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Abstract: The effects of nanostructuring on the mechanical and dry-sliding wear behaviors of a FeCoNi medium- 
entropy alloy (MEA) were systematically investigated through nano-indentation and ball-on-disc wear tests. The results 
show that reducing the grain size down into the nano-meter regime, on the one hand, significantly elevates the hardness 
of the FeCoNi alloy, and on the other hand, facilitates the formation of a surface oxide layer. As a result, the wear rate of 
the nanocrystalline (NC) FeCoNi alloy is one order of magnitude lower than its coarse-grained counterpart. The NC 
FeCoNi alloy also exhibits obviously enhanced wear resistance compared with conventional NC Ni and Ni-based alloys 
in terms of both lower wear rate and friction coefficient. Such enhancement in tribological properties mainly stems from 
the improved strain hardening ability, owing to the inevitable concentration heterogeneity in MEA that imposes extra 
resistance to dislocation motion. 
Key words: medium-entropy alloy; FeCoNi alloy; nanocrystalline; mechanical behavior; dry-sliding wear; 
concentration undulation 
                                                                                                             

 
 
1 Introduction 
 

In recent years, multi-principal element alloys, 
typified by medium entropy alloys (MEAs) for 
ternary systems and high entropy alloys (HEAs) for 
quinary or senary systems, have attracted much 
attention. This is mainly because, on the one hand, 
they represent an innovative strategy of alloy design 
that focuses on the unexplored central regions of 
multi-element phase diagrams [1], and on the other 
hand, they exhibit unique combinations of 
mechanical and physical properties [2]. In particular, 

exceptional ductility and fracture toughness at 
cryogenic temperatures have been discovered for 
the HEAs/MEAs with face-centered cubic (FCC) 
structures [3]. These single-phase alloys have also 
been reported to be more resistant to radiation 
damage [4]. These factors make FCC HEAs/MEAs 
potential candidates for the new generation of 
high-performance structural materials. However, 
the yield strength of FCC HEAs/MEAs is generally 
not sufficiently high at room temperature, which 
severely restricts their applications [5]. Thus, 
various strengthening strategies have been utilized 
to enhance the strength of FCC HEAs/MEAs, such 
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as manipulating hierarchical microstructures [6], 
controlling phase stability [7] and introducing 
second phase particles [8]. 

Nanostructuring has also been proved to be an 
effective way to improve the strength of FCC 
MEAs/HEAs [9]. By refining grains down to nano- 
scale or introducing nano-twins, the yield strength 
and hardness of MEAs/HEAs can be substantially 
elevated, as a large volume of grain boundaries 
(GBs) and twin boundaries (TBs) can act as barriers 
to obstruct dislocation motion [10,11]. In addition 
to the stress−strain response, the friction and wear 
properties of MEAs/HEAs are also key factors 
affecting the safety, reliability and lifetime of  
metallic materials for their applications in harsh 
environments [12]. In particular, nanostructured 
HEAs/MEAs are always present in the form of 
coatings or films due to preparation methods   
such as magnetron sputtering [10,13], electrode- 
position [14] and laser cladding [15,16]. Thus, for 
nanostructured MEAs/HEAs, it is very important to 
study their tribological properties. For conventional 
nanocrystalline (NC) metals and alloys, clear 
correspondences between the reduced wear rate and 
nanostructuring have always been observed [17,18]. 
More than that, the microstructures of NC 
MEAs/HEAs are much more complex than those  
of conventional NC metals and dilute solid 
solutions [19]. The heterogeneities come from the 
multiple constituent species, including clusters of 
solute atoms with local chemical order [20] and 
their complexes [21,22], together with the high 
density of defects from the NC structure, should 
substantially affect not only the mechanical but  
also the tribological properties of these NC 
MEAs/HEAs. Thus, a lucid understanding of the 
composition–structure–property relationships in 
such a unique structural-compositional space is of 
critical important for rational designing of NC 
MEAs/HEAs with appropriate structural robustness. 

In the present study, the effects of nano- 
structuring on the friction and wear properties of 
MEAs/HEAs were systematically investigated. We 
selected an equiatomic FeCoNi alloy as our model 
system. The reasons are threefold: (1) FeCoNi is an 
important variant of Cantor alloy (FeMnCrCoNi) 
that stands out as the most successful HEA due to 
its outstanding mechanical properties and can bridge 
the gap between traditional solid solutions and 
MEAs/HEAs [23]; (2) FeCoNi is a desirable base 

alloy for microstructural manipulation for superior 
mechanical properties [24]; (3) The excellent 
magnetic properties of FeCoNi alloys endow them 
with great industrial potential [25,26]. More than 
that, HEAs/MEAs consisting of 3d transition metal 
class elements (such as Fe, Co and Ni) are easy of 
electrochemical co-deposition from the modified 
Watts-type bath [27]. Electrodeposition has been 
widely used in synthesizing NC metals and alloys, 
as it exhibits significant advantages over other 
methods for preparing NC materials, including wide 
applicability, flexibility in size and shape, and high 
potential for industrial applications [28]. Thus, 
electrodeposition was utilized here to fabricate the 
NC FeCoNi model materials. The mechanical 
behaviors and tribological properties of the NC 
alloys were explored by performing ball-on-disc 
dry sliding wear tests with varying loads and sliding 
velocities, and then were compared with those    
of their coarse-grained (CG) counterparts and 
conventional NC metals. The underlying deformation 
and wear mechanisms of NC and CG FeCoNi 
alloys were also discussed in detail. 
 
2 Experimental 
 

The NC FeCoNi alloys were prepared by 
pulsed electrodeposition with a modified Watts-type 
bath containing nickel sulfate, cobalt sulfate and 
ferrous sulfate. Saccharin and 1, 4-butynediol were 
supplied as grain refining agent and stress reliever, 
respectively. With the action of saccharin, complex 
compounds formed on the surface of cathode and 
then decreased the diffusion rate of adsorbed metal 
ions. As a result, the frequency of nucleation sites 
increased, which promoted grain refinement to 
nanoscale [29]. A high purity Ni sheet (200 mm × 
100 mm × 3 mm) and a low carbon steel sheet 
(100 mm × 100 mm × 2 mm) were used as the 
anode and cathode, respectively. The deposition 
was started with a peak current density of 20 A/dm2. 
During the deposition process, an average current 
density of 2.0 A/dm2 was used, while the pH and 
the bath temperature were maintained at (2.5±0.2) 
and (55±2) °C, respectively. The thickness of the 
resultant NC FeCoNi sample is ~400 μm. The 
commercial FeCoNi alloys with equiatomic 
composition (Fe33.95Co33.16Ni32.89, in at.%), 
prepared by vacuum melting, were purchased from 
ONA Target Corporation in the as-cast condition. 
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The compositions of the NC and CG FeCoNi 
alloys were examined using a scanning electron 
microscope (SEM, VEGA3-TESCAN) equipped 
with an energy-dispersive X-ray spectrometer 
(EDS). The phase structure of the NC FeCoNi alloy 
was detected by X-ray diffraction (XRD, Rigaku 
D/MAX 2500PC). Transmission electron 
microscopy (TEM, JEM−2100F) characterizations 
were performed for the detailed microstructure of 
the NC FeCoNi alloy. The TEM samples were first 
thinned manually to a thickness of 30−50 μm, then 
electropolished and eventually made electron- 
transparent by ion-milling. The backscattered 
electron image (BSE) of CG FeCoNi was obtained 
by a field emission SEM (FESEM, JSM−7900F) 
equipped with an Oxford Instruments BSE detector. 

Nanoindentation tests were performed on a 
Nanoindentation G200 nanoindenter with a 
Berkovich diamond indenter at room temperature. 
Before nanoindentation tests, all specimens were 
polished to a mirror-like finish surface. The 
indentation hardness was measured using a 
continuous stiffness measurement method (CSM) at 
an input strain rate of 0.04 s−1. The rate sensitivity 
was investigated via strain rate jump tests (SRJ). 
Four different strain rates (0.3, 0.045, 0.007 and 
0.001 s−1), changing for every 250 nm depth, were 
used in a single indentation test. The indenter was 
unloaded to 10% of the maximum load and held for 
100 s for thermal drift correction, and the 
indentation under the same conditions was repeated 
at least 10 times. The tribological behavior was 
tested on a CSM ball-on-dis tribometer at room 
temperature under dry sliding conditions. The NC 
and CG FeCoNi samples were cut into discs with a 
diameter of 5 mm and a thickness of approximately 
400 μm. The sliding surface of the sample was 
polished to a roughness of 0.40 μm (Ra). The 
counterface ball with a diameter of 3 mm was made 
of Al2O3. Before testing, the sliding radius was set 
as 1.5 mm. The wear tests were performed at a 
normal load of 5 N and constant sliding speeds of 
3.5, 5 and 7 cm/s, each for 5000 sliding cycles. The 
wear rate was calculated as the volume loss divided 
by the sliding distance. The volume loss was 
measured by a 3-D surface profilometer. For each 
sliding speed, at least three samples were tested and 
the final values of the coefficient of friction (COF) 
and wear rate were quoted for the average of 

multiple measurements. 
 
3 Results 
 
3.1 Microstructure 

The SEM−EDS results reveal that the 
compositions of both the NC and CG alloys are 
nearly equiatomic (Table 1). Figure 1 shows the 
XRD patterns of the NC FeCoNi alloy, from which 
all the diffraction peaks can be indexed as a single 
FCC structure without any secondary phase. The 
microstructure of the NC sample was further 
characterized by TEM, as shown in Fig. 2. The NC 
FeCoNi alloy consisted of equiaxed grains with a 
narrow distribution from 5 to 35 nm and a mean 
grain size of ~26 nm. The selected area diffraction 
(SAD) pattern confirms a single-phase FCC 
structure (inset in Fig. 2(a)), which is consistent 
with the XRD result. The addition of Fe elevates the 
stacking fault energy of the NC alloy, so only 
sporadic growth twins can be detected in the 
as-deposited samples. Statistical high resolution 
transmission electron microscopy (HRTEM) 
examinations reveal that nano-sized twins can only 
be found in 5% of the grains, and the average twin 
thickness is ~13 nm (Fig. 2(c)). Figure 2(d) displays 
a typical BSE image of the CG FeCoNi alloy. The 
average grain size of the CG alloy is ~784 μm. 
 
Table 1 Compositions of NC and CG FeCoNi alloys 
(at.%) 

Specimen Fe Co Ni 

NC 34.2 33.1 32.7 

CG 33.4 33.3 33.3 

 

 
Fig. 1 XRD pattern of NC FeCoNi alloy 
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Fig. 2 (a) Bright field TEM image of NC FeCoNi alloy; (b) Corresponding statistical grain size distribution;         
(c) HRTEM image of nano-twins and stacking faults in grain interiors of NC FeCoNi alloy; (d) Typical BSE image of 
CG FeCoNi alloy 
 
3.2 Nano-mechanical properties 

The load−displacement (H−P) curves and the 
corresponding hardness versus displacement curves 
are given in Fig. 3. Figure 3(b) shows the plots of 
the hardness versus the depth of indentation, which 
were obtained using CSM unit continuously during 
indentation for the NC and CG FeCoNi alloys, 
respectively. The NC FeCoNi alloy exhibits a 
hardness of ~5.8 GPa, much higher than that of the 
CG one (2.0 GPa). The modulus of the two alloys, 
also determined by nano-indentation, is ~160 GPa. 

The strain rate sensitivity of flow stress (m) 
and the apparent activation volume (V*) were 
estimated based on the indentation results to 
explore the underlying deformation mechanisms. 
The value of m is defined as  

ln 
ln 

Hm
ε

∂
=
∂ 

                              (1) 
 
where H and ε  are the hardness and the strain rate, 
respectively. The V* is related to the m, which is 

defined as  
* ln 3 3V kT

H
ε∂

=
∂


                        (2) 
 
where k is the Boltzmann constant (1.38×10−23 J/K), 
T is thermodynamic temperature, and ε  and H are 
the strain rate and hardness, respectively. The fitting 
curves of m and V* are shown in Figs. 3(c) and (d) 
for the NC and CG FeCoNi alloys, respectively. 
The values of m and V* for NC FeCoNi were 
calculated to be 0.0292 and 7.02b3, while they are 
0.0246 and 24.18b3 for CG FeCoNi. 
 
3.3 Friction and wear properties 
3.3.1 COF and wear rate 

The COF, defined as the ratio of tangential 
force and normal force, was measured as a function 
of sliding cycles for different sliding speeds. 
Figures 4(a) and (b) show the variations of COF 
with sliding cycles for NC and CG FeCoNi alloy, 
respectively. After hundreds of cycles, the COFs for 
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Fig. 3 Load−displacement curves (a), hardness variations (b), logarithmic plots of hardness as function of indentation 
strain rate ε  (c), and plots of lnε  versus hardness (d) for NC and CG FeCoNi alloys 
 
both alloys become stable. The COF of NC FeCoNi 
alloy was approximately 0.470, 0.515 and 0.528 for 
different sliding speeds of 3.5, 5 and 7 cm/s, 
respectively. While for CG FeCoNi alloy, the COF 
was 0.495, 0.537 and 0.545. As shown in Fig. 4(c), 
the variations of COF for both NC and CG FeCoNi 
alloys exhibit the similar trends: (1) with the 
increasing sliding speed, the COF increases for both 
alloys; (2) at the same sliding speed, the COF of 
NC FeCoNi alloy is slightly lower than that of the 
CG alloy. The wear rate, W, is another key factor to 
evaluate the wear properties of specific materials. It 
can be calculated as  

1
2 π

VW
R NL

∆
=

∆
                         (3) 

 
where R is the radius, ΔV is volume loss (ΔV= 
ΔS×2πR, ΔS is the cross-sectional area of wear track, 
which was measured by 3-D surface profilometer), 
ΔN is the sliding cycles, and L is the applied normal 
load. The W of the NC FeCoNi alloy was calculated 
to be 0.925×10−5, 1.288×10−5 and 2.455×10−5 mm3/N·m 

for sliding speeds of 3.5, 5 and 7 cm/s, respectively. 
While for the CG alloy the values are 21.2×10−5, 
24.8×10−5 and 32×10−5 mm3/(N·m). At the same 
sliding speed, the wear rate of CG FeCoNi alloy is 
significantly higher than that of NC FeCoNi alloy, 
while for both alloys the W increased with 
increasing sliding speed (Fig. 4(d)). 
3.3.2 Contact surface morphologies 

The morphologies of worn surface for the NC 
and CG FeCoNi alloys were examined by SEM, as 
shown in Fig. 5. For both alloys, delamination wear 
and abrasive wear prevail for all sliding speeds, 
regardless of the grain size. The former was 
characterized by the formation of delaminated 
crater (indicated by the yellow arrows) while the 
later was characterized by fine grooves parallel to 
the sliding direction (indicated by red arrows) [30]. 
But for the NC specimen, as the sliding speed 
increases to 7 cm/s, continuous distribution of small 
voids can be observed on the worn surface 
(Fig. 5(e), marked by the blue arrows), indicating 
the occurrence of adhesive wear. 
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Fig. 4 Variations in COFs for NC (a) and CG (b) FeCoNi alloys, and average COFs (c) and wear rates (d) of NC and 
CG FeCoNi alloys at different sliding speeds 
 

The wear tracks were further characterized by 
laser scanning confocal microscopy (LSCM). 
Figure 6 displays the three-dimensional (3-D) wear 
track profiles obtained in both NC and CG FeCoNi 
samples after sliding wear with 5000 cycles at 
various sliding speeds (3.5, 5 and 7 cm/s) but a 
fixed load (5 N). It is visible that for the NC 
FeCoNi alloy, both the width and the depth of the 
wear tracks increase with sliding speed. But for the 
CG FeCoNi, the width of the wear tracks remained 
almost constant over the whole speed range, while 
the depth of the wear track increased obviously. For 
a given sliding speed, NC FeCoNi generally has 
relatively narrower and shallower wear track than 
its CG counterpart, as clearly illustrated by different 
colors in the 3-D profiles. 

According to the 3-D surface profiles of the 
wear tracks provided in Fig. 6, plastic deformation 
proceeded during the sliding wear of both alloys. 
This is not surprising due to the relatively high 
applied normal load. The contact Hertzian stress  
(σH) on the surface can be estimated as [31] 

3H 2 2
0.918 Pσ

D C
=                       (4) 

 
where P=5 N is the normal load, D=3.125 mm is 
the counterface ball diameter, and C is the effective 
elastic modulus defined as 
 

2 2
1 2

1 2

1 1
C

E E
υ υ   − −

= +      
   

                    (5) 

 
where E1 and E2 are the elastic modulus for 
specimen and counter-face ball, respectively, while 
υ1 and υ2 are the Poisson’s ratio of the specimen and 
counter-face ball, respectively. The Poisson’s ratio 
is approximately 0.3 for both specimens. The elastic 
modulus and Poisson’s ratio of Al2O3 are 385 GPa 
and 0.26, respectively. According to Eqs. (4) and (5), 
the initial contact stress was calculated to be 
1.65 GPa. The yield strengths of the NC and CG 
FeCoNi alloys were estimated from the indentation 
hardness to be 1.76 and 0.66 GPa, respectively.  
So, this initial contact stress is lower than the yield  
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Fig. 5 SEM images of worn surfaces of NC (a, c, e) and CG (b, d, f) FeCoNi alloys at different sliding speeds:       
(a, b) 3.5 cm/s; (c, d) 5 cm/s; (e, f) 7 cm/s 
 

 

Fig. 6 3-D surface profiles of wear tracks in NC (a−c) and CG (d−f) FeCoNi alloys at different sliding speeds:       
(a, d) 3.5 cm/s; (b, e) 5cm/s; (c, f) 7cm/s 
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strength of the NC alloy but significantly higher 
than that of the CG one. As a result, the plastic 
deformation of the CG FeCoNi was first triggered 
by the initial stress and then proceed during sliding 
wear, while the plastic deformation of the NC 
coating was gradually involved during the dry 
sliding process. This is partly responsible for the 
different features of the wear tracks in these two 
alloys. 
 
4 Discussion 
 
4.1 Deformation mechanisms 

The deformation mechanisms of both CG and 
NC FeCoNi alloys were analyzed based on the 
activation volumes (V*) obtained during nano- 
indentation tests. For traditional CG FCC metals, 
plastic flow was achieved via intragranular 
dislocation interactions, i.e., cutting forest 
dislocations, resulting in activation volumes on the 
order of 100−1000b3 [32]. However, the V* was 
measured to be only ~25b3 for the CG FeCoNi alloy 
in our present study. In such a case, if the 
dislocation interaction was still the rate-controlling 
mechanism, a dislocation density as high as 
1017−1018/m2 is needed. Such a value exceeds by far 
that attained in heavily cold-rolled metals (up to 
~1016/m2) [33]. In fact, dynamic recovery would 
take place long before such high dislocation 
densities can be achieved. This means that there 
exist other rate-controlling mechanisms that 
mediate the plastic deformation in the CG FeCoNi 
alloy. It was found that the new tell-tale feature that 
distinguishes these HEAs/MEAs from traditional 
dilute solid solutions is the presence of atomic and 
nanometer level chemical heterogeneities such as 
short range order (SRO) clusters [34]. Our 
first-principle calculations reveal that Fe−Ni and 
Fe−Co ordering tend to develop in the FeCoNi 
alloy (Fig. 7), indicating the presence of SRO. In 
HEAs/MEAs, the SRO clusters raise the activation 
barriers and increase the lattice friction to 
dislocation motion [35]. As a result, dislocations 
move via nanoscale segment detrapping. Such 
nano-scale thermal activation activities always 
generate V* values on the order of tens of b3. In fact, 
the reported V* values for FCC HEAs/MEAs, such 
as FeMnCrCoNi, FeMnCrCo and CrCoNi [36−38], 
are all on the same order of magnitude to the values 
obtained in our present CG FeCoNi alloy. Therefore, 

it is reasonable to conclude that the plastic 
deformation of the CG FeCoNi alloy was 
dominated by the interaction between dislocations 
and SRO clusters. 
 

 
Fig. 7 Pairwise chemical short-range order (SRO) 
parameter in FeCoNi alloy 
 

For NC metals, if grain boundary (GB) sliding 
and diffusion were the main deformation 
mechanisms, the expected V* would be on the order 
of atomic volume, i.e., 1b3 [39], which is much 
smaller than the value we measured in the NC 
FeCoNi alloy. Therefore, the GB-dominated 
deformation mechanisms can be ruled out. 
Moreover, pushing dislocations through high 
bundles of dislocations at GBs can also lead to a 
small V* of several b3, as the case in NC metals that 
experience severe plastic deformation. However, 
this is obviously not the scenario in our present 
study, as both the grain interior and the regions near 
GBs are almost clean of dislocations for 
electrodeposited metals [40]. Therefore, in the NC 
FeCoNi alloy, the activation volume of 
approximately 10b3 mainly arises from the 
interactions between dislocations and GBs, such as 
dislocation emission and absorption from GBs, as 
well as dynamic recovery of dislocations that reside 
along GBs [40]. It is also worth noting that SRO 
clusters also exist inside the nano-grains for the 
present NC FeCoNi, whose interactions with 
dislocation may produce even smaller activation 
volumes than those of conventional NC metals and 
alloys. Based on the above analysis, it is reasonable 
to infer that for the NC FeCoNi alloy, the plastic 
deformation is mainly controlled by the interactions 
of dislocations with either GBs or SRO clusters. 
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4.2 Strengthening mechanisms 
For NC metals and alloys, the relationship 

between the hardness H, and yield strength σy, can 
be expressed as H=n·σy, where n depends on the 
work hardening ability of the materials [41]. 
According to the hardness and yield strength of NC 
FeCoNi from Refs. [42,43], the ratio of hardness to 
yield strength was calculated to be ~3.3. Thus, the 
yield strength of NC FeCoNi alloy was estimated to 
be ~1.75 GPa. These values are much higher than 
those of CG counterparts [44]. Generally, solid 
solution strengthening (σSS), GB strengthening  
(σGB), twin boundary (TB) strengthening (σTB) and 
dislocation strengthening (σdis) are considered to be 
the main strengthening mechanisms for solid 
solutions. Reducing the grain size into the nano- 
meter regime can induce substantial strengthening, 
which can be estimated by the classical Hall−Petch 
relationship:  
σGB=KHPd −1/2                                            (6)  
where KHP is the Hall–Petch coefficient, and d is the 
average grain diameter. The KHP was taken as 
226 MPa·μm0.5 [45], while d is 26 nm from 
statistical TEM analysis. Thus, σGB is calculated to 
be 1395 MPa for the NC FeCoNi alloy. This means 
that GB strengthening is the main strengthening 
mechanism for this alloy, as it contributes ~80% of 
the yield strength. It is also worth noting that, for 
HEAs/MEAs, the solid solution strengthening term 
σSS can be folded into the intrinsic strength (or 
lattice friction stress), where the latter represents 
some ‘average’ resistance offered by all the 
constituent atoms [45]. It was reported that the 
presence of SRO in HEAs/MEAs exacerbates 
lattice distortion, giving rise to such high intrinsic 
lattice friction stress [20]. In such a case, although 
the atomic radius, shear modulus and Burgers 
vector of Fe, Co and Ni are quite similar to each 
other, the intrinsic lattice friction stress of the 
FeCoNi alloy is still as high as 168 MPa [45]. 
Based on the GB strengthening and intrinsic 
strength, the collective contributions from the other 
strengthening defects, such as stacking faults, twin 
boundaries and dislocations, elevated the yield 
strength to ~ 1.75 GPa. 
 
4.3 Influencing factors of tribological properties 
4.3.1 Nanostructuring effects 

The wear rate of the NC FeCoNi alloy is 

substantially lower than that of the CG one. Lower 
wear rates were also observed in many other NC 
metals and alloys [31,46]. Generally, the relationship 
between wear rate and hardness can be described by 
the well-known Archard equation [47]:  

PW k
H

=                                (7) 
 
where W is the wear rate, k is the prefactor relative 
to material, and P is the applied load. Refining the 
grains into the nano-meter regime can elevate the 
hardness many times, so it is not unexpected that 
the wear rate of the NC FeCoNi alloy can be 
effectively reduced. Another factor that should be 
taken into consideration is surface oxidation, which 
is another important influencing factor for the wear 
resistance. For our present case, as shown in Fig. 8, 
SEM−EDS examinations reveal that oxygen can be 
readily detected on most areas of the worn surfaces, 
expect for those delaminated craters for both the 
NC and CG FeCoNi alloys under all loading speeds. 
To provide further insights into the chemical state 
of Fe, Co and Ni, X-ray photoelectron spectroscopy 
(XPS) analysis of the worn surface of both the NC 
and the CG FeCoNi alloys was also conducted. The 
results confirm the existence of various oxides of 
Fe, Co and Ni (Fig. 9). These results agreed with 
the EDS results, illustrating the formation of oxide 
layers on the worn surfaces of both alloys. It is 
worth noting that the XPS spectra of the wear tracks 
on the NC alloy show stronger oxide peaks, 
suggesting more extensive oxidation than the CG 
alloy. This is mainly because the high density of 
GBs in the NC alloys can not only act as 
preferential nucleation sites for oxides but also 
prove high diffusion paths for oxygen [31]. As a 
result, the oxides are easier to form on the wear 
surface of the NC alloy than the CG alloy. The 
more oxides on the wear surface are, the better 
protective effects can be provided to prevent the 
alloy form contacting with the Al2O3 ball [48]. Thus, 
a lower wear rate can be expected as illustrated in 
Fig. 10. It can be seen that the wear rate decreased 
with the increase of amount of oxygen. Taken as a 
whole, nanostructuring on the one hand, 
significantly strengthens the alloy and on the other 
hand, facilitates the formation of protective 
oxidation layers, both of which contribute to the 
noticeably decreased wear rate of the NC FeCoNi 
alloy. Besides, according to calculated results by  
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Fig. 8 Distribution of oxygen element on worn surfaces of NC (a, c, e) and CG (b, d, f) FeCoNi alloys at different 
sliding speeds: (a, b) 3.5 cm/s; (c, d) 5 cm/s; (e, f) 7 cm/s 
 
Eqs. (4) and (5), the initial contact Hertzian stress 
induced plastic deformation in CG FeCoNi alloy. 
This is another reason for the high wear rate of CG 
FeCoNi alloy. 
4.3.2 Compositional effects 

We also compared the tribological properties 
of the present NC FeCoNi alloy with NC Ni and 
Ni-based dilute solid solutions in terms of COF and 
wear rate. All the data were collected from previous 

investigations under similar test conditions, as 
shown in Table 2. The NC FeCoNi alloy exhibits 
better wear resistance than these materials, as 
manifested by the lower COF and wear rate. The 
mean grain sizes of the NC metals and alloys listed 
in Table 2 are comparable, indicating that there are 
other factors that affect the wear resistance of the 
alloys beyond merely the grain refinement. In fact, 
it has been increasingly recognized that the fracture  
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Fig. 9 XPS spectra obtained on worn surface of NC (a−c) and CG (d−f) FeCoNi alloys 
 

 
Fig. 10 Correlation between wear rate and oxidation for 
NC and CG FeCoNi alloys 
 
Table 2 COF and wear rate of NC Ni and Ni-based 
binary alloys 

Material COF Wear rate/ 
(mm3·N−1·m−1) 

16 nm Ni [53] 0.62 6×10−4 

26 nm Ni [54] 0.6 1.2×10−4 

14 nm Ni−Fe [55]  1.92×10−4 

14 nm Ni−Fe [56]  7.9×10−4 

5−13 nm Ni−Mo [57] 0.6−0.8 2×10−4−6.2×10−4 

13−17 nm Ni−Co [58] 0.62 5.9×10−4 
 
toughness is also a key factor affecting wear 
resistance, especially in abrasive, impact and 
erosive wear [49]. The fracture toughness of a given 
material is closely related to its strain hardening 

ability [50]. However, strain hardening is always 
absent in conventional NC metals and alloys, as 
dislocation can hardly be stored inside the tiny 
grains [51]. But for NC FeCoNi alloy, the 
interaction among concentrated constituent species 
intensifies lattice distortion and thus induces a high 
lattice friction stress. More than that, the SRO 
clusters at the atomic level, together with 
composition undulations that may be introduced on 
the nanometer scale during electrodeposition [52] 
rough the energy landscape of dislocation motion 
[35]. As a result, dislocations slip in a sluggish 
manner, which facilitates dislocation interlocks and 
accumulations within nano-grains, giving rise to 
enhanced strain hardening ability [52]. 

In fact, our nano-indentation tests do reveal 
that the NC FeCoNi alloy exhibits improved strain 
hardening ability. As shown in Fig. 11, after cube- 
corner indenter unloading, pile-ups around the 
indent impressions can be readily seen for the NC 
FeCoNi alloy, which means that the contact height 
(hc) is higher that of the normal height (h). For work 
hardened metals, the strain hardening exponent (n) 
can be calculated by [59]  

r y r
y

1
n

Eσ σ ε
σ

 
= +  

 
                       (8) 

 
where σy is the yield stress, E is the Young’s 
modulus, σr is the stress corresponding to a 
representative strain εr, and εr is 0.126 for the cube- 
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Fig. 11 Surface height profile around cube-corner indent 
for NC FeCoNi alloy (Inset: corresponding surface 
topography) 
 
corner indenter. σy is calculated by H/3.3, and E is 
shown in Fig. 6. σr can be calculated by  

1Π / rC σ=
                              

(9) 
 
where 1Π  is a dimensionless function, C is the 
loading curvature. For the cube-corner indenter 
θ=42.3°, the expression of the two parameters can 
be described as  

2
cπ tan

h
C H

h
θ

 
=  

 
                      (10) 

3 2* *

1
r r

Π 0.02842 ln 0.648 lnE E
σ σ

      
= − +      

           
*

r
4.9036 ln 3.806E

σ
  

−  
                 

(11) 

 
where 𝐸𝐸∗  is the reduced modulus and can be 
calculated as  

22
* i

i

111 /E
E E

υυ −−
= + 

                   
(12) 

 
where Ei, υi and E, υ are the Young’s modulus and 
Poisson’s ratio of the diamond indenter and the 
specimen, respectively. The average value of hc/h 
was calculated to be ~1.26 based on 25 indents. 
Thus, according to Eqs. (8)−(12), the strain 
hardening exponent (n) is calculated to be 0.22 for 
the NC FeCoNi alloy. This value is even higher 
than that obtained in the hierarchical nanostructured 
NiCo alloy, which exhibits excellent wear 
resistance [60]. Such enhanced strain hardening 
ability of NC FeCoNi can help to improve the wear 
resistance by suppressing local cracking and brittle 

delamination during abrasive wear. Base on above 
analysis, we can infer that it is the combined effects 
of nanostructuring and chemical complexity endow 
the NC FeCoNi alloy with ameliorated wear 
resistance. 
 
5 Conclusions 
 

(1) The activation volumes in the NC and CG 
FeCoNi alloy were calculated to be ~7b3 and ~24b3, 
respectively, both of which are much smaller than 
those in conventional FCC metals. Thermally 
activated deformation analysis reveal that the 
rate-controlling mechanisms in the NC FeCoNi 
alloy are the interaction of dislocations with GBs 
and nanoscale inhomogeneity such as SROs, while 
the latter is also the dominated activated process in 
the CG FeCoNi alloy. 

(2) The hardness of the NC FeCoNi alloy was 
measured to be ~6.2 GPa, which is three times 
higher that of the CG counterpart (2 GPa). Such a 
high hardness is primarily attributed to GB 
strengthening, while solid-solution strengthening 
and TB strengthening also made some 
contributions. 

(3) The main wear mechanism of the NC 
FeCoNi alloy is delamination wear, while both 
delamination wear and abrasive wear occur in the 
CG alloy. The NC FeCoNi alloy exhibits a 
significantly low wear rate, which is one order of 
magnitude lower than its CG counterpart. This was 
achieved by the synergetic effect of the significantly 
elevated hardness and the easy formation of the 
surface oxide layer, both of which are attributed to 
the substantially refined nano-sized grains. 

(4) The NC FeCoNi alloy exhibits enhanced 
wear resistance compared with conventional NC Ni 
and Ni-based alloys, as manifested by the lowest 
wear rate and wear coefficient. This mainly stems 
from the improved strain hardening ability, owing 
to the extra resistance to dislocation motion 
imposed by the nanoscale inhomogeneity implicitly 
occurring in the MEAs. 
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摘  要：通过纳米压痕测试和球盘摩擦实验，系统研究结构纳米化对 FeCoNi 中熵合金力学行为及干滑动摩擦磨

损性能的影响。结果表明，将晶粒尺寸减小至纳米尺度，一方面显著提高了合金的硬度，另一方面促进了表面氧

化层的形成。二者的共同作用使纳米晶 FeCoNi 合金的磨损率比粗晶合金低了一个数量级。与传统的纳米晶 Ni

及 Ni 基合金相比，纳米晶 FeCoNi 合金具有显著降低的磨损率和摩擦系数，表现出优异的耐磨性。这主要是由于

纳米晶 FeCoNi 合金中本征的微尺度成分起伏能够有效阻碍位错滑移，使合金的应变硬化能力显著提高所致。 
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