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Abstract: Sliding friction-induced subsurface structures and severe surface oxidation can be the major causes 

influencing the wear resistance of ductile metallic materials. Here, we demonstrated the role of subsurface and 

surface structures in enhancing the wear resistance of an equiatomic metastable CoCrNiCu high-entropy alloy 

(HEA). The CoCrNiCu HEA is composed of a CoCrNi-rich face-centered cubic (FCC) dendrite phase and a 

Cu-rich FCC inter-dendrite phase. Copious Cu-rich nano-precipitates are formed and distributed uniformly 

inside the dendrites after tuning the distribution and composition of the two phases by thermal annealing. 

Although the formation of nano-precipitates decreases the hardness of the alloy due to the loss of solid solution 

strengthening, these nano-precipitates can be deformed to form continuous Cu-rich nanolayers during dry 

sliding, leading to a self-organized nano-laminated microstructure and extensive hardening in the subsurface. 

In addition, the nano-precipitates can facilitate the formation of continuous and compacted glaze layers on the 

worn surface, which are also beneficial for the reduction of the wear rate of CoCrNiCu. The current work can 

be extended to other alloy systems and might provide guidelines for designing and fabricating wear-resistant 

alloys in general. 
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1  Introduction 

High/medium-entropy alloys (HEAs/MEAs) are 

composed of multiple principal elements in equiatomic 

or near-equal atomic ratios. Over the past few years, 

CoCrNi-based alloys have served as the prime 

example of MEAs with a single FCC crystal structure 

[1, 2]. Numerous studies have shown excellent 

properties of CoCrNi-based alloys, including superior 

combination of strength and ductility, damage tolerance 

at cryogenic temperature, good thermal stability, 

radiation and corrosion resistance [3–7]. Challenges 

in utilizing CoCrNi-based alloys as structural materials 

are primarily their low yield strength and poor wear 

resistance [5, 8, 9]. Although the mechanical properties 

have been extensively investigated [10–12], limited 

resources have been directed towards the evaluation 

of more complex mechanical loading such as friction 

and wear [8, 13]. 

Pursuing the development of materials with high 

wear resistance has been a lasting endeavor as such 

alloys are important for the reliability and durability 

of many components, especially for those which 

cannot be easily replaced under critical service 

conditions. There are several factors affecting the 

wear resistance of materials. First, the wear resistance 

is highly related to the material’s intrinsic features, 

such as microstructures, compositions, surface states, 
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mechanical properties, and thermal stability properties 

[14–18]. Second, the tribological behavior is a dynamic 

evolution process during service. The oxidation of 

the worn surface, the evolution of the subsurface 

microstructure, and the deformation induced hardening 

of materials will constantly affect the tribological 

properties of a material [19–22]. Consequently, it  

has been suggested that the materials loss can be 

rationalized once one understands and is able to 

describe the surface and subsurface evolution as well 

as the third-body behavior [23]. Thus, well-designed 

and controlled surface and subsurface holds the 

prospect for improving the tribological properties. 

Yin et al. [24] reported that a self-lubricating layer 

composed of nano-oxide particles and amorphous 

oxide is responsible for the low friction and wear of a 

specific carbon steel alloy. Dreano et al. [25] investigated 

the structure of the protective glaze layer formed 

during a fretting wear process. Chen et al. [26] 

reported that a stable gradient nanostructure of Cu 

alloy can accommodate large plastic strains under 

repeated sliding and enables a significant reduction 

in the friction coefficient and wear loss. Greiner   

et al. [27] elucidated the elementary mechanisms for 

the transformation of subsurface microstructures by 

systematic model experiments and discrete dislocation 

dynamics simulations in dry frictional contacts. These 

studies have all recognized that sliding friction 

dramatically changes the initial service status, thus 

resulting in the formation of tribolayers and the 

friction-induced subsurface structure which in turn 

have a huge influence on the materials’ tribological 

properties. However, for HEA, such understanding is 

still insufficient despite its significance for the design 

of wear-resistance alloys. 

To this end, CoCrNi-based alloy is chosen as 

prototypical materials in this work to explore the 

subsurface microstructure and tribo-layer formation 

and how they feed back on friction and wear properties 

of HEA. We report on the development of a metastable 

equiatomic CoCrNiCu HEA to enhance the poor wear 

resistance. The addition of Cu was motivated by   

the formation of wear-resistant CuO during friction. 

The equiatomic CoCrNiCu HEA is composed of a 

CoCrNi-rich FCC dendrite phase and a Cu-rich  

FCC inter-dendrite phase. By tuning the annealing  

conditions, copious Cu-rich nano-precipitates form 

and distribute uniformly inside the dendrites, which 

can be further deformed to form continuous Cu-rich 

nanolayers during dry sliding, leading to a self- 

organized nano-laminated microstructure. These Cu-rich 

nanolayers can provide an extensive hardening 

effect and significantly improve the wear resistance. 

The current work is expected to obtain an in-depth 

understanding of the wear mechanisms active in 

dual-phase HEAs and shed light on a promising 

approach for designing wear-resistant materials. 

2 Experiments 

2.1 Material preparation and microstructure  

characterization 

The ingots with a nominal composition of CoCrNiCu 

were prepared by the arc-melting using bare metals 

with a purity better than 99.9 wt%. For a Ti-gettered 

argon atmosphere, pure titanium was melted for 3 min 

to ensure adequate consumption of residual oxygen 

in cavity. Subsequently, the ingots were re-melted 

for five times to ensure homogeneity. Plate-like 

ingots (named as the as-cast samples hereafter) 

were fabricated by copper mold casting with a size 

of 5 mm × 15 mm × 60 mm. The as-cast samples were 

thermally annealed in vacuum quartz tubes (with 

vacuum degree less than 1×10-2 Pa) at 1,100 °C for 6, 24 

or 45 h and subsequently quenched in water (named 

as the A-6h, A-24h, and A-45h samples hereafter). The 

microstructure and composition were characterized 

by scanning electron microscope (SEM, FEI Helios 

G4 CX) and energy dispersive spectroscope (EDS, 

Oxford X-MaxN). The phases of the samples were 

identified by X-ray diffraction (XRD, Bruker D8) 

with Cu Кα radiation (λ = 1.54060 Å), scanning from 

20° to 100° with the scanning speed is 2.8 (°)/min. The 

Vickers microhardness measurements were conducted 

under a load of 500 gf with a dwell time of 15 s, an 

indentation dot matrix of 3×3 was performed in a 

random selected area of 3 mm × 3 mm. 

2.2 Wear tests and characterization 

Reciprocating dry sliding wear tests were performed 

on a lab tribometer (Rtec MFT-5000) against a hardened  
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steel ball (GCr15) under the normal loads of 5 and  

10 N. The diameter and Vickers hardness of the 

GCr15 balls are 6.35 mm and 600±20 HV, respectively. 

The stroke length, reciprocating frequency, and sliding 

time were fixed as 2 mm, 3 Hz, and 15 min, respectively. 

The samples for wear tests were ground using 200, 800, 

2,000, 4,000 grit sandpaper and mechanically polished 

using 2.5 μm diamond paste to ensure the surface 

roughness less than 5 nm (verified by atomic force 

microscope (AFM)). The wear losses were calculated 

from three-dimensional (3D) whitelight profilometry 

(Bruker Contour GT-K1) of the worn samples. The 

morphology of the worn surfaces was examined  

by SEM, and X-ray photoelectron spectroscopy (XPS, 

PHI 5000 VersaProbe III) with monochromatic Al Kα 

radiation was applied to analyze the chemical state of 

elements on the worn surface. Foils for transmission 

electron microscopy (TEM) were prepared by focused 

ion beam (FIB) using a standard lift-out technique. 

High-resolution TEM (HRTEM) and high-angle 

annular dark-field scanning transmission electron 

microscopy (HAADF- STEM) coupled with EDS (FEI 

Talos F200X) were applied to observe the microstructure 

beneath the worn surface. Transmission Kikuchi 

diffraction (TKD) possesses a higher spatial resolution 

(e.g., in the scale of 2–10 nm for a range of materials 

[28]) when compared with conventional technique 

of electron backscattered diffraction (EBSD). To 

characterize the nanoscale structures beneath the worn 

surface which have undergone severe deformation, 

the samples with a thickness of 80–100 nm for TKD 

experiments were prepared by FIB. The TKD analysis 

was performed with an SEM (FEI Helios G4 CX) 

equipped with an EBSD detector (Oxford Nordlys 

Nano) using an accelerating voltage of 20 kV with a 

step size of 1.5 nm. 

2.3 AFM indentation test 

AFM-based indentation (Oxford MFP-3D Origin+) 

with an indentation area in nanoscale was applied  

to measure the local hardness distribution beneath 

the worn surface. An area of 3 μm  3 μm in the 

cross-section was chosen. Before the indentation was 

performed, the sample were ground and mechanically 

polished as described above. Vibration polishing was 

applied for 5 h with an alumina suspension of 0.05 μm,  

to exclude the preparation artefacts and ensure that 

the roughness was less than 3 nm. Tapping mode 

was applied to find the target 3 μm × 3 μm area and 

maximally protect the tip from damage due to imaging. 

When the target 3 μm × 3 μm area was found where 

it is located as close as possible to the worn surface 

(less than 200 nm), contact mode was initialized to 

conduct the indentation testing. Quantitative nanoscale 

mechanical characterization was carried out using 

cantilever with a single-crystalline diamond tip (Adama 

AD-40-AS). The radius at the top of the tip provided by 

the manufacturer is 10±5 nm, and the spring constant 

of the cantilever is measured to be ~36.86 nN/nm by 

the thermal tuning method [29]. The maximum force 

was 500 nN to ensure that the indentation depths  

do not exceed the tip length, and the dwell time was 

set to 1 s to ensure the stability. The indentation 

hardness is calculated by fitting the force curve with 

the Derjaguin-Muller-Toporov (DMT) model [30–32]. 

Accordingly, the spatial distribution of nano-hardness 

for each sample was obtained from a dot matrix of  

20  20 in the selected area of 3 μm  3 μm. Here,  

the dot spacing was set to be 150 nm to exclude the 

inf luences  between adjacent  indentat ions . 

3 Results 

3.1 Microstructure 

Figure 1(a) shows the microstructure of the as-cast 

CoCrNiCu HEA, which is made up of typical dendrite 

and inter-dendrite phases. The element distribution 

is shown in Fig. 1(b). It is clearly that the Co, Cr, and 

Ni contents are nearly constant inside the dendrites, 

whereas the composition of Cu increases dramatically 

from 10 at% to 70 at% when scanning from the 

dendrite into the inter-dendrite region. A higher 

magnification image of the inter-dendrite phase  

and the corresponding EDS elemental mappings  

are shown in Fig. 1(c). Co, Cr, and Ni distribute 

homogeneously in the dendrites, whereas Cu prefers 

to segregate to the inter-dendrites due to its positive 

enthalpy of mixing with all the other elements. It’s 

noted that there is still a portion of Cu (about 10 at%) 

concentrated in the dendrites and thus exhibits a 

metastable state, which is important for the Cu-rich 

precipitation after subsequent annealing. 
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Figures 2(a)–2(d) shows the microstructures of the 

samples with different annealing time. It is obvious 

that the grain size does not change with the increasing 

annealing time. Especially for the A-45h sample, it 

can be found that there is a significant proportion of 

precipitates inside the dendrites as shown by the 

enlarged microstructure in Fig. 2(e). It is noteworthy 

that the size of precipitates is less than 100 nm, which 

might be a result of sluggish diffusion of Cu in the 

multi-principle alloys that restricts phase growth [33]. 

To further analyze the difference between the as-cast 

and the A-45h samples, XRD analysis is applied  

and shown in Fig. 2(f). The structure of both alloys 

includes two FCC phases, i.e., the major CoCrNi-rich 

MEA matrix and the minor Cu-rich precipitates. The 

corresponding TEM and corresponding EDS mappings 

are given in Fig. S1 in the Electronic Supplementary 

Material (ESM), which reveals that the precipitates 

are rich in Cu element. Compared with the as-cast 

sample, the peak of Cu-rich phase in the A-45h 

sample exhibits a higher intensity, indicating a higher 

proportion. 

The Vickers hardness and Cu content of CoCrNiCu 

HEA with different annealing times are plotted in  

Fig. 3. It shows that the Cu content decreases in 

the dendrites with annealing time, in accordance 

with the precipitation of Cu. The Vickers hardness of 

all the samples does not exceed 190 HV, indicating   

the relative soft nature of the CoCrNiCu HEA. The 

maximum average hardness of 179.2 HV is obtained 

by the as-cast sample. The A-45h sample owns the 

minimum average Vickers hardness of 153.2 HV, 

showing approximately a 14.5% reduction. As the 

annealing time increases, soft Cu phase precipitates 

from the dendrites. The weakening of the solution 

strengthening could be responsible for the reduction 

of the strength and hardness of this HEA. 

3.2 Tribological performance 

A series of dry sliding wear tests under 5 and 10 N 

are applied to the CoCrNiCu HEA. Figure 4 plots  

the results for the friction coefficient and wear rate. 

In Fig. 4(a), the friction coefficients show a similar 

tendency, i.e., after an initial run-in state, they become  

 

Fig. 1 (a) Microstructure of the as-cast CoCrNiCu HEA; (b) element content variations from the dendrite phase to the inter-dendrite 
phase, which is taken from the line indicated by the yellow arrow; and (c) higher magnification image of inter-dendrite phase and 
corresponding EDS mappings. 
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Fig. 3 The Vickers hardness of the CoCrNiCu HEA alloys after 
thermal annealing and corresponding Cu content of the dendrite 
and the inter-dendrite phases. 

stable at about 0.65 under both normal forces of 5 

and 10 N. From Fig. 4(b), the calculated wear rate of 

the alloys under 5 and 10 N monotonously decreases 

with the annealing time. For example, the wear rate 

under 5 N decreases from 5.6×10-5 mm3/(N·m) of the 

as-cast sample to 2.9×10-5 mm3/(N·m) of the A-45h 

sample, i.e., a reduction of about 48.2%. Similarly,  

the wear rate under 10 N decreases from 5.4×10-5 to 

2.3×10-5 mm3/(N·m), i.e., a reduction of 57.4%. It 

should be mentioned that the wear rate under 10 N is 

slightly lower than that under 5 N. Lower wear rate 

under higher stress is generally reported in ductile 

materials [34–36], that high stress induced sufficient 

oxidation and strain hardening effect are believed 

responsible for the decreased wear rate. Meanwhile, 

the A-45h sample owns the best wear resistance, even 

though its hardness is lowest, the detailed reasons 

will be discussed in Section 4. 

Figures 5(a) and 5(b) show the typical wear 

morphologies of the as-cast and the A-45h samples 

under 10 N. Panels (I) and (II) present the magnified 

wear morphologies and the corresponding EDS 

mappings of oxygen. The as-cast sample presents 

typical abrasive and adhesive wear as shown in   

Fig. 5(a). Ploughing grooves are parallel to each other 

and extend throughout the entire wear track length. 

Meanwhile, a large amount of debris, cracks, and 

peeling-off of the tribolayers appear on the worn 

surface. In contrast, for the A-45h sample in Fig. 5(b), 

the wear mechanisms are abrasive and oxidation wear. 

Except for the typical grooves on the worn surface, a 

large amount of dark scales is formed on the surface. 

The EDS mapping reveals that these dark patches on 

the worn surface of the A-45h sample contain a much 

higher amount of oxygen (25.7 at%) than the as-cast 

sample (4.5 at%). These glaze layers are originated 

from the compaction of wear debris and severe 

oxidation, which is found beneficial to the wear 

resistance due to its high hardness [37–39]. 

To further analyze the tribolayers, XPS analysis 

on the worn surface of the as-cast and the A-45h 

samples were carried out with the results presented in 

 

Fig. 2 (a–d) Microstructure of the CoCrNiCu HEA with annealing times of 0, 6, 24, and 45 h, respectively; (e) higher magnification of
microstructure as indicated by the box in (d) of the A-45h sample; (f) XRD analyses of the as-cast and the A-45h samples. 
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Figs. 5(c)–5(e). In Fig. 5(c), the XPS survey spectra 

covers a wide binding energy range, which consists 

the main peaks of Co 2s, Co 2p, Cr 2p, Cr 3p, Ni 2s, 

Cu 2p, and O 1s. In Figs. 5(d) and 5(e), the 

high-resolution XPS spectra shows clear peaks of Cu 

oxides, suggesting that the tribolayers contain CuO 

and Cu2O. Compared with the as-cast sample, the 

total amount of oxide in the A-45h sample increases 

as evidenced by the peak intensity of Cu+, Cu2+, and 

O2-, which agrees with the above EDS analysis. 

3.3 Characteristic microstructures of subsurface 

To further investigate the wear mechanism, FIB was 

applied to lift out TEM foils located in the middle of 

the worn surface, to perform detailed microstructural 

characterization. Figure 6(a) exhibits the overall 

cross-section beneath the worn surface of the as-cast 

sample. A typical friction-induced microstructure is 

formed, which contains three characteristic regions, 

i.e., the severely deformed region (SDR), the slightly  

 

Fig. 4 Wear characteristics of the CoCrNiCu HEA under two normal forces of 5 and 10 N. (a) Friction coefficients as a function of the 
sliding time and (b) wear rates for different samples. 

Fig. 5 (a, b) Typical wear morphologies under a normal force of 10 N of the as-cast and the A-45h samples; regions (Ⅰ) and (Ⅱ) are the 
magnified wear morphologies and corresponding EDS mappings for oxygen; (c–e) XPS analysis on the tribolayers of the as-cast and the 
A-45h samples, including (c) survey spectrums and (d, e) high-resolution XPS spectra of Cu and O. 
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deformed region (LDR), and the undeformed region 

(UDR). Figure 6(b1) shows the SDR of the as-cast 

sample, where a nanoscale polycrystalline region 

with a depth extending to 500 nm from the surface 

can be identified. The grains inside this region are 

equiaxed or near-equiaxed without strong texture, 

and the topmost grain size is no larger than 10 nm. A 

coarser grain size is obtained away from the worn 

surface, exhibiting a gradient structure with the 

increasing depth. From the selected-area electron 

diffraction (SAED) pattern, the diffraction spots show 

typical polycrystalline characteristics. In Fig. 6(c1), 

friction-induced elongated grains form a nanolayered 

structure of the LDR, which extend along the sliding 

direction with a depth reaching down to 1,200 nm. 

There is a distinct boundary (yellow dashed line) 

between the LDR and the UDR as shown in Fig. 6(d1). 

Figure 6(d2) exhibits the UDR where no obvious 

deformation and grain refining can be found here, 

and the microstructure is consistent with the as-cast 

sample. In Figs. 6(d3) and 6(d3*), HAADF-STEM  

and corresponding EDS of Cu show the typical 

microstructure of Cu-rich inter-dendrite phase in UDR, 

further demonstrating that no obvious deformation 

and refinement occurred here. 

Figure 7(a) shows the overall cross-section beneath 

the worn surface of the A-45h sample. There are three 

typical characteristic regions which is analogous   

to the as-cast sample, but significant differences can 

be observed. In Fig. 7(b1), there exists a larger area  

of SDR in the A-45h sample, the depth of SDR can 

reach down to 1100 nm. The typical friction-induced 

nanolayers in the LDR are exhibited in Fig. 7(c1) and 

the depth of LDR reaches to 2600 nm. Additionally,  

a large amount of deformation twins inclined to   

the nano-laminates appear in this region, with the 

HRTEM image and corresponding diffraction shown 

in Fig. 7(c2). The UDR in Fig. 7(d1) shows no plastic 

deformation below a depth of 2600 nm. The HAADF 

image and the corresponding EDS mapping for Cu  

 

Fig. 6 Cross-sectional TEM micrographs beneath the worn surface of the as-cast sample. (a) Overall bright-field TEM micrograph 
of the as-cast sample showing three typical regions: SDR, LDR, and UDR. High-magnification bright-field TEM images of (b1) SDR, (c1) 
LDR, (d1) the boundary between the LDR and UDR, and (d2) the UDR. (d3, d3*) High-angle annular dark field-scanning transmission 
electron microscopy (HAADF-STEM) and the corresponding energy dispersive spectroscope (EDS) map of Cu in the UDR. 
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further present the origin microstructure in Fig. 7(d2, 

d2*). Apart from the Cu-rich inter-dendrite phase, 

Cu-rich nano-precipitates within the dendrites can be 

observed in Fig. 7(d2*) as well. 

For the sake of comparison of the two samples, the 

HAADF-STEM images of subsurface microstructure 

are shown in Figs. 8(a1) and 8(b1). Both the as-cast and 

the A-45h samples exhibit sliding friction-induced 

laminated structures. The EDS mapping of the as-cast 

sample in Fig. 8(a2) confirms the composition of these 

chemical layers, i.e., the CoCrNi-rich MEA layers  

and the thick-Cu layers (to differentiate the thin-Cu 

nanolayers in the A-45h sample). Furthermore, the 

thickness of Cu-rich layers shows typical normal 

distribution ranging between 10–120 nm and the 

average thickness is 50 nm as shown in Fig. 8(a3).  

For the A-45h sample, the sliding friction-induced 

laminated structures are quite different. Beside the 

CoCrNi-rich MEA layers and thick-Cu layers, a 

higher density of thin-Cu nanolayers can be observed 

in Fig. 8(b2). As a result, the thickness of Cu-rich layers 

exhibits a bimodal distribution as shown in Fig. 8(b3), 

with the thickness range of 5–20 nm and 20–120 nm, 

respectively. 

4 Discussion 

In this work, the thermal treated A-45h sample shows 

a reduction of 14.5% in its hardness, while the wear 

resistance increases by 48.2% and 57.4% under 5 and 

10 N, respectively, which is in apparent contradiction 

with Archard’s prediction [40, 41]. We ascribed this 

improved wear performance to the sliding friction- 

governed laminated structure and surface oxidation 

in the CoCrNiCu HEA, which will be discussed further 

in the following sections. 

4.1 Sliding friction-induced laminated structure 

To distinguish the mechanical response of the Cu  

and CoCrNi phases in this work, a stress analysis is 

required for better investigating the tribological  

 

Fig. 7 Cross-sectional TEM micrographs beneath the worn surface of the A-45h sample. (a) Overall bright-field TEM micrograph 
of the A-45h sample. A high-magnification bright-field TEM images of (b1) the SDR, (c1) the LDR, (c2) high-resolution TEM images 
of the twins/stacking faults and (d1) the UDR. (d2, d2*) HAADF-STEM and the corresponding EDS map of Cu in UDR. 



Friction 9 

www.Springer.com/journal/40544 | Friction 
 

behavior. Based on the Hertzian contact model, the 

maximum contact stress σmax for a sphere-on-plane 

contact can be approximately estimated as follows [42]: 

max 2
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Here P = 10 N is the applied normal load, R = 3.175 mm 

is the radius of the hardened GCr15 sphere, E1, v1 and 

E2, v2 are the Young's modulus and Poisson's ratio of 

GCr15 sphere and target material, respectively. For 

GCr15, Cu, and CoCrNi MEA, their Young's modulus 

E are 208, 110, 229 GPa, and their Poisson's ratio ν are 

0.3, 0.34, and 0.31 [5]. Finally, σmax of GCr15-Cu and 

GCr15-MEA contacts are calculated to be 1.41 and 

1.08 GPa, which are far beyond their respective yield 

strengths of 0.1 and 0.4 GPa [5, 43], and thus both Cu 

and CoCrNi MEA are expected to plastically deform 

during sliding. Especially, Cu has a quite low yield 

strength, but suffers a higher stress when compared  

with CoCrNi. Therefore, Cu may bear a higher 

plasticity during sliding and then influences the 

friction-induced subsurface structure as discussed 

in the following. 

Both the as-cast and the A-45h samples exhibit a 

sliding friction-induced nano-laminated structure as 

presented in Fig. 8. The MEA nanolayers and the 

thick-Cu are considered to have evolved from the 

CoCrNi-rich dendrites and Cu-rich inter-dendrites. 

Particularly, a large amount of thin-Cu nanolayers 

with a thickness less than 20 nm, which probably 

originated from the Cu-rich precipitates within the 

dendrites, can be observed in the A-45h sample. Under 

the cooperative compression and shear stresses during 

sliding, the Cu-rich precipitates within the dendrites 

could be sheared and transformed into the thin-Cu 

nanolayers, which might significantly promote wear 

resistance. The prerequisites for the formation of 

these structure are as follows: First, the initial size of 

the precipitates needs to be maintained at the nanoscale 

that the smaller precipitates will be transformed into 

thinner layers. Second, the precipitates need to be 

ductile enough, so they can be constantly deformed 

under the shear stress. Finally, the deformation ability 

 

Fig. 8 (a1, b1) HAADF-STEM images and (a2, b2) corresponding EDS mappings of the deformed region of the as-cast sample and 
the A-45h sample, respectively. (a3, b3) Thickness distribution of Cu-rich nanolayers in the as-cast and the A-45h samples. 
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of the matrix should be consistent with that of the 

precipitates, and both phases can deform at the same 

time without brittle failure, such that the formation 

of cracks and peeling off events are avoided. 

To elucidate the deformed structure of the Cu-rich 

nanolayers, HRTEM was performed on the as-cast 

and the A-45h samples. Wear induced laminated 

interfaces between the MEA and the Cu-rich layers 

are clearly shown in Fig. 9. The interfaces between 

the thick Cu layer and the MEA are exhibited in  

Figs. 9(a) and 9(b), and the interfaces between the 

thin Cu nanolayer and the MEA are shown in Fig. 9(c). 

All fast Fourier transform (FFT) images in Fig. 9 present 

two phases which are indicated by green/blue arrows. 

The dislocation distributions are marked from the 

inverse fast Fourier transform (IFFT) images which 

are outlined in the HRTEM images and presented 

below them. In Figs. 9(a) and 9(b), a small amount of 

dislocations (yellow dots) exists in the MEA, while 

the dislocation density is relatively higher inside the 

Cu layer and near the interface (yellow dashed line). 

Since the Cu-rich layer is softer than the CoCrNi-rich 

MEA layer, the dislocations predominantly nucleate 

inside the Cu-rich layers to accommodate the plastic 

deformation which results in dislocation pile-ups at 

the interface between the two layers. In Fig. 9(c), few 

dislocations are found in the MEA layers, whereas, a 

large number of dislocations are gathered inside 

the thin-Cu nanolayer, leading to pile-up of a high 

density of dislocations and significant strengthening. 

Figure 10(a) is the TKD inverse pole figure (IPF) 

map of the friction-induced laminated structure in 

the A-45h sample, where a thin-Cu nanolayer with a 

thickness of about 10 nm lies in the middle. Multiple 

grains with different orientations are displayed with 

different colors, and the black regions on the IPF 

maps correspond to the unindexed or low-confidence 

index data points. Figure 10(b) is a Kernel Average 

Misorientation (KAM) map that captures the 

geometrically necessary dislocations (GNDs) at grain 

boundaries and interiors [44]. The thin-Cu nanolayer 

located at the middle is found to exhibit a higher 

distortion, presumably due to a severe deformation 

and hence implying the significant Taylor hardening 

inside these thin-Cu nanolayers. These results are 

consistent with the high dislocation density presented 

in Fig. 9(c). 

For the A-45h sample, the large amount of sliding 

friction-induced thin-Cu nanolayers plays a vital 

role in improving the strength and hardness of the 

subsurface region. Besides Frank-Read sources, 

heterogonous interfaces can be also considered as  

 

Fig. 9 HRTEM and corresponding FFT images of the interfaces between MEA layers and Cu-rich layers, and the IFFT images of 
the selected regions (Ⅰ, Ⅱ) are displayed below. (a) Interface between thick-Cu nanolayer and MEA nanolayer of the as-cast sample; 
(b) interface between thick-Cu nanolayer and MEA nanolayer of the A-45h sample; and (c) interface between thin-Cu nanolayer and 
MEA nanolayer of the A-45h sample. 
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Fig. 10 High magnification TKD map of the friction-induced 
laminated structure in the A-45h sample. (a) Inverse pole figure 
(IPF) and crystallographic orientation map and (b) KAM map. 

sources of dislocations [45–47]. The interfaces between 

the Cu-rich layers and the MEA layers, which are 

considered as preferred nucleating sites, accelerate the 

generation of extensive dislocations. For nanolaminated 

materials, the work hardening capacity generally 

increases with decreasing interface spacing [45, 48, 49]. 

The deformed thin-Cu nanolayers exhibit excellent 

hardening capacity because of their unique nanoscale 

layer thickness. A large amount of dislocations is 

assumed to accumulate inside these thin-Cu layers as 

the deformation continues, which lead to an intensive 

dislocation-dislocation and dislocation-interface 

interactions [50, 51]. Once the thin-Cu nanolayers 

have hardened so much that they are no longer able 

to provide more space for dislocations to pile-up, 

dislocations accumulate in the MEA layers and 

accommodate further plastic deformation. Due to the 

extensive constraining effect of Cu-rich nanolayers 

and CoCrNi-rich MEA layers, the subsurface is 

drastically hardened and wear resistance is significantly 

improved. In contrast, as the as-cast sample lacks  

this strengthening of thin-Cu nanolayers, the wear 

resistance is relatively lower. 

We further examined the hardness below the 

worn surface by AFM indentation to support above 

hypothesis, as shown in the red dashed box in Fig. 11(a). 

As can be seen from the hardness distribution 

mappings, the hardness decreases with an increasing 

depth from the worn surface. Figure 11(b) plots the 

variation of hardness as a function of depth from the 

worn surface. For the as-cast sample, the mean 

hardness decreases linearly from 1.69 to 1.23 GPa,  

i.e., a reduction of 27.2%. In contrast, for the A-45h 

sample, the mean hardness decreases significantly 

from 1.88 to 0.84 GPa, i.e., a reduction of 55.3%. It is 

noteworthy that the hardness at the worn surface is 

higher while the interior hardness is lower of the 

A-45 sample when compared with the as-cast sample. 

 

Fig. 11 (a) AFM images of the cross-section beneath the worn surface of the as-cast and the A-45h samples, and the corresponding 
AFM indentation hardness of the selected region Ⅰ and Ⅱ; (b) nano-hardness as a function of depth beneath the surface for the as-cast 
and the A-45h samples, respectively. 
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As the wear influenced deformation region is 

generally less than 3 μm deep (Figs. 6 and 7), the AFM 

indentation experiments which covered an area of   

3 μm  3 μm should truly reflect the hardness variety 

beneath the wear scar. Both samples show an increase 

of hardness below the worn surface, which is a result 

of deformation-induced hardening. The interior 

hardness of the A-45h sample is lower than the as-cast 

sample, which is consistent with tendency of Vickers 

hardness as presented in Fig. 3. On the contrary, the 

hardness of the A-45h sample exhibits a higher value 

when approaching the worn surface, exceeding that 

of the as-cast sample. As discussed previously, sliding 

friction-induced thin-Cu nanolayers in the A-45h 

sample can promote extensive hardening, which is 

corroborated here by the AFM results. 

Finally, it should be pointed out that apart from  

the formation of thin-Cu nanolayers, the presence of 

thick-Cu layers evolved from the inter-dendrites are 

helpful to form a heterogeneous laminated subsurface, 

which also contributes to the excellent wear resistance 

of the A-45h samples. In heterogeneous materials, 

the strength is provided by hard domains, while the 

ductility is mainly reserved by soft domains [52, 53]. 

Under cyclic tribological loading, the soft thick-Cu 

layers can accommodate the deformation and delay 

cracking in the subsurface hardened layers. Accordingly, 

the optimal strength-ductility combination in the A-45h 

sample may favor a dynamic stable subsurface [54], 

which minimizes the local fracture and brittle peeling 

of deformed layers (Fig. 5) during sliding, and leading 

to the excellent wear performance. 

4.2 Tribo-chemical effect 

Tuning the element distribution through thermal 

annealing may contribute to the tribo-chemical effects. 

Here, the metastable CoCrNiCu HEA (the as-cast 

sample) was obtained by copper mold casting. Despite 

the phase separation of Cu at the inter-dendrite region, 

the dendrite phase still contains supersaturated Cu 

as diffusion is difficult in HEA [32, 33]. For the A-45h 

sample, a thermal annealing at 1,100 °C for 45 h    

can help to precipitate nanoscale Cu phases inside 

the dendrites. Cu is an easily oxidized element and 

thus it tends to form oxides to protect the surface 

from wear during the sliding process [55]. For the 

CoCrNiCu HEA, oxidation on the worn surface is 

confirmed by the EDS analysis presented in Figs. 5(a) 

and 5(b). To better characterize the oxides formed on 

the frictional surface, XPS analyses were performed 

with the results presented in Figs. 5(c)–5(e) that   

Cu oxides are mainly composed of CuO and Cu2O. 

Meanwhile, the A-45h sample shows a higher  

peak intensity of O2- compared to the as-cast sample, 

suggesting a higher amount of oxides. In general, the 

presence of CuO and Cu2O might be helpful for the 

formation of glaze layers on the worn surface and 

could be another main factor for improving the wear 

resistance [37, 39, 56]. 

Besides the introduction of easily oxidized Cu, the 

size of the oxidized debris on the worn surface is 

also critical for the wear characteristics. For the A-45h 

sample, a lot of fine debris attached to the worn 

surface are found in Fig. 12(b). The EDS analysis of 

this debris is presented in Fig. 12(c). Co, Cr, and Ni 

are distributed homogeneously in the worn surface, 

whereas the debris is rich in oxygen and copper as 

outlined by circles. These nanoscale debris possess  

a comparable size (50–200 nm) with the Cu-rich 

precipitates (Fig. 12(b)). Therefore, we conjecture 

that these nanoscale debris probably originate from 

the copper precipitates which have undergone severe 

plastic deformation as well as a chemical reaction.  

In general, a substantial amount of fine debris is 

beneficial to be sintered into compact and protective 

glaze layers attached on the worn surface, leading to 

a severe-mild wear transition during sliding [23, 55]. 

Hiratsuka et al. [57] found that large (1–100 mm) 

wear particles are generated during severe wear of 

copper, whereas, fine (10–200 nm) wear particles are 

easily oxidized and generated during mild wear. Yin 

et al. [24] reported that nanoparticles with 6–20 nm 

diameter can easily aggregate to the worn surface, 

thereby forming self-lubricating layers and promoting 

wear-resistance of the martensitic steel. For present 

as-cast sample, the debris are loose and large, which 

are easily detached from the surface and detrimental 

to the formation of tribolayers due to their severe 

three-body wear [58]. For the A-45h sample, large 

amount of scattered debris can be observed underneath 

the compacted tribolayer in Fig. S2 in the ESM, which 

evidence that the compacted tribolayers may come  
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from the sintering of scattered debris during wear 

process. In conclusion, the Cu-rich nano-precipitates 

inside the A-45h sample play a vital role in creating 

a wear-resistant surface. The presence of nano-Cu 

can accelerate the oxidation process and the change 

of fine debris into a compacted glaze layer, protecting 

the surface from further damage. 

5 Conclusions 

A metastable CoCrNiCu high-entropy alloy (HEA) 

possessing two FCC phases can be tuned through 

thermal annealing to enhance its wear resistance. 

This improvement is ascribed to the formation of a 

self-organized heterogeneous laminated structure in 

the subsurface as well as an oxidative tribolayer on 

the surface during the wear test, as summarized in 

Fig. 13. Our work suggests and demonstrates strategies 

for designing wear-resistant HEAs as: Through 

introducing an X element which exhibits positive 

enthalpy of mixing with the base elements, abundant 

nano-scale second phase can be precipitated inside the 

 

Fig. 13 Mechanisms for the enhanced wear-resistance in the 
metastable CoCrNiCu HEA. 

matrix via thermal annealing. These X-rich precipitates 

should be ductile enough to evolve into a laminated 

structure during sliding. In addition, the X element 

should be easily oxidized to promote the formation of 

wear resistant oxide layers. Taking Cu as one example, 

we draw the following main conclusions: 

 

Fig. 12 SEM images of Cu-rich precipitates in the A-45h sample (a) before and (b) after the wear test; (c) EDS mapping of the debris 
of the A-45h sample after the wear test. 
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1) Compared with the as-cast sample, the thermal 

annealing sample (A-45h sample) has a relative low 

hardness, but a higher wear resistance can be obtained 

in this metastable HEA. 

2) The sliding friction-induced laminated structure 

plays a vital role for the wear resistance, as the thin 

Cu nanolayers can undergo extensive deformation and 

harden the subsurface. 

3) Cu-rich nano-precipitates accelerate the oxidation 

processes and the evolution of fine debris into 

compacted tribolayers during the wear process, which 

in turn protect the surface from further damage. 
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