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a b s t r a c t 

Both structure relaxation and oxidation of surface layer induced by thermal treatment or friction heat 

play significant roles in reducing wear of metallic glasses (MGs). To distinguish the effects of structure 

relaxation and surface oxidation, we prepared Zr-based MGs at different states, i.e., as-cast MG; the an- 

nealed MGs under argon atmosphere (referred to as structure-relaxed MG) and oxygen atmosphere (re- 

ferred to as oxidized MG). Nano-wear tests were carried out by atomic force microscope (AFM) to quanti- 

tatively clarify these two effects on the wear performance. Compared with the as-cast MG, the structure- 

relaxed MG shows an increased adhesive but slightly decreased ploughing friction. While, the oxidized 

MG shows the best anti-wear performance with dramatic reductions in both adhesive and ploughing fric- 

tion. Classic molecular dynamics (MD) and ab initio MD simulations revealed that the introduction of O 

hinders the MG atoms from forming interfacial bonds with diamond, and reduces significantly the ad- 

hesion between the diamond tip and passivated MG. In addition, the synergistic effect of high hardness 

and elastic recovery associated with oxidization reduces ploughing friction and enhances wear resistance. 

This finding clarifies the importance of surface chemistry over structure modification during wear, and 

offers a generic pathway for tailoring ultra-wear resistant MGs. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Metallic glasses (MGs) have attracted a growing interest due 

o their preeminent properties such as high hardness, large elas- 

ic limit, and high tensile strength [1–3] . Previous studies demon- 

trated that the pre-thermal treatment or friction heat during wear 

an cause structure relaxation and modify surface chemistry of 

Gs [4–6] . Structure relaxation is associated with lowering the en- 

halpy of MGs through annihilating the free volumes and increas- 

ng the packing density of MGs, correspondingly, altering the me- 

hanical and tribological performance of MGs [7–9] . Chen et al. 

10] confirmed that the Zr 50.7 Cu 28 Ni 9 Al 12.3 MG annealed below the 

lass transition temperature ( T g ) for 1 hour exhibits excellent en- 

anced hardness and compressive strength. Zhao et al. [11] found 

hat the anti-wear property of Zr Ti Cu Al MG can be tuned by
61 2 25 12 
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ontrolling different degrees of structure relaxation through ther- 

al treatment. In addition to the effect of structure relaxation, 

he change of surface chemistry (e.g., oxidation) upon dry fric- 

ion or a simple thermal treatment can also contribute to the tri- 

ological performance [12–14] . Once chemical reactions with oxy- 

en are induced by friction heat at the contact surface, the oxi- 

ized tribolayer on the surface may act as a solid lubricant and 

ffectively reduce friction and wear [ 15 , 16 ]. Specifically, Fu et al. 

17] demonstrated that this oxidized tribolayer could reduce the 

riction coefficient of Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 MG by ∼25%. Jin 

t al. [18] found that a thin thermal-oxidized layer formed on the 

r 42 Ti 15.5 Cu 14.5 Ni 3.5 Be 24.5 MG at 0.83 T g would reduce its wear vol- 

me by ∼34%. Zhou et al. [19] detected an almost 29% reduction 

n friction coefficient of Zr 50 Ti 2 Cu 38 Al 10 MG after thermal treat- 

ent, ascribing to the formation of oxidized layer on surface. Sale- 

an et al. [20] also reported that the synergistic effect of the struc- 

ure relaxation and a dense oxide layer would act concurrently to 

nhance the wear resistance of an annealed Zr 60 Cu 10 Al 15 Ni 15 MG. 

herefore, wear mechanisms of MGs are closely related to these 

wo factors (structure and oxidation) [21] . 

https://doi.org/10.1016/j.actamat.2022.117934
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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However, existing researches regarding the oxidation effect on 

he tribological behavior of MGs are mainly explored by macro- 

copic wear tests [17–21] , in which the structure effect of the 

ubsurface material cannot be excluded. Atomic force microscope 

AFM) has gained global acceptance for probing the fundamental 

riction mechanisms at nano-scale (e.g., micro-plasticity and sur- 

ace interaction in metals) [22–24] . More importantly, AFM experi- 

ental technology can intrinsically explore the surface-dominated 

vents due to the nano-scale nature of the probed region. For 

xample, Yu et al. [25] proposed the homogeneous plastic flow 

echanism of Pt-based MG during AFM nanoindentation, in which 

nly several tens of atoms at surface are evolved in the defor- 

ation. Ketov et al. [26] quantitatively investigated the material 

oftening of Zr-Cu-Co-Al MG nearby a surface shear band using 

FM. Ross et al. [27] clarified the stress-induced structural evolu- 

ion in Zr 50 Cu 40 Al 10 MG, with its local heterogeneities clearly re- 

ealed by the nanomechanical response of AFM. Moreover, Ko et al. 

28] compared the wear resistance of three different FCC metal 

urfaces based on the microscale topography images and friction 

ehavior by means of AFM. Given the extraordinary detect resolu- 

ion of the nano-scale probe region, AFM is able to distinguish be- 

ween the effects of surface structure and chemistry on the wear 

echanisms of MGs. 

In this work, the effects of structure relaxation and surface oxi- 

ation on the nanoscopic wear resistance of the Zr 63.6 Cu 18 Ni 10.4 Al 8 
G were investigated. The chosen Zr-based MG has promising 

pplications in micro-electromechanical system (MEMs) owing to 

ts superior mechanical properties and nanoscale thermoplastic 

ormability [29–31] . Especially, the surface forces such as friction 

annot be ignored as the size of devices shrinks to micro- or 

ano-scales [32–34] . Here, we synthesized the MG and then an- 

ealed it in atmospheres of argon and oxygen using differential 

canning calorimetry (DSC). AFM indentation and nanotribological 

ests were carried out using the force curve and the lateral force 

odes to investigate the MG with different surface states. More- 

ver, molecular dynamics (MD) and ab initio molecular dynamic 

AIMD) simulations enabled us to reveal the surface interaction 

nd the friction reduction mechanism after the introduction of O 

toms. We found that the synergistic effect of chemical modifica- 

ion and mechanical strengthening contributes to a distinguished 

ribological performance of the oxidized surface over the structure 

elaxed sample. Theoretical modeling reveals that O hinders the in- 

erfacial bonding and reduces the ploughing friction between the 

ip and MGs, which underpins the superior wear resistance of the 

xidized sample. This finding would not only help to clarify the 

ifferent wear mechanisms in MGs, but also be crucial to achieve 

reater flexibility in designing wear-resistant surfaces. 

. Experiments 

.1. Materials 

The cylindrical rods ( φ 3 × 50 mm) of Zr 63.6 Cu 18 Ni 10.4 Al 8 MG 

ere fabricated by arc melting in a Ti-gettered argon atmosphere 

nd copper mold suction casting at ambient temperature. Colum- 

ar specimens with a height of 3 mm were cut from the rods by 

 diamond wire saw. Sample surfaces were carefully polished to a 

irror finish (RMS roughness was ∼2.5 nm) and stress removed. 

ubsequently, specimens were annealed using differential scanning 

alorimetry (DSC, NETZSCH) at 550 K ( T g = 647.4 K) for 3 h in

rgon and oxygen atmospheres. The as-cast, relaxed and oxidized 

amples are respectively denoted as the AC, RE and OX samples in 

he following. 

The microstructure of specimens was verified using X-ray 

iffraction spectrometer (XRD, Bruker D8) and transmission elec- 

ron microscopy (TEM, FEI Talos F200X). Thermodynamic proper- 
2 
ies were determined by DSC in a pure argon atmosphere at a 

eating rate of 0.33 K/s. The chemical states of the sample surface 

ere measured by X-ray photoelectron spectroscopy (XPS, Ver- 

aProbe Ⅲ ). 

.2. AFM tests 

Nano-hardness distribution and nano-tribological tests were 

arried out via AFM (Asylum, MFP3D). The adopted silicon 

robes were coated with a diamond-like carbon (Budget Sensors, 

ap300DLC) and the nominal radius is 12 ± 3 nm. Before the in- 

entation test, the normal spring constant K N of the cantilever in 

his work was calibrated as 48.51 N/m by thermal noise vibration 

35] , and the sensitivity S was calculated to be 118.13 nm/V by fit- 

ing the unloading force curves [36] . The normal force could be 

ormulated via converting voltage signals into forces according to 

 N = K N S V N , with V N being the normal voltage of photodiode [28] . 

he nano-hardness was obtained by fitting the force curves with 

he method of Oliver and Pharr [37] . A loading force of 500 nN was

sed to evenly distribute 30 × 30 indentation dots in a spatial area 

f 2 × 2 μm 

2 for all samples. Each indentation was maintained on 

he surface for 1 s to ensure the load stability. However, due to the 

xistence of polishing defects such as surface scratches, the mean 

alue of each sample was counted with dead pixels removed. 

In the nano-tribological test, the lateral force F L could be ob- 

ained by converting the voltage using the following equation: 

 L = 

3 

2 

K L 
h 

l 
S V L (1) 

here V L is the lateral voltage of the photodiode and the lateral 

pring constant K L is 1204.71 N/m. The more detailed method for 

alculating K L could be found elsewhere [28] . The height of tip h 

nd the length of cantilever l were measured optically to be 17 μm 

nd 125 μm, respectively. For each sliding test, the friction force 

ould be expressed as: 

 f = 

F L, f orward − F L,backward 

2 

(2) 

here F L,forward and F L,backward are the lateral forces of the cantilever 

ecorded during reciprocating sliding. In this work, we adopted 

 multi-pass method with the normal load increasing stepwisely 

uring the nano-wear testing, as schematically shown in Fig. 1 . The 

ormal force was increased from 78.81 nN to 2960.36 nN in a total 

umber of 16 passes over an area of 2 × 2 μm 

2 . During this pe-

iod, the normal force was kept constant and the probe slid back 

nd forth for 18 cycles at a speed of 1 μm/s at each step. Thereby,

he topography and friction images were successively recorded un- 

er the contact mode. After the test, the topographical variations 

f the testing area were further scanned by tapping mode with a 

oad of 78.81 nN using the silicon nitride probe, which has a ra- 

ius of 7 nm and a normal spring constant of 2.62 N/m (Oxford, 

C240TS-R3). The wear volume was determined by integrating the 

ear depth from the cross-sectional profiles over the same area. 

.3. Computation methods and models 

.3.1. MD simulation 

In order to reveal the friction mechanism, MD simulation of the 

nteraction between the diamond probe and samples was carried 

ut in a large-scale parallel atom/molecule simulator (LAMMPS). A 

et of ZrCuNiAl quaternion embedded atom method potential es- 

ablished by Zhou et al. [38] was exploited, and the atomic in- 

eractions between carbon, oxygen and metallic atoms were rep- 

esented by the Lennard-Jones (L-J) potential [39–42] . The as-cast 

G (AC) model was obtained by cooling the initial amorphous 

odel of Zr Cu Ni Al from 2300 K to 300 K at a rate of
63.6 18 10.4 8.0 
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Fig. 1. Schematic diagram of the stepwise multi-pass loading mode during a nano-wear process. 
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0 K ps −1 . Subsequently, the model was heated to 750 K at a 

ate of 20 K ps −1 , relaxed at this temperature and then slowly 

ooled to 300 K at a rate of 0.5 K ps −1 to prepare the relaxed MG

RE) model. Finally, the oxidized amorphous (OX) model was es- 

ablished by following the experimental compositions of oxidized 

ayer (i.e., Zr 36.8 Cu 7.4 Al 5.6 O 50.2 as shown in what follows). On this 

asis, the interaction between the diamond and different MG sur- 

aces was approximately evaluated. The specific parameters related 

o the models and L -J potentials were shown in Table. S1. 

.3.2. AIMD simulation 

To further clarify the role of oxidation in the friction reduction, 

IMD simulation was conducted to produce the RE and OX mod- 

ls. The total energy calculations were implemented by VASP based 

n the density functional theory (DFT) [ 38 , 43 ]. The generalized

radient approximation (GGA) with the Perdew-Burke-Ernzerhof 

PBE) formulation was used as the pseudopotential potential [44] . 

he projected augmented wave (PAW) potentials were selected to 

escribe the ionic core interactions [ 45 , 46 ]. Moreover, the peri- 

dic boundary condition was applied to all systems and the steps 

or producing the interface structure were present in Fig. S1. All 

ynamical simulations were carried out in a canonical ensemble 

NVT) through Nosé thermostat to control temperature [47] . The 

ime-step was set as 1 fs. Additionally, the partial density of state 

PDOS) for explaining the effect of oxidation on adhesion between 

he diamond and different MG surface was calculated. 

. Results 

.1. Microstructures 

The XRD patterns of as-cast and annealed Zr 63.6 Cu 18 Ni 10.4 Al 8 
Gs are exhibited in Fig. 2 a. The similar broad diffraction peaks re- 

eal that the amorphous nature remains unchanged after annealing 

elow T g in the atmosphere of either argon or oxygen, as no other 

harp peaks exist. However, the DSC curves in Fig. 2 b show distinct 

ifferences among different samples. All MGs display an endother- 

ic glass transition event and a following exothermic process due 

o crystallization. The temperature interval of supercooled liquid 

egion (defined as �T = T x − T g , where T g is the glass transition

emperature, and T x is the crystallization temperature) decreases 

bviously for RE and OX samples when compared with the AC 

ample, suggesting that the thermal stability has been deteriorated. 

he magnified view of the area represented by the dashed rectan- 

le (inset in Fig. 2 b) reveals that the relaxation enthalpy ( �H ), i.e.,

he exothermic area over a wide temperature range below T g , dis- 

inctly decreases from ∼8.51 J/K for the AC sample, to ∼6.24 J/K 
3 
or the RE sample, and then to ∼5.84 J/K for the OX sample. It is

enerally recognized that the relaxation enthalpy is proportional 

o the amount of free volumes existed in MGs [ 4 8 , 4 9 ]. Therefore,

pon annealing in an oxygen atmosphere, the dense oxidized layer 

ay promote annihilation of free volumes at the surface of MGs 

ecause of the introduction of O. 

The structures and composition of oxidative surface are further 

nalyzed by using cross-sectional TEM. Fig. 3 a shows the bright 

eld image of TEM, which can be clearly divided into three re- 

ions: I) the MG matrix; II) the amorphous oxidized layer on the 

urface of MG; III) the platinum protective layer. The thickness of 

morphous oxidized layer on the OX sample is measured to be 

9.6 nm, which is much thicker than the reported natural oxidized 

ayer formed on the Zr-based MG (less than 1 nm) [1] . The corre-

ponding EDS mappings of all elements are displayed in Fig. 3 b. 

t shows that the main components of the layer are the oxides 

f zirconium, aluminum and copper, which can be also confirmed 

y the XPS test in Fig. S2. The sectional high-resolution TEM im- 

ge and the corresponding selected area electron diffraction (SAED) 

attern are presented in Fig. 3 c. For the MG matrix, only the typ- 

cal amorphous disordered structure is detected, showing a dif- 

used halo presented in the SAED pattern. For the oxidized layer, 

t still maintains the amorphous structure although minor crystal 

hases can also be detected as shown in Fig. 3 d. The correspond- 

ng fast Fourier transform (FFT) and inverse fast Fourier transform 

IFFT) images are shown in the Fig. 3 d 1 and Fig. 3 d 2 . The 2.12 Å-

paced lattice fringes of the nanocrystal phases in Fig. 3 d 2 could 

orrespond to {200} of Cu 2 O. In view of the limited size (5 nm)

nd number of crystallized oxides, it is unachievable to detect 

hem in XRD and the crystal particles may have a negligible ef- 

ect on the properties of the amorphous oxidized layer. Moreover, 

ompared with the MG matrix, only Zr, Cu and Al elements are 

nvolved in the amorphous oxidized layer with compositions of 

r 36.8 Cu 7.4 Al 5.6 O 50.2 . As Zr, Al and Cu have lower electronegativ- 

ties and ionization potentials than Ni, these elements are more 

eactive in forming bonds with O element. Additionally, the affin- 

ty between O and Zr or Al is stronger than that between O and 

u (the heats of formation for ZrO 2 , Al 2 O 3 and Cu 2 O are −1101.3,

1678.1 and −166.7 kJ/mol, respectively [19] ), resulting in the rel- 

tive depletion of Cu on the upmost surface layer when compared 

ith other elements ( Fig. 3 b). 

.2. AFM indentation test 

The surface topography before AFM indentation and subsequent 

ardness distribution are displayed in Fig. 4 . As shown in Fig. 4 a −c ,

hree random sites with the same size (2 μm × 2 μm) are scanned 
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Fig. 2. (a) XRD patterns and (b) DSC curves of as-cast and annealed MGs. 

Fig. 3. Structure and composition analysis of the cross-sectional amorphous oxi- 

dized layer on the MG surface. (a) The bright field images. (b) The EDS elemental 

maps corresponding to the analysis region in (a). (c) High-resolution TEM image of 

surface layer and the corresponding SAED patterns. (d) High-resolution image of a 

crystalline in the amorphous oxidized layer and the corresponding (d 1 ) fast Fourier 

transform (FFT) and (d 2 ) inverse fast Fourier transform (IFFT) images. 
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n a tapping mode to characterize the morphology of the three 

ifferent sam ples. For these mapped areas, the root-mean-square 

RMS) roughness for AC, RE and OX samples are measured to be 

.91, 2.52 and 2.44 nm, respectively. AFM hardness distribution for 

ifferent samples is further determined from the force curves over 

he same area as shown in Fig. 4 d −f . To keep the indentation depth

ithin the oxide layer, the loading force is set as 500 nN with a 

aximum depth of 15.39 nm. The statistical analysis of the data 

insets in Fig. 4 d −f ) shows the mean values of hardness are 8.92,

.46 and 11.50 GPa for the AC, RE and OX samples, respectively. 
4 
The difference in hardness among the three different kinds of 

amples indicates the variation of structure after thermal treat- 

ent. An equation of the relationship between hardness and free 

olumes of MGs is expressed as [50] : 

 = C 1 T sin h 

−1 

[
C 2 s exp 

(
�E 

C B 
+ 

s v c 
v a 

)]
(3) 

here C 1 and C 2 are the constants, T and h are the temperature 

nd depth of indentation, s is the shear strain rate, �E is the ac- 

ivation barrier energy of flow defect, C B is the Boltzmann’s con- 

tant, v a is the average free volume per atom, and v c is the critical

ree volume for atom diffusional jumps. Hence, it is noted that the 

ardness of MG should be inversely proportional to the amount 

f free volumes when the loading rate of indentation is fixed. The 

ncreasing hardness of RE is consistent with the result of reduc- 

ng free volumes represented in Fig. 2 . Once the free volume is 

nnihilated after annealing, there is no enough space in the MG 

or atomic rearrangement and shear deformation, therefore plas- 

ic yielding is postponed. Meanwhile, the maximum hardness of 

he OX sample indicates that the dense amorphous oxidized layer 

s harder than the relaxed MG substrate. Similar results have also 

een reported for the Zr 55 Cu 30 Al 10 Ni 5 MG, whose hardness was 

ignificantly improved after oxidation [14] . This enhanced surface 

ardness is expected due to the strong bonding between metallic 

lements and oxygen. 

.3. Nano-wear test 

.3.1. Critical force for elastic recovery and plastic deformation 

Fig. 5 shows AFM topographies of three types of samples un- 

er a contact mode before and after the nano-wear test. The RMS 

oughness over the scanned area of 2 × 2 μm 

2 is 2.11, 2.43 and 

.14 nm for the AC, RE and OX samples, respectively ( Fig. 5 a 1 , b 1 ,

 1 ). During wear, the normal force increases in a stepwise man- 

er from ∼0.1 μN to ∼3.0 μN. The variational height and friction 

ignals are obtained synchronously based on the in-situ AFM test 

ystem. The surface topography of AC sample ( Fig. 5 a 2 ) changes 

ignificantly, indicating a wide range of wear occurred on the sur- 

ace. For the RE sample as shown in Fig. 5 b 2 , the initial topography

s retained after the wear tests with a small normal force (bottom 

art of the image), whereas, wear occurs when the normal force is 

arge (top part of the image). The wear-less phenomenon is more 

istinct on the surface of OX sample ( Fig. 5 c 2 ), in which most of

he initial topography can be identified after the wear test. In this 

ase, wear occurs at a large normal force when compared with 

he RE sample. The variations of surface profile before and after 

he wear test indicated along the black and red arrows are further 

uantified in Fig. 5 a 3 , b 3 , c 3 . The initial surface profiles (black lines)

ith the fluctuation less than 3 nm suggest the relatively flat and 
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Fig. 4. Surface topography and hardness distribution of different samples. (a, d) AC. (b, e) RE. (c, f) OX. 

Fig. 5. AFM height images before and after the tribological test. (a 1 , b 1 , c 1 ) Height topography images of the AC, RE and OX samples before the wear test. (a 2 , b 2 , c 2 ) The 

corresponding surface profiles after the wear test. The direction of the arrows indicates an increasing normal force for the step-wise nano-tribological test. (a 3 , b 3 , c 3 ) The 

variation of height profile with the sliding distance for the cases of before and after the tribological test. The critical forces corresponding the “elastic-plastic transition” are 

marked for different samples. 

5 
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Fig. 6. The AFM surface topographical images of the (a) AC, (b) RE and (c) OX samples after the wear test. (d) The cross-section profiles of wear tracks in different samples. 
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mooth testing areas. For the surface after wear (red lines), as the 

ormal force increases stepwisely with the increasing distance, the 

eight profile drops nonlinearly after a horizontal fluctuation, and 

nally reaches the maximum values of ∼5.2, ∼3.8 and ∼2.3 nm for 

he AC, RE and OX samples, respectively. 

In the wear-less region, it is recognized that, the height pro- 

le after the wear test is roughly the same as that before the test 

ue to the elastic recovery of the surface. However, the profile af- 

er wear gradually disparts from that before wear as the normal 

orce increases, indicating the occurrence of irreversible plastic de- 

ormation and wear on the surface. The critical normal force for 

he “elastic-plastic transition” indicates the onset of plastic defor- 

ation, which are given as 655.3, 847.4 and 1423.8 nN for the AC, 

E and OX samples, respectively. The significantly increased force 

or inducing plasticity deformation indicates that the elastic recov- 

ry is enhanced considerably in the OX sample, which is in accor- 

ance with the general believing that oxides exhibit much higher 

lastic modulus due to the strong bonding between oxygen and 

etallic atoms [51] . 

In the wear region, the damage mechanism transforms from 

lastic to plastic deformation. To quantitively explore the wear 

onditions of different sam ples, the AFM tapping mode was used 

o scan the wear tracks over a larger area of 4 × 4 μm 

2 with a sili-

on nitride tip. The surface wear topography and the cross-section 

rofile after the wear test are shown in Fig. 6 . All scars are charac-

erized by two distinct domains, i.e., the bottom part as the elas- 

ic region and the top part as the plastic region. It is noted that 

ll of the worn surfaces demonstrate a similar feature, namely a 

ear scar with some pileups of materials on the lateral and end 

ides, indicating the presence of ductile plowing on the surface. 

t

6

he length of both regions for the AC sample is further determined 

o be 407 nm and 1593 nm, respectively, as shown in Fig. 6 a. Af-

er performing the same analysis for the RE and OX samples in 

ig. 6 b, c, the lengths of elastic region are measured as 590 nm 

nd 892 nm, and that for the plastic regions are 1410 nm and 

108 nm, respectively. The corresponding critical normal forces of 

elastic-plastic transition” are 655.3, 847.4 and 1423.8 nN, which 

re consistent with the results shown in Fig. 5 . Fig. 6 d shows the

ross-section profile of wear tracks, including the untested, friction 

nd pile-up regions obtained along the arrows in Fig. 6 a −c . By in-

egrating the wear depth in the friction regions, the wear volumes 

f AC, RE and OX samples are calculated as 0.012, 0.010 and 0.0024 

m 

3 , respectively. 

For nano-wear test conducted by AFM, the wear rate ( W ), de- 

ned as the wear volume ( V ) per unit sliding length, is calculated 

s [ 24 , 31 , 52 ]: 

 = 

V 

x 
(4) 

The wear-less regime, which is dominated by elastic deforma- 

ion, is precluded from the corresponding calculation due to the 

egligible wear rates. Based on Eq. (4) , the wear rate of different 

amples at various normal forces is plotted in Fig. 7 . The wear co- 

fficient ( k w 

) is obtained as the slop of the curve and the wear

esistance ( R w 

) is the reciprocal of wear coefficient as R W 

= 1 / k w 

52] . 

The wear rates basically increase with increasing normal force 

nd eventually reach the values of 48.81, 30.02 and 10.01 nm 

2 at 3 

N for AC, RE and OX samples, respectively. In comparison with 

he AC sample for which the k w 

is 10.50 nm 

2 /μN, it is reduced

o 8.14 and 0.78 nm 

2 /μN for RE and OX samples, respectively. The 
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Fig. 7. The wear rate against normal force and the wear coefficient for different 

samples. 
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ear rate and wear coefficient of OX samples are far lower than 

he other two MGs, indicating the positive effect of oxidation on 

educing wear. Additionally, the coefficients of wear resistance for 

C, RE and OX samples at 1.6 μN are 4.64 × 10 10 Pa, 8.35 × 10 10 Pa

nd 1.87 × 10 11 Pa, respectively. It’s obvious that oxidation leads to 

n order of magnitude increase in wear resistance for present Zr- 

ased MG, which is much higher than previously reported oxidized 

i-based and Mg-based MGs [31] . 

.3.2. Analysis of friction signals during wear 

Fig. 8 a −c display the variation of friction voltage with the nor- 

al force for different samples. Here a more positive voltage sig- 

ifies higher friction during the tests. By comparing the maxi- 

um value of friction signals, it can be noted that the OX sam- 

le has the minimum value under the same load. Specifically, the 

rofile of normal and friction forces along the vertical lines in 

ig. 8 a −c is given in Fig. 8 d −f . The friction force increases non-

inearly with the increase of normal force, indicating the existence 

f load-dependent friction coefficients in different regions. 

To clarify the friction mechanism, the friction coefficient is fur- 

her calculated based on the correlation between the friction force 

nd the normal force, as shown in Fig. 9 a −c . The friction force in-

reases with the normal force but shows two different slopes for 

ll samples. Here, the traditional Amonton’s law for calculating the 

riction coefficient is no longer applicable due to the nonnegligible 

dhesion force at nanoscale [53] . According to Bowden and Tabor 

54] , the friction force is the sum of the shearing force associated 

ith adhesion, F 1 , and the ploughing force accompanied by plas- 

ic deformation, F 2 , i.e., F f = F 1 + F 2 . It’s true that the friction force

s positively correlated with the normal force in both elastic and 

lastic regions. In the elastic region, since the ploughing force F 2 
s 0, the shearing friction coefficient μ1 can be determined from 

he linear slope of the plot of the friction force against the nor- 

al load. In the plastic region, the total friction coefficient μ cor- 

esponds to the synergistic effect of shearing and ploughing, and 

n this case the ploughing coefficient μ2 can be obtained as the 

ifference between the total friction and shearing coefficient as 

2 = μ − μ1 . This load dependence of friction coefficient is there- 

ore responsible for the slope change. For all samples, wear can 

e observed in the plastic region when the slope becomes deeper. 

herefore, it can be clearly identified in Fig. 9 a −c that the critical

orce for the elastic-plastic transition (the point at which the slope 
7 
hanges) of the RE and OX samples increases successively, which is 

onsistent with the results in Figs. 5 and 6 . 

The respective friction coefficients for shearing and ploughing 

etermined above are shown in Fig. 9 d. It is noted that the plough-

ng coefficient μ2 decreases continuously from the case of AC and 

E to the case of OX; the shearing coefficient μ1 increases from 

he case of AC to that of RE but decreases significantly in OX. In 

he plastic/wear region, the total friction coefficient μ decreases 

ignificantly from 0.0293 and 0.0279 for MGs with different struc- 

ure states to 0.0034 for the oxidized sample. Accordingly, it’s con- 

luded that the anti-wear properties of Zr-based MG could be en- 

anced when annealed in both argon and oxygen atmospheres. 

articularly, the friction coefficient and wear volume of OX sam- 

le decrease tremendously, indicating that oxidation plays a more 

ignificant role in the wear reduction of MGs than structure relax- 

tion. 

. Discussion 

Based on the above results, the oxidized Zr-based MG exhibits 

he superior anti-wear (the wear loss reduced by 80%) and anti- 

riction (the friction coefficient reduced by 88%) performance. Ob- 

iously, the lubrication effect and friction reduction induced by ox- 

dation are more significant in nano-wear tests than that in macro- 

copic wear tests [17–19] . This is related to the fact that the in-

rinsic friction properties of surface oxidized layer can only be ex- 

lored via AFM due to its nano-scale contact region. However, in 

acroscopic wear tests, the effect of structure relaxation on fric- 

ion behavior cannot be excluded and the thin oxidized layer only 

as a limited contribution to enhance the wear resistance of MGs. 

onsequently, the effective wear resistance of oxidized Zr-based 

G surface may provide a guidance for the development of mi- 

rodevices. 

Generally, the analysis of oxidation on macroscopic wear mech- 

nism mainly focuses on the crystalline phases and the mechanical 

roperties of oxide layer [17–21] , while the nano-wear tests render 

he wear mechanism to be revealed from the perspective of shear- 

ng and ploughing friction due to its single-asperity contact advan- 

age. The shearing component is intimately related to the interfa- 

ial adhesion and the ploughing component is a function of the 

echanical response of contact surface. Although a single-asperity 

ontact in nano-wear test may be insufficient to reflect the gen- 

ral macroscopic wear, it clarifies the mechanical interaction be- 

ween two contacting surfaces, thus providing the insight of po- 

ential deformation mechanisms which are helpful to explain the 

acroscopic tribology phenomenon. Therefore, the distinct effects 

f structure relaxation and oxidation on wear performance are dis- 

ussed from adhesion and ploughing aspects separately as follows. 

.1. Adhesion effect 

Fig. 10 shows the spatial distribution of adhesion force between 

he diamond tip and the three MGs via AFM indentation. In a typ- 

cal indentation test, the diamond AFM tip with a maximum load 

f 500 nN approaches to the sample surface at a constant rate of 

00 nm/s and then retracts at the same rate. The force curves are 

ecorded synchronously [55] . Thus, the separation point and adhe- 

ion force between the tip and sample surface are characterized 

rom force curves exemplified in Fig. 10 a. The adhesion forces of 

00 points distributed over an area of 2 × 2 μm 

2 are statistically 

nalyzed and the characteristic values are obtained as shown in 

ig. 10 b −d . It is noted that the mean adhesion force increases from

he AC sample (20.8 nN) to the RE sample (27.1 nN) but reduces 

rastically for the OX sample (5.9 nN), showing a similar trend 

ith the theoretical predictions. 
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Fig. 8. The images of friction signal and the variation of friction force (with the normal force stepping up) for different samples: (a, d) AC, (b, e) RE and (c, f) OX. 

Fig. 9. The friction force as a function of the normal force for different samples: (a) AC, (b) RE, (c) OX. (d) The friction coefficients of shearing and ploughing for different 

kinds of samples. 
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In order to reveal the adhesion mechanism, MD simulation was 

dopted to shed light on the interface interaction. We calculated 

he energy variation with the separation of two surfaces d for 

hree interfaces as shown in Fig. 11 a −c . The reference energy is

he total energy of the two fully separated slabs. Hence, a positive 

hange in energy suggests that the two surfaces are mutually ex- 

lusive, and a negative value suggests that the tip is attracted to 

he sample surface with the decreasing interface spacing [56] . The 

esult in Fig. 11 d indicates that the interaction between the dia- 
8 
ond and the RE surface is slightly enhanced in comparison with 

hat for the AC surface. Therefore, we can conclude that the struc- 

ure relaxation can somehow strengthen the affinity between the 

iamond and the MG surface. As the composition is the same for 

oth samples, the difference of adhesion should rely on the varia- 

ion of structural states. The less free volumes in RE can result in 

 decreased average atomic volume and an increased atomic pack- 

ng density, which increases the number of interfacial bonding be- 

ween the diamond and MG surfaces. This may account for the mi- 
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Fig. 10. The adhesion force between the diamond tip and different surface states via AFM indentation. (a) Adhesion measurement and the exemplified force curve. Distribu- 

tions of the adhesion force for different samples: (b) AC, (c) RE and (d) OX. 

Fig. 11. The three different interface models for (a) AC, (b) RE and (c) OX samples. (d) Plot of the normalized energy versus the interfacial distance for different interfaces. 

n

O

t

w

t

c

i

s

t

i

n

p

i

s  

v

t

i

m

m

h

f

o

f

s

t

m

e

(

F  

l

or increase of interface adhesion in the RE sample. Although the 

X sample possesses a much higher atomic packing density due 

o the permeation of a large number of small oxygen atoms along 

ith the structure relaxation, it shows a notably lower affinity with 

he diamond surface. This contradiction can be explained by the 

hange of surface chemical states due to the composition variation 

n the oxide layer. 

Since the L -J atom potentials cannot well capture electron 

tructures and the atomic bonding nature in the complex composi- 

ions of oxidized samples, we further calculated the interface bind- 

ng energies using the ab initio method although our models can- 

ot fully represent complex arrangements of atoms in the amor- 

hous due to the limited simulation size (Fig. S1). The obtained 

nterface binding energies E b 
inter face 

between diamond and different 

amples are given in Fig. 12 . Although there is a fluctuation of the

alue E b 
inter face 

for each type of interfaces as their atom configura- 
9 
ions are distinct, the averaged E b 
inter face 

of diamond/OX ( −3.84 J/m 

2 ) 

s obviously larger than that of diamond/RE ( −4.90 J/m 

2 ), which 

ay be attributed to the weakening bonds between diamond and 

etallic elements after the introduction of O atoms. Generally, a 

igher binding energy indicates a weaker interaction at the inter- 

ace [56] . Here, the higher binding energy indicates that oxidation 

f MG reduces its ability to adhere C atoms, therefore reducing the 

riction. 

In order to understand the effect of introduced O on the adhe- 

ion mechanism of diamond/MG interface, we calculated the par- 

ial density of state (PDOS) around the Fermi level of the dia- 

ond/RE and diamond/OX interfaces. As shown in Fig. 13 a, the 

lectron states are mainly from C and Zr atoms, while other atoms 

Cu, Ni and Al) have the lower density of electron states. In 

ig. 13 c, the PDOS of C atoms is enclosed by the PDOS of metal-

ic atoms around the Fermi level (0 eV), which indicates that there 
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Fig. 12. The interface binding energies E b 
inter face 

for diamond/RE and diamond/OX. 
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s a strong interaction between C atoms and metallic atoms at 

he interface. The obvious orbital hybridization indicates that the 

nteraction between C atoms and metallic atoms mostly has co- 

alent characteristics. This high interaction between C atoms and 

etallic atoms might be attributed to the fact that the pristine 

iamond surface has one dangling bond that can hybridize with 

he vacant orbitals from metallic atoms to form interface bond- 

ng [57] . Besides, the carbide forming metallic elements (e.g., Zr) 

re also found to have a strong adhesion on diamond [58] . On the

ther hand, the introduction of O results in quite different modifi- 

ation on the electronic structure and interface interaction of MG. 

s shown in Fig. 13 b, the PDOS of O atoms changes at the energy

anging around −22 ∼−18 eV and −8 ∼−2 eV, which is correspond- 

ng to the s and p states of O atoms, respectively. In addition, the 

eaks of Zr atoms show multiple coupling with those of O within 

hese energy ranges of −22 ∼−18 eV and −8 ∼−2 eV, introducing 

trong interactions between Zr-O. Besides, the free electrons in the 

alence shell of metallic atoms are easily transferred to O due to 

ts larger electronegativity (compared with C) and the MG is pas- 

ivated by O. This means that the presence of O hinders the metal 
Fig. 13. The partial density of state (PDOS) of (a, c) th

10 
rom forming additional bonding with diamond because no extra 

lectrons are available on the surface. This is reflected by the dra- 

atic decrease of PDOS of metallic atoms at the interface, together 

ith a small overlap area of electronic states between C and MG 

n Fig. 13 d when compared with Fig. 13 c. As a result, the interac-

ion between C and MG is significantly reduced, and the diamond 

n the oxygenated MG shows weakened adhesion strength, being 

onsistent with the experimental results ( Fig. 10 ). 

.2. Ploughing effect 

The ploughing during wear mainly derives from the resistance 

o plastic deformation. Considering a same flow stress in both lat- 

ral and normal directions, the ploughing coefficient μ2 is then de- 

ermined by an area ratio of A l / A n , where A l and A n are the con-

acted area between the tip and surface in the two directions. In 

ddition, elastic recovery of the surface at the rear part of tip can 

ncrease the contacted area A n at the normal direction, therefore 

educing the ploughing coefficient. Lafaye et al. [59] obtained an 

quation for the ploughing coefficient as: 

2 = 

2 

a 2 
· β2 · sin 

−1 
( a cos w/β) −

√ 

R 

2 − a 2 · a cos w 

π + 2 w + sin 2 w 

(5) 

Here a = 

√ 

2 hR − h 2 is the contact radius, R is the radius of the 

ip and h is the penetration depth. Accounting for the elastic recov- 

ry, w = sin 

−1 
√ 

2 H(R − h ) /a E r is the rear angle. H and E r are the 

ardness and reduced modulus of the sample, β = 

√ 

R 2 − a 2 sin 

2 w 

s considered as a fictive radius of the tip. 

Based on Eq. (5) , it is noted that a shallower penetration depth 

 generally leads to a lower μ2 [60] . For the RE sample with struc- 

ure relaxation, which has lower free volumes and higher hardness 

han the AC sample, the penetration depth during wear should be 

hallower at a fixed normal force, thus leading to a lower μ2 . On 

he other hand, a higher rear angle w (or more elastic recovery) 

lso results in a lower μ2 . Since the OX sample is much harder 

nd has the largest elastic recovery among the three samples, it is 

xpected to have a remarkable reduction in the ploughing coeffi- 

ient. 

Fig. 14 schematically illustrates the wear mechanisms associ- 

ted with structure relaxation and oxidation. As shown in Fig. 14 a, 
e diamond/RE and (b, d) diamond/OX interfaces. 
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Fig. 14. Schematic diagram of wear mechanisms in different samples: (a) AC, (b) RE and (c) OX. 
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he as-cast MG possesses abundant free volumes, which exhibits a 

ower atomic density and results in less bonding between the sur- 

ace and C atoms. Additionally, the lower hardness and elastic re- 

overy ability are more prone to induce plastic flow, leading to the 

oor wear resistance of AC sample. Fig. 14 b reveals the wear mech- 

nism of the RE sample with structure relaxation after annealing 

n argon. Compared with the AC sample, the thermal treatment 

enders a significant decrease of free volumes and an increase of 

tomic packing density. Accordingly, the elastic recovery ability is 

nhanced (i.e., the elastic region l 2 < l 1 ( Fig. 6 )), leading to an im-

roved tribological performance for the RE sample (i.e., the wear 

epth h 2 < h 1 ( Fig. 5 )), although it has a larger interfacial adhe-

ion for the more interatomic bonding. For the OX sample annealed 

n oxygen, the penetration of oxygen atoms increases the atomic 

ensity in the MG and forms a dense amorphous oxidized layer, 

s shown in Fig. 14 c. Although the number of interfacial bonds 

hould increase in the OX sample, the passivation of MG surface 

y O atoms reduces significantly the interface interaction. The ex- 

ellent wear resistance is hence obtained ( h 3 < h 2 < h 1 ) due to its

iny adhesion, highest hardness and strongest elastic recovery ( l 3 
 l 2 > l 1 ). 

. Conclusions 

In this paper, the effect of structure and oxidation on the 

r 63.6 Cu 18 Ni 10.4 Al 8 MG was systematically investigated through 

ano-wear tests. The wear resistance and friction mechanism of 

nnealed samples in both argon and oxygen atmospheres were 

nalyzed. Compared with the as-cast sample, a larger shear- 

ng/adhesive friction for the relaxed MG is derived, whereas, the 

remendous reduction of adhesion in the oxidized MG indicates 

hat the introduced O atoms weaken the interaction between 

etallic atoms and diamond tip. Besides, the reduction of plough- 

ng coefficient is found for MGs after annealing in both argon 

nd oxygen atmospheres, which is mainly attributed to the in- 

reased hardness and the stronger elastic recovery ability. Conse- 

uently, due to the synergetic chemical modification and mechani- 
11 
al strengthen by O atoms, the oxidized MG exhibits the most dis- 

inguished tribological performance, which establishes the superior 

ole of oxidation over structure relaxation during wear. These find- 

ngs verified the contributions of structural alteration and oxida- 

ion behavior played in sliding tests, which may fill the gap be- 

ween the microscopic friction mechanism and macroscopic wear 

s well as guide to design the wear-resistant MGs. 
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