, continuous built-up of shear
strain under friction sliding introduces extra dislocation boundaries and
sub-grain boundaries via the grain refinement, resulting in significantly
increased shear stress [87]. To sum up, the intrinsically high lattice
resistance, the pinning effect of nano-precipitates, the presence of
interphase interfaces and the increasing number of dislocation bound-
aries jointly raised the local dislocation density to a critically high level
and so does the shear stress. Then, the excess free energy of the system
eventually leads to crystal instability, collapse of the ordered lattice
structure, in other words, amorphization [76]. Usually, the stress con-
centration leads to high free energy at the crack tip, thus amorphization
occurs at the crack tip as shown in Fig 9f [70].

Oxygen atoms play a crucial role in crystalline-to-amorphous tran-
sition. As evidenced by the EDS maps in Fig 8g and Fig 10, the regions of
nanocrystalline-amorphous composite are rich in O elements. During
the friction sliding process at 25 °C, the abundant grain boundaries
featuring high-density dislocations and lattice distortions, serve as fast
pathways for the oxygen atoms diffusion [88]. According to the
empirical law of glass-forming, incorporating oxygen atoms into the
alloy modifies the atomic coordination and directional bonding, and
may result in a large negative enthalpy of mixing. These chemical re-
actions promote amorphization [89-91].

At the high temperature of 400 °C, the thickness of the oxidation
layer containing nanocrystalline-amorphous composites significantly
increases, even for those beneath the nanostructured layer (Fig 9).
Numerous cracks are visible in the oxidation layer and nanostructured
layer, acting as N channels for the transfer of oxygen atoms. The oxygen
atoms can quickly go through the cracks to reach and oxidize the
disordered atomic structures and thus to accelerate amorphization of the
nanostructure. Particularly at crack tips with high stress concentrations,
the increased free energy induced by dislocations activities and point
defects attracts oxygen [76], accelerating the amorphization process of
the nanostructure (Fig 9f). In conjunction, the absorption of oxygen
atoms further reduces the lattice rigidity and facilitates the expansion of
amorphous areas (Fig 9a and b) [92].

However, there exists a dynamic competition between the
crystalline-to-amorphous transition and the reverse crystallization pro-
cess of amorphous structures due to the combined effect of ambient and
friction heat. At 800 °C, the amorphous structures are detected solely at
the topmost surface, attributed to constantly mechanical alloying
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(squeezing, grinding, and mixing of wear particles) [75,76]. It is plau-
sible for amorphous oxide to undergo crystallization again, given the
enhanced kinetic energy of atomic diffusion at high temperatures [93].
The dynamic recrystallisation behaviors under sliding wear have been
observed in CoCrFeMnNi and Al,CoCrFeNi HEAs, and have been
attributed to local plastic deformation with large strains and frictional
heat accumulations beneath the worn surfaces during dry sliding friction
at a very high operating temperature [14]. The stress concentration sites
induced by non-uniform crystallization (Fig 11e) become the sources of
cracks when subjected to external forces. Consequently, numerous
cracks are detected throughout the oxide layer at 800 °C (Fig 11a and b).

4.2. Friction and wear mechanisms at different temperatures

The AlCoCrFeNiz; EHEA exhibits decreasing trends for COF and
stable wear rate with the temperature being increased from 25 to 800 °C.
This is closely related to the friction and wear mechanisms at elevated
temperatures. At 25 °C, the discontinuous oxide layers on surface (Fig
5al) suggest oxidation-induced wear [94]. The formation of interme-
tallic AINiy phase resists further plastic deformation and prevents the
formation of abrasive particles, contributing to the low wear rate at 25
°C [38]. Micro-cracks form in the oxide layers, indicating the fatigue
wear under repeated sliding [95,96].

With the temperature increased to 600 °C, delamination fracture (Fig
5bl and ¢1) was dominant, and is related to the inferior mechanical
properties and bonding strength of oxide layers [97]. Under the action of
ambient and friction heat, inorganic acid salts, CoCrO4 and NiCryO4
form on the worn surface (Fig 7). In general, the inorganic acid salts is
bridging to the formation of the compact oxidized tribo-layers (also
known as glaze layers), which can help avoid direct contact and adhe-
sion of micro-bulge between friction pair interfaces [98]. The compact
oxidized tribo-layer (Fig 5d2) plays a pivotal role in safeguarding metals
against direct contact, thereby conferring a markedly diminished wear
rate [95,96,99,100]. Besides, the increased number of particles on the
surface of the oxide layer reduces the mean COF at 25-400 °C owing to
the particles rolling action [99].

At 800°C, the yield strength of the AlCoCrFeNiy ; EHEA is decreased
due to thermal softening. The debris scattered on the worn surface had a
ploughing effect during dry sliding friction, leaving many parallel
grooves (Fig 5el). Nevertheless, rolling of these particles reduces the
mean COF (Fig 2b).
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Fig 11. FIB cross-sectional TEM characterization of the AlCoCrFeNi, ; EHEA after dry sliding at 800 °C. (a, b) Bright field TEM image and the corresponding HAADF-
STEM image of the subsurface microstructure. (c-1) STEM image of the red-boxed area in (a). (c-2) HRTEM image and the corresponding FFT pattern, demonstrating
the amorphous structure at topmost layer. (d-1) STEM image of the red-boxed area in (a). (d-2) HRTEM image and corresponding SAED pattern showing the
nanocrystalline structure. (e¢) STEM image of the red-boxed area in (a) and the corresponding SAED pattern, showing ultrafine-grained structures. (f) STEM image of

the red-boxed area in (a), showing the nanocrystalline structure.
4.3. Anti-wear mechanism of composite oxide layer

Hardness and strength play crucial roles in affecting the wear resis-
tance of materials. Both nanograins and amorphous structures possess
high strength and hardness [87,101]. However, the nanograined
metallic materials are usually brittle with little plastic deformation
ability [87]. Amorphous alloys deform plastically via activation and
motion of shear bands [102] that can propagate rapidly and resulting in
catastrophic failure and thus negligible macroscopic ductility [103].
Therefore, in addition to high strength and hardness, homogeneous
plastic flow ability is also importance for high wear resistance, such as
gradient nanograined materials with enhanced wear resistance [19].
The homogeneous plastic deformation of amorphous alloys can be
realized by reducing the amorphous regions to below 100 nm [104].
Amorphous-crystalline nanocomposites have been reported to have
outstanding strength-deformability combination and remarkable wear
resistance [69,89,105], so does the current case. The mutually
compatible flow behavior between amorphous and crystalline phases
can effectively accommodate the wear-induced plastic deformation [69,
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105]. Moreover, the dispersed nanocrystals can effectively impede
propagation of local shear bands in the amorphous matrix via the grain
rotation mechanism [4,105]. In contrast, the fully amorphous structures
formed on the surface of VCoNi film fail to accommodate the
wear-induced plastic deformation, leading to higher wear rate [69].
Thus, in this experiment, the nanocrystalline-amorphous composite
layers formed during dry sliding friction of AlCoCrFeNiy; EHEA have
high strength, and can reduce the propensity of strain localization,
promote uniform deformation and prevent coalescence of micro-crack.

Nano-grains were generated via dynamic recrystallization under dry
sliding friction at 800 °C, but grain coarsening was insignificant. The
high strength and hardness of nanostructures (nanograins and ultrafine
grains) are favorable factors for wear resistance, but their brittleness
prejudices the accommodation of the wear-induced plastic deformation,
leading to numerous cracks. The material is spalled to form particles.
However, under the action of friction heat and ambient heat, amorphous
layer is formed on the topmost surface by complex metallurgical re-
actions including squeezing, grinding, mixing of wear particles and
mechanical alloying, as evidenced by Fig 1lc-2, contributing to
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Fig 12. Bright field TEM and HAADF image, and the corresponding EDS elemental maps for the AlCoCrFeNi,; EHEA after dry sliding test at 800 °C.

improved wear resistance.
5. Conclusions

In summary, high-temperature tribological behavior and wear
mechanisms of the AlCoCrFeNiy; EHEA are investigated over a wide
temperature range 25-800 °C. The friction-induced oxidation contrib-
utes to the formation of nanocrystalline-amorphous composite layer in
the subsurface. The composite layer has a high strength, and can
disperse strain localization and delay coalescence of microcracks.
Therefore, the composite layer is considered a protective layer against
wear for the AlCoCrFeNip; EHEA at 25 °C. The EHEA exhibits the
decreasing trends for COF and stable wear rates, with increasing tem-
perature. The combined effect of friction and oxidation leads to
increased thickness of the oxidation layer, providing effective protection
for the EHEA underneath. At 800 °C, such high temperature enhances
atomic diffusion, thus the amorphous oxide layers undergo partial
crystallization to form nanocrystals. The nanostructures in AlCoCr-
FeNip; EHEA are thermal stability with only localized ungrown
recrystallization and their high hardness is beneficial to anti-wear
performance.
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