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Abstract 

Lowering the high coefficient of friction (COF) of metals under dry sliding is 

technically challenging owing to the sliding-induced plastic deformation underneath 

the wear surface and surface roughening. The development of novel low-friction and 

even self-lubrication metals is crucial in engineering applications. In the present work, 

dry-sliding behaviors of the Pd- and Zr-based bulk-metallic glasses (BMGs) were 

investigated. Unexpectedly, the Pd-based BMG exhibits the 2-fold smaller COF and 

100-fold lower wear rate than those of the Zr-based BMG, although the Pd-based 

BMG shows the smaller hardness and fracture toughness. The unprecedented stable 

low COF of 0.32 for the Pd-based BMG stems from the formation of an 
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amorphous/ultrafine nanocrystalline structure layer on the wear-scar surface. The 

frictional heat generated during the friction process causes the in-situ 

nanocrystallization in the subsurface of the worn scar, which increases the hardness 

and yield strength of the nanostructured layer. The self-lubrication effect is attributed 

to the effective suppression of the sliding-induced plastic deformation and surface 

roughening, owing to the highly stable amorphous/nanostructure layer that can inhibit 

the strain localization under contact loading during repeated dry sliding. The thermal- 

activation wear protection strategy offers a pathway for designing ultra-wear resistant 

BMGs. 
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1. Introduction 

Generally, the frictional coefficients of metallic materials under dry-sliding 

conditions are relatively high (in the range of 0.6 to 1.2) [1]. During the dry-friction 

process, the inhomogeneous plastic deformation occurs below the contact surface of 

metallic materials, which leads to the roughening of the alloy surface and the 

falling-off of the friction layer, resulting in the relatively high frictional coefficient [2]. 

Reducing the grain size of metallic materials to a nanoscale or even amorphous phase 

significantly enhances their hardness, but the steady-state frictional coefficient of 

metallic materials remains almost unchanged [2-6]. As one of the main causes for the 

failure of metallic materials, frictional wear seriously affects the reliability and 

longevity of mechanical components and leads to huge economic losses. Therefore, 

the development of novel low-friction and even self-lubrication metallic materials has 

brought about the widespread attention for scientific researchers over the past 

decades. 

During the sliding process, complex physical and chemical reactions occur on 

the alloy surface, resulting in the composition redistribution and plastic deformation 

of the wear surface and subsurface, which leads to the formation of a friction layer 

exhibiting different microstructures and properties from the base material [7-14]. It 

has been proved that the friction layer is controlled by both friction-working 

conditions (external factors) and material microstructures (internal factors) and plays 

an important role in the wear behaviors of metallic materials [3-17]. Under certain 

friction-working conditions and material microstructures, metallic materials can form 
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a protective layer on the contact surface, which reduces the frictional coefficient and 

wear rate, that is, the self-lubrication effect [15-17]. According to the reported studies, 

friction-layer structures that have a beneficial effect on the self-lubricating behavior 

mainly include: ultrafine nanocrystalline structures [3-5,9-11], gradient- 

nanocrystalline structures, amorphization of nanocrystalline phases, nano-oxide 

particles, amorphous and ultrafine nanocrystalline structures, as described below. 

(1) Ultrafine nanocrystalline structures (with a crystalline size of less than 10 

nm). For instance, owing to the improved surface hardness, nanocrystalline pure Ni 

and Ni-20Fe alloys exhibit low friction coefficients of 0.2 - 0.35 under low-speed and 

applied normal-load conditions [7,8]. However, the formation of ultrafine 

nanocrystalline structures does not necessarily correspond to a low frictional 

coefficient. Whether the ultrafine nanocrystalline friction layer can reduce the 

frictional coefficient or not mainly depends on the structural stability of the friction 

layer under a specific friction load and speed. Due to the limited plastic-deformation 

ability of the nanocrystalline friction layer for nanocrystalline Ni [7], Ti [3], Al [4], 

and Cu [5] metals and their alloys [9-11], surface roughening and the formation of 

brittle friction layers take place under high-speed and high-load friction conditions, 

and thus, the friction coefficients are as high as 0.6 - 0.8. 

(2) Gradient-nanocrystalline structure. The surface-gradient nanostructure has 

been fabricated by the surface-mechanical-attrition treatment (SMAT) or 

surface-mechanical-grinding treatment (SMGT) [18]. The external-loading results in 

strong plastic deformation on the surfaces of alloys, and the grain sizes of alloys 
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increase from the nanoscale to coarse-grain scale with the increase in the depth from 

the surface. Therefore, the strengths of gradient-nanostructure materials decrease in a 

gradient from the surface to the inside. The gradient structure can effectively inhibit 

the strain localization of the material under contact load, so as to avoid or delay the 

formation of cracks on the material surface during deformation [18-21]. For instance, 

under the 50-N load condition, the dry-friction coefficient of the Cu-Ag alloy 

decreased from 0.64 for the coarse-crystalline samples to 0.29 for the 

gradient-nanostructure samples, and the wear rate of the alloy decreased by an order 

of magnitude [3]. However, controversial results were found for the 304L stainless 

steel [22] and 718 alloy [23] under dry-friction conditions. The formation of the 

gradient-nanocrystalline-structure layer could not improve the wear resistance. 

(3) Amorphization of the nanocrystalline phase. The amorphization of the 

nanocrystalline structures in the friction layer is conducive to the formation of a 

self-lubricating layer. For instance, martensitic and pearlitic steels exhibit a lamellar 

structure with a large number of interfaces and dislocations. The friction stress leads 

to the severe plastic deformation in the friction layer, which results in the decreases in 

the pearlitic interval spacing and the formation of a ferrite-cementite nano-lamellar 

structure. Meanwhile, the ferrite-cementite interface is amorphized, forming a 

self-lubricating layer, which is composed of nano-oxide particles and amorphous 

structures. Therefore, the frictional coefficients of the martensitic and pearlitic steels 

are significantly reduced [15,16]. Previous studies have dynamically observed the 

formation of amorphous debris during sliding by in-situ transmission electron 
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microscopy (TEM). The results confirmed that amorphization can effectively reduce 

the friction and wear [24]. The molecular dynamics (MD) simulation and atomic force 

microscopy (AFM) results also verified that amorphization in the friction layer 

contributes to the formation of nanoscale friction [25]. However, the content of the 

amorphous phase in the friction layer is difficult to control by the friction. So far, the 

effect of amorphization on self-lubrication has not yet been systematically studied. 

(4) Nano-oxide particles. Under a dry-friction condition, the frictional heat 

results in the chemical reaction and formation of nano-oxides in the friction layer of 

metallic materials. Therefore, the nano-oxide particles form a protective layer on the 

contact surface, which reduces the frictional coefficient and wear rate of samples. 

However, the protection effect of the nano-oxide layer is correlated with the type and 

size of oxide particles [26-28]. For instance, introducing third-body particles, such as 

Fe2O3, SnO2, CuO, and Bi2O3 etc., on the dry-friction-contact surface of steel can 

generate self-lubricating effect, whereas the addition of Al2O3, Mn2O3, ZnO, SiO2, 

and TiO2 do not show beneficial effects on self-lubrication. Moreover, the Fe2O3 

particles with a scale of 30 nm are prone to form a self-lubricating protective layer 

than those with a scale of 300 nm [28]. 

(5) Amorphous and ultrafine nanocrystalline structures. Nanocrystals in the 

amorphous matrix can promote the generation of multiple shear bands, and the 

branching and blocking of shear bands, which can effectively improve the plasticity 

and toughness of metallic glasses. The toughening effect can be found in the 

deformation process of various bulk-metallic glass (BMG) systems [29-32]. The 
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suitable combination of the amorphous and nanocrystalline phases gives rise to the 

higher strength and plasticity for amorphous/nanocrystalline composites. It has been 

reported that a transition layer from the amorphous to coarse crystalline phase was 

formed on the surface of Zr-based BMGs after the laser-surface treatment. The 

frictional coefficient of the amorphous and nanocrystalline transition layer is 

significantly lower than that of pure amorphous or coarse crystalline zones [33]. 

Nevertheless, the lubrication mechanism of the amorphous and nanocrystalline 

composite structure is not yet clear. 

In this paper, the dry-wear behaviors of the Pd- and Zr-based BMGs were 

investigated. It was found that although the Pd-based BMG exhibited lower hardness 

and fracture toughness than those of the Zr-based BMG, the Pd-based BMG showed 

the self-lubrication effect and displayed a smaller frictional coefficient and a 100-fold 

lower wear rate than those of the Zr-based BMG. We characterized the 

microstructures of the worn surface, subsurface, and matrix. It was discovered that 

in-situ nanocrystalliization occurred in the subsurface of the worn scar during dry 

sliding. The formation of the amorphous and nanocrystalline composite structure 

significantly reduced the dry-sliding frictional coefficient, and the wear resistance of 

the Pd-based BMG was remarkably enhanced. Furthermore, the surface 

nanocrystallization and self-lubrication mechanism of the Pd-based BMGs were 

discussed. The findings in the present work offers a novel strategy for designing 

self-lubricating and ultra-wear resistant alloys. 
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2. Experimental 

Master alloys with nominal compositions (in atomic percent) of the 

Pd40Cu30Ni10P20 and Zr55Al10Ni5Cu30 were prepared. The Pd40Cu30Ni10P20 

(abbreviated as the Pd-based BMG) was made by the high-frequency induction 

melting of pure metal components in a quartz under a high-purity argon atmosphere. 

The Zr55Al10Ni5Cu30 (abbreviated as the Zr-based BMG) was fabricated by 

arc-melting the mixtures of pure metals in a water-cooled copper crucible under a 

Ti-gettered high-purity argon atmosphere. The alloy ingots were re-melted at least 

four times to ensure chemical homogeneity. 

Cylindrical rods (Φ2 × 50 mm3) for notch-toughness tests and plates (2 × 10 × 50 

mm3) for hardness and wear experiments were prepared by injection copper-mold 

casting. Rectangular BMG plates were machined to a size of 1.8 × 10 × 10 mm3. The 

surfaces of alloy samples were polished, using the 2,000-grit silicon-carbide grinding 

paper, and then polished with a 1.0 - 2.5 m diamond paste.  

The notch toughness of the Pd- and Zr-based BMGs was examined by a 

three-point-bending (3-PB) test with a span of 20 mm. The notch with a depth of 

about 1 mm and root radius of about 200 μm was cut by a slow diamond saw. 

Microhardness experiments were performed, using a Vickers microhardness tester 

(THVP-10), employing a load of 300 gf with a dwell time of 10 s. At least five 

indents were conducted on the BMGs to ensure the statistical reliability of the data.  

Ball-on-disk reciprocating-sliding experiments were conducted on the surfaces of 

BMGs with a 3-mm radius Si3N4 ball as the coupled pair material. The applied normal 
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load was 40 N, the reciprocating-sliding speed was 2 m/min., and the sliding time is 

30 min. The wear rate (W) was determined, based on the changes in mass (Δm) before 

and after each test, which can be expressed as: 

W = Δm/(S·P·ρ) = ΔV/(S·P)                       (1) 

where ΔV is the wear volume loss, S is the sliding distance, and P is the applied 

normal load. The weight change of the specimen before and after each test (Δm) was 

determined, using a balance with an accuracy of ± 0.0001 g. 

The unidirectional-scratching experiments were conducted by a MST2 

micro-scratch tester. The diamond indenter was a spherical Rockwell one with a tip of 

100 μm in radius. Scratches were made with a constant normal load of 10 N, a scratch 

length of 0.3 mm, and a scratch speed of 0.3 mm/min. After scratching, a GT-X 

optical interferometer was used to determine the wear volume loss of samples.  

The topography and chemical composition of the worn surfaces and wear debris 

of samples after both reciprocating-sliding and unidirectional-scratching experiments 

were examined by scanning electron microscopy (SEM) equipped with the 

energy-dispersive X-ray spectrometry (EDS). The surface roughness of the worn 

surfaces was determined by an AFM. 

The cross-sectional foil of the worn-scar region in the reciprocating-sliding and 

unidirectional-scratching experiments was prepared by the focused ion beam (FIB) 

lift-out technique along the depth direction. The cross-sectional microstructural 

characterization underneath the friction worn surface was performed, using a JEOL 

2010 TEM. 
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The Pd-based BMG samples were annealed at the temperatures from 590 K to 

620 K for 10 min. in a vacuum heat-treatment furnace to obtain the glassy/crystalline 

composite structure. After that, the structures of the annealed Pd-based BMGs were 

examined by the X-ray diffraction (XRD) and TEM techniques. Furthermore, the 

microhardness test was performed on the annealed BMG samples. 

3. Results 

3.1 Reciprocating sliding behaviors 

Figure 1(a) shows the coefficients of friction (COFs) for various BMGs as a 

function of the sliding time under the reciprocating friction condition. It is seen that 

the steady-state COFs of the Mg-, Zr-, Ti-, and Fe-based BMGs are 0.67, 0.76, 0.54, 

and 0.75, respectively. Moreover, their fluctuation amplitude of COFs is about 0.1 

during reciprocating sliding. The steady-state COF of the Pd-based BMG is about 

0.32 with a fluctuation amplitude of about 0.02. Therefore, the COF and its 

fluctuation amplitude of the Pd-based BMG are much smaller than those of the other 

BMG systems, which indicates that the Pd-based BMG exhibits a good lubrication 

effect under a dry-sliding condition.  

Figure 1(b) plots the wear rates of various BMGs as a function of their 

microhardness under the reciprocating friction condition. The wear rates of the Mg-, 

Zr-, Ti-, Fe-, and Pd-based BMGs are 4.20 × 10-7 mm3·mm-1·N-1, 1.70 × 10-7 

mm3·mm-1·N-1, 7.60 × 10-8 mm3·mm-1·N-1, 2.11 × 10-8 mm3·mm-1·N-1, and 1.70 × 10-9 

mm3·mm-1·N-1, respectively. The microhardness of the Mg-, Zr-, Ti-, Fe-, and 

Pd-based BMGs are 245 Hv, 510 Hv, 750 Hv, 1,225 Hv, and 500 Hv, respectively. 
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Generally, the wear rate of the BMGs decreases with the increase in hardness. It is 

worth noting that although the microhardness of the Pd-based BMG is merely 

equivalent to that of the Zr-based BMG, the wear rate of the Pd-based BMG is about 

two orders of magnitude lower than that of the Zr-based BMG, and even lower than 

that of the Fe-based BMG with ultra-high hardness [as seen in the inset of Fig. 1(b)]. 

The above results further demonstrate that the Pd-based BMG has good 

friction-lubrication performance under the reciprocating dry-friction condition. In 

order to facilitate the comparison, we choose the Zr-based BMG as the reference 

sample in the following investigations. 
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Fig. 1(a) Coefficients of friction for various BMGs as a function of sliding time under the 

reciprocating-friction condition. Fig. 1(b) Wear rates of various BMGs as a function of their 

microhardness under the reciprocating-friction condition. Inset illustrates the detailed wear 

performances of Pd- and Fe-based BMGs. 

Figures 2(a) and (c) exhibit the SEM images of the wear-scar morphologies for 

the Pd- and Zr-based BMGs after the reciprocating-sliding experiment. Both worn 

scars of the Pd- and Zr-based BMGs display plough grooves parallel to the friction 

direction, indicating the abrasive wear mechanism under reciprocating sliding. As can 

be seen from Fig. 2(a), the worn scar of the Pd-based BMG has narrow and shallow 

grooves with a width of less than 1 m. On the contrary, there are wider and deeper 

plough grooves (more than 10 m) on the worn surface of the Zr-based BMG, as seen 

in Fig. 2(c). Moreover, some debris are rolled off and adhered to the surface of the 

wear trace for the Zr-based BMG. Figures 2(b) and (d) show the AFM images of the 

wear-scar morphologies for the Pd- and Zr-based BMGs after the 
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reciprocating-sliding experiment. The surface roughness on the surface of the 

Pd-based BMG is 13 nm, while that of the Zr-based BMG is 34 nm. Thus, it is 

concluded that the higher wear rate corresponds to the larger surface roughness of 

wear scars for the two BMGs. 

 

Figs. 2 [(a), (c)] SEM and [(b), (d)] AFM images of the wear-scar morphologies for the Pd- 

and Zr-based BMGs after the reciprocating-sliding experiment. 

Figure 3 illustrates the SEM images of the wear-debris morphology for the [(a), 

(b)] Pd- and [(c), (d)] Zr-based BMGs after the reciprocating friction. Figures 3(a) and 

3(c) show that the irregular flake-like debris is formed for the two BMGs after sliding. 

The size of the wear debris of the Pd-based BMG is less than 20 m, while that of the 

Zr-based BMG is about hundreds of m. As seen in Figs. 3(b) and 3(d), ultrafine 

particles are dispersed on the wear debris surface of the Pd-based BMG, while distinct 

plastic deformation can be observed on the wear-debris surface of the Zr-based BMG. 
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Fig. 3 SEM images of the wear-debris morphology for the [(a), (b)] Pd- and [(c), (d)] 

Zr-based BMGs after the reciprocating friction. 

Figure 4 presents the cross-sectional SEM images of the wear scar for the Pd- 

and Zr-based BMGs after the reciprocating friction. Figures 4(a) and 4(b) show that 

the wear scar of the Pd-based BMG is relatively flat without obvious surface peeling 

layers. There is a shear-plastic deformation layer with a thickness of about 50 m 

below the worn scar surface. As seen from Figs. 4(c) and 4(d), the wear scar of the 

Zr-based BMG is rather rough, and there is an obvious surface-peeling layer on the 

wear-scar surface and a severe plastic deformation layer with a thickness of about 200 

m below the worn scar surface. The density of shear bands in the plastic deformation 

layer of the Zr-based BMG is significantly higher than that of the Pd-based BMG. 
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Fig. 4 The cross-sectional SEM images of the wear scar for the [(a), (b)] Pd- and [(c), (d)] 

Zr-based BMGs after the reciprocating friction. 

In recent years, great efforts have been devoted to exploring the relationship 

between the physical properties and wear resistance of materials [34-37]. It has been 

reported that the wear behavior is controlled by both the hardness and fracture 

toughness of materials. According to the classical-wear theory, high hardness of a 

material may reduce the plastic deformation on the surface, and thus, prevent the 

formation of microcracks [34,35]. Also, large fracture toughness can improve the 

resistance to the propagation of microcracks, and hence, mitigate the generation of 

wear debris [36,37]. 

Figure 5(a) shows the hardness and fracture toughness of the Pd- and Zr-based 

BMGs. The hardness of the Pd-based BMG (500 Hv) is almost approaching that of 

the Zr-based BMG (510 Hv). However, the Pd-based BMG exhibits a fracture 

toughness of 30.98 MPa m1/2, which is much less than that of 55.86 MPa m1/2 of the 
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Zr-based BMG. Figures 5(b) and 5(c) display the SEM images of fracture surfaces for 

notch-toughness tests on the Pd- and Zr-based BMGs, respectively. Some smooth 

fracture patterns can be observed on the Pd-based in Fig. 5(b), indicating a low 

toughness. In contrast, the dense vein patterns distributed on the fracture surface of 

the Zr-based BMG suggests its high toughness, as seen in Fig. 5(c). It is well-known 

that hardness and fracture toughness are two important factors affecting the wear 

resistance of materials. According to the previously reported empirical formula of 

wear resistance [34,38,39], the wear rate of the Pd-based BMG was expected to be 

larger than that of the Zr-based BMG, owing to the lower hardness and fracture 

toughness of the Pd-based BMG. Surprisingly, in the present study, the 

reciprocating-sliding wear rate of the Pd-based BMG is two orders of magnitude 

lower than that of the Zr-based BMG, which indicates the extremely high wear 

resistance of the Pd-based BMG. 
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Figs. 5(a) The hardness and fracture toughness of the Pd- and Zr-based BMGs. The SEM 

images of fracture surfaces for the notch-toughness test on the (b) Pd- and (c) Zr-based 

BMGs.  

Besides the hardness and fracture toughness, the microstructures of materials 

also played an important influence on the wear resistance [7-17]. To further study why 

the Pd-based BMG exhibits the self-lubrication effect and super-high wear resistance 

under a reciprocating-friction condition, the microstructures of the subsurface layers 

in wear scars for the two alloys were analyzed. Figure 6 displays the cross-sectional 

TEM images on the subsurface of the wear scar for the Pd-based BMG after the 

reciprocating-sliding test. Figure 6(a) demonstrates that there is a friction layer with a 

thickness of about 100 nm on the subsurface of the wear scar for the Pd-based BMG. 

The selected area electron diffraction (SAED) pattern in the inset indicates the 

amorphous structure of the matrix region below the friction layer. Figure 6(b) shows 

that the friction layer on the worn surface of the Pd-based BMG exhibits a 

nanocrystalline structure with severe plastic deformation. The SAED pattern in the 

inset of Fig. 6(b) further verifies the formation of the nanocrystalline Cu3Pd phase in 

the friction layer. Figures 6(c) and 6(d) illustrate the high-resolution TEM images of 

the friction layer for the Pd-based BMG. The Cu3Pd nanocrystals below 10 nm in size 

are distributed in the amorphous matrix of the friction layer. There are several studies 

reported that the Cu3Pd phase formed during the crystallization of the Pd40Cu30Ni10P20 

metallic glass [40-42]. 
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Figs. 6(a) The cross-sectional TEM images in the subsurface of the wear scar for the 

Pd-based BMG after the reciprocating-sliding test. (b) The enlarged view of the friction 

layer on the subsurface of the wear scar. (c) The TEM image showing the nanocrystalline 

structure on the amorphous matrix. (d) The high-resolution TEM image of the Cu3Pd 

nanocrystalline phase.  

Figure 7 presents the cross-sectional TEM image of the subsurface of the wear 

scar for the Zr-based BMG after the reciprocating-sliding test. It is indicated from 

Figs. 7(a) and 7(b) that there is no nanocrystallization occuring on the subsurface of 

the wear scar for the Zr-based BMG during sliding. The SAED pattern in the inset of 

Fig. 7(a) confirms that the subsurface of the worn scar is amorphous. The 

high-resolution TEM images in Figs. 7(c) and 7(d) also demonstrate that no 

nanocrystalline phase can be observed on the subsurface of the Zr-based BMG. 
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Figs. 7(a) The cross-sectional TEM image of the subsurface of the wear scar for the Zr-based 

BMG after the reciprocating-sliding test. (b) The enlarged view of the subsurface of the wear 

scar. (c-d) The high-resolution TEM image showing the fully amorphous structure on the 

subsurface of the wear scar.  

3.2 Unidirectional scratching behaviors 

Figure 8(a) exhibits the schematic diagram of the unidirectional scratching 

experiment conducted on the glassy-alloy surface. A constant normal load of 10 N is 

applied on the diamond indenter, which is pressed into the glassy-alloy surface. Then, 

the scratch experiment is conducted on the surface of the glassy alloy at a certain 

linear velocity and leaves a scratch on the alloy surface. Figure 8(b) shows the wear 

rates of the Pd- and Zr-based BMGs under the unidirectional-scratching condition. 

The inset illustrates the variation of frictional coefficients with the scratching 

distances of the Pd- and Zr-based BMGs. The wear rate of the Pd-based BMG under 

the unidirectional-scratching condition is 8.93 × 10-5 mm3·mm-1·N-1, which is much 

larger than that of 2.23 × 10-5 mm3·mm-1·N-1 for the Zr-based BMG.  
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Fig. 8 (a) The schematic diagram of the unidirectional scratching experiment conducted on 

the glassy-alloy surface. (b) The wear rate of the Pd- and Zr-based BMGs under the 

unidirectional-scratching condition. The inset of Fig. 8(b) is the variation of frictional 

coefficients with the scratching distances of the two BMGs. 

The frictional coefficients of the Pd- and Zr-based BMGs increase rapidly from 0 

to about 0.37, as presented in the insets of Fig. 8(b). As the scratching experiment 

goes, the frictional coefficients of the Pd-based BMG fluctuate around 0.35. The 
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frictional coefficients of the Zr-based BMG vary around 0.28 and then decrease 

slightly. The fluctuation amplitude of the Zr-based BMG under the 

unidirectional-scratching condition is much smaller than that of the Pd-based BMG. 

The above results show that the wear resistance of the Pd-based BMG is inferior to 

that of the Zr-based BMG under unidirectional scraping, which is significantly 

different from the reciprocating-sliding behavior of the two alloys. 

Figure 9 shows the SEM images of the wear-scar morphologies for the Pd- and 

Zr-based BMGs after the unidirectional-scratching measurement. Figures 9(a-c) and 

9(d-e) are the SEM images of the wear scar for the Pd- and Zr-based BMGs, 

respectively. It can be seen from Fig. 9(a) that severe plastic deformation occurs at the 

edge of the wear scar for the Pd-based BMG after the indentation by the 

diamond-coupled part. With the unidirectional scratch of the diamond indenter, the 

shear force under the contact surface increases, which leads to the much serious 

plastic deformation on the alloy surface. Consequently, the microcracks occur and 

propagate, which gradually tear the thin deformation layer on the alloy surface into 

fragments, as illustrated in Fig. 9(b). Figure 10(c) displays that the wear debris 

undergoes an intense plastic deformation by the rolling of the couple-paired diamond 

indenter. It is noted that some of the wear debris are adhered to the tail of the worn 

scar in a "fish scale" like shape.  

Figures 9(d) and 9(e) also show that severe plastic deformation occurs in the 

wear scar of the Zr-based BMG, and some debris adheres to the tail of the wear scar 

after unidirectional scratching. However, Fig. 9(f) demonstrates that various shear 
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bands produced by intense plastic deformation are distributed along the wear scar 

edges of the Zr-based BMG. No obvious cracks and torn debris can be found on the 

surface of the worn scar. This trend is mainly because the Zr-Al-Ni-Cu BMG exhibits 

superior fracture toughness to that of the Pd-Cu-Ni-P BMG, as presented in Fig. 5, 

which guarantees the Zr-based BMG greater capacity to resist crack propagation 

[34-38].  
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Fig. 9 SEM images of the wear-scar morphologies for the Pd- and Zr-based BMGs after the 

unidirectional-scratching measurement. (a) The overall wear-scar morphology for the 

Pd-based BMG. (b-c) The enlarged views of the wear scar in the square regions of b and c in 

Fig. 9(a). (d) The overall wear-scar morphology for the Zr-based BMG. (e) The enlarged 

view of the wear scar in the square region of e in Fig. 9(d). (f) The enlarged view of the wear 

scar in the rectangle region of ???? Fig. 9(e). 

Figure 10(a) exhibits the cross-sectional TEM image on the subsurface of the 

wear scar for the Pd-based BMG after unidirectional scratching. No 

nanocrystallization can be observed on the subsurface of the worn scar. The SAED 

pattern in the inset shows that the subsurface of the worn scar remains an amorphous 

structure after scratching. The high-resolution TEM image in Fig. 10(b) further 

confirms the glassy structure of the subsurface. Similarly, the amorphous structure is 

maintained on the subsurface of the worn scar for the Zr-based BMG after 

unidirectional scratching, as illustrated in the TEM images in Figs. 10(c) and 10(d).  

Therefore, it can be inferred that the self-lubrication performance and 

exceptionally high wear resistance of the Pd-based BMG in the reciprocating-sliding 

experiment is closely related to the amorphous/nanocrystalline composite structure in 

the subsurface of the wear scar. However, there are critical issues. Why does the 

nanocrystallization of the Pd-based BMG only appear in the reciprocating-sliding 

experiment? Why is there no nanocrystallization in the Zr-based BMG under the same 

reciprocal friction condition? and How does the in-situ nanocrystallization provide 

self-lubrication effect for the Pd-based BMG during reciprocating-sliding? 
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Fig. 10 The cross-sectional TEM images on the subsurface of the wear scar for the [(a), (b)] 

Pd- and [(c), (d)] Zr-based BMGs after unidirectional scratching. 

 

4. Discussion 

4.1 Effect of deformation on the nanocrystallization in the Pd-based BMG 

Because both the temperature and deformation can lead to the nanocrystallization 

of amorphous alloys, the crystallization mechanism can be mainly classified into two 

categories: one is the thermo-induced crystallization [29,32], and the other is the 

deformation-induced crystallization [30,31,43-46]. Therefore, we investigate the 

effects of both the deformation and temperature on the crystallization of the 

amorphous alloy, to reveal the nanocrystallization mechanism of the Pd-based BMG 

during reciprocating sliding in the present work.  

It has been reported that the highly localized deformation on the alloy surface 

during sliding contact may lead to the surface-microstructural evolution. In-situ 
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nanocrystalization occurred in various BMG systems by bending deformation, 

nanoindentation, compression/tension, and cold rolling, and so on [30-32,43-45]. The 

precipitation of nanocrystals resulted in the enhancement of plasticity for the metallic 

glasses (MGs) [30-32,43-45]. Nanocrystals in the amorphous matrix can promote the 

generation, branching, and intersection of multiple shear bands, which can effectively 

improve the plasticity and toughness of metallic glasses. The toughening phenomenon 

has been found during the deformation of various BMGs, such as Al-based, Zr-based, 

Cu-based, Fe-based, Ni-based, and Pd-based alloys [30-32,43-46]. In addition, it has 

been reported that the microstructural combination of the glassy matrix and 

nanocrystalline phase is beneficial to the wear resistance. For instance, the surface or 

coating of Zr-based, Ni-based, and Fe-based alloys with an amorphous and 

nanocrystalline composite structure exhibits excellent wear resistance [47-50]. The 

improvement of the plasticity for BMGs strongly depends on the structure, 

composition, size, volume fraction, and spatial distribution of nanocrystals.  

In order to better understand the stress and deformation on the material surface 

and subsurface during the sliding contact, the stress-field distribution caused by the 

spherical contact under the sliding friction was evaluated. Hamilton [48] deduced a 

set of stress-field equations of the material subsurface under a sliding spherical 

contact condition, based on the elastic contact theory. With the attempt of simplifying 

the model, they assumed that the material surface has an ideal geometric structure, 

neglecting the influence of rough contact and roughness on the stress field. However, 

these equations Please define these equations!! have been demonstrated to allow good 
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estimation for stress fields under sliding spherical contacts where plastic deformation 

occurs [11,55].  

The material parameters used in the simulation are listed as follows: The Young's 

moduli of the Pd-based BMG, Zr-based BMG, Si3N4, and diamond are 100 GPa [34], 

87 GPa [34], 324 GPa [52], and 1,141 GPa [53], respectively. The Poisson's ratios of 

the Pd-based BMG, Zr-based BMG, Si3N4, and diamond are 0.404 [34], 0.369 [34], 

0.26 [52], and 0.07 [53], respectively. The densities of the Pd-based BMG, Zr-based 

BMG, Si3N4, and diamond are 9.26 g/cm3 [34], 6.69 g/cm3 [34], 3.23 g/cm3 [52], and 

3.5 g/cm3 [54], respectively. In the reciprocating friction experiment, the radius of the 

Si3N4 sphere is 3 mm, the frictional coefficient of the Pd-based BMG is 0.32, and that 

of the Zr-based BMG is 0.66. In the unidirectional scratching test, the radius of the 

diamond sphere is 100 m, the frictional coefficients of the Pd- and Zr-based BMGs 

are 0.35 and 0.28, respectively. Owing to the significance of shear or deformation 

energy in the deformation-induced crystallization [55], the distribution of the 

Von-Mises stress in the contact area of friction pairs was simulated by the Hamilton 

analysis model [48].  

According to the Hertz-contact model [51,55], when only the normal force is 

applied without sliding, the maximum shear stress distribution below the contact point 

is axisymmetric, and the maximum stress is located at the depth of about 1/2 of the 

contact radius of the indented specimen below the contact surface. In the process of 

sliding or scratching, the stress field becomes asymmetric due to the introduction of a 

tangential force. Figure 11 shows the Von-Mises stress field distribution in the 
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subsurface of the contact area between the BMGs and coupled pairs. During the 

reciprocating-sliding process, due to the introduction of the friction force on the 

surface of the Pd-based BMG, both the compressive stress at the front of the contact 

zone and the tensile stress at the rear edge of the contact zone increase. Meanwhile, 

the maximum stress under the contact surface increases, and its original position 

moves toward the sliding direction and elevates toward the closer contact surface. The 

value of the maximum stress is 1.19 GPa for the Pd-based BMG under the 

reciprocating-sliding condition, as shown in Fig. 11(a). The distribution of the 

Von-Mises stress of the Zr-based BMG in the reciprocating-friction experiment is 

similar to that of the Pd-based BMG. When the tangential force is introduced in the 

positive X direction, the stress inside the material increases, and the maximum stress 

area rises toward the surface. A new high-stress area appears at the rear edge of the 

sliding contact, as described in Fig. 11(b). A relatively high frictional coefficient ( = 

0.66) of the Zr-based BMG results in the occurrence of the maximum-stress region on 

the sliding surface and the contact rear edge. The maximum stress is approaching 1.95 

GPa. The maximum stress takes place at the rear edge of the contact surface and then 

sharply decreases, which indicates that the plastic deformation occurs in a thin layer 

close to the surface. By comparing Figs. 11(a) and 11(b), one can come to a 

conclusion that the maximum stress and the stress gradient under the contact zone of 

the Zr-based BMG are much greater than those of the Pd-based BMG. This trend 

leads to a larger plastic deformation on the subsurface of the Zr-based BMG. 

Accordingly, the surface of the Zr-based BMG is much susceptible to the microcrack 
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generation and wear debris peeling-off, which consequently results in the larger wear 

damage.  

Figures 11(c) and 11(d) present the Von-Mises stress distribution beneath the 

friction contact area of the Pd- and Zr-based BMGs in the unidirectional scratching 

tests. There are two high stress zones in the Pd-based BMG, which are located below 

and at the rear edge of the contact area, respectively. The value of the maximum stress 

is about 4.9 GPa. Due to the relatively low friction ( = 0.28), the maximum stress of 

the Zr-based BMG lies below the contact surface, and the maximum stress value is 

about 4.2 GPa. It is seen that the maximum stress and the stress gradient of the 

Zr-based BMG are lower than those of the Pd-based BMG, which leads to the smaller 

plastic deformation and wear volume of the Zr-based BMG in the unidirectional 

scratching tests. The distribution of the Von-Mises stress field of the two alloys 

corresponds well with their results in reciprocating-sliding and 

unidirectional-scratching experiments. According to the microstructural analysis of a 

subsurface layers of the Pd- and Zr-based BMGs after friction experiments, the 

nanocrystallization of the subsurface layer of the alloy samples only occurs for the 

Pd-based BMG under the reciprocating-sliding condition, in which the lowest 

maximum stress was generated. Thus, it is reasonable to infer that the effect of stress 

and deformation is not the principal cause for the nanocrystallization of the subsurface 

layer during the friction and wear process of the Pd-based BMG. 
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Fig. 11 The Von-Mises stress distribution beneath the friction-contact area. (a) Pd- and (b) 

Zr-based BMGs in the reciprocating-sliding tests. (c) Pd- and (d) Zr-based BMGs in the 

unidirectional-scratching tests. 

4.2 Effect of frictional heat on the nanocrystallization in the Pd-based BMG 

BMGs are usually fabricated by the non-equilibrium solidification, and therefore, 

they are thermodynamically metastable. Under certain conditions, the amorphous 

structure of BMGs can change to a crystalline state, which is the crystallization occurs 

It is not a sentence.  Please rewrite it. Through investigating the 

isothermal-crystallization behavior of the Zr-based and CuZr-based BMGs, it was 

found that the key to thermal-induced crystallization lies in a precise control of 

heat-treatment conditions (such as the crystallization temperature, holding time, 

cooling rate, etc.) to optimize the microstructures and mechanical properties of 

amorphous and nanocrystalline composites [29,30].  
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It has been reported that the friction-induced temperature rise on the contact 

surface can alter the surface microstructure, and hence, influence their wear 

performance [15-17]. As a result, we study whether the friction can generate enough 

heat to change the microstructure of the alloy surface under the present experimental 

conditions. Based on the one-dimensional transient heat-flow analysis, Kannel and 

Barber [56] had proposed a model for frictional heating, in which the friction heat 

generated in the contact area, as well as the heat conduction and convection to the 

material surface were studied. Particularly, their model fits well with the pin-on-disk 

friction and time-averaged single-cycle heat-transfer conditions. According to the 

model, the maximum temperature induced by frictional heating takes place on the 

surface of the sample. The local temperature rise, ΔT, on the material surface can be 

expressed as follows:  
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in which hs is the convection heat transfer coefficient in air (~ 20 W·m-2·K-1) [11], t is 

the time, K is the thermal conductivity,  is the density, c is the specific heat, and QA 

is the frictional heat power per unit area, which can be described as:  
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in which  is the coefficient of friction, P is the normal load, v is the friction-sliding 

rate, and As is the surface area of the wear scar. In the present study, the thermal 

conductivity, specific heat, and density of the Pd-based BMG are 5 W·m-1·K-1, 313 

J·Kg-1·K-1, and 9,260 Kg·m-3, respectively [57,58]. Meanwhile, the thermal 
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conductivity, specific heat, and density of the Zr-based BMG are 5.83 W·M-1·K-1, 361 

J·Kg-1·K-1, and 6,650 Kg·m-3, respectively [59].  

The Kannel and Barber’s model simplified the process of friction and wear. The 

radial transmission of the friction heat from the contact point to the sample was 

neglected. Only the normal heat transfer to the sample was considered. Furthermore, 

the model neglected the evolution of the surface temperature to a steady-state 

condition during the friction experiment and estimated the upper limit temperature of 

the specimen surface. According to Equation (2), the temperature of the sample 

surface increases steadily with time. Therefore, we estimate the temperature of the 

alloy surface at the end of the experiment as the upper limit temperature that the 

sample surface can reach. In the present study, the sliding rate is 0.033 m s-1, and the 

friction time is 1,800 s. The coefficient of friction is measured by the tribometer. 

Deducing by Equation (2), the upper limit temperature rise of the Pd-based BMG in 

the reciprocating-sliding and unidirectional-scratching experiments are 394 K and 2.2 

K, respectively. The upper limit temperature rise of the Zr-based BMG in the 

reciprocating-sliding and unidirectional-scratching tests are 230 K and 2.3 K, 

respectively.  

The ambient temperature during the friction experiments is about 298 K. 

According to the theoretical model of the friction-contact temperature, the surface 

temperatures of wear scars for the Pd- and Zr-based BMGs in the 

reciprocating-sliding and unidirectional-scratching experiments are listed in Table 1. 

Under reciprocating sliding, because the Pd-based BMG exhibits a relatively lower 
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glass-transition temperature (Tg = 569 K) and crystallization temperature (Tx = 653 K), 

the contact temperature of the friction pair during sliding can reach above the 

glass-transition temperature or even exceed its crystallization temperature. However, 

the Zr-based BMG shows a higher glass transition temperature (Tg = 683 K) and 

crystallization temperature (Tx = 773 K). Moreover, the Zr-based BMG has a lower 

upper-limit temperature of the alloy surface, which is much lower than its 

glass-transition temperature. 

Table 1 The surface temperatures of wear scars (Ts), glass-transition temperatures (Tg), 

crystallization temperatures (Tx), COF, and wear rates for the Pd-based and Zr-based BMGs 

in the reciprocating-sliding and unidirectional-scratching experiments. 

Alloys 

Tg 

（K） 

Tx 

（K） 

Friction 

conditions 

COF 

Wear rate 

（×10-9/mm3·mm-1·N-1） 

Ts 

（K） 

Pd40Cu30Ni10P20 569 653 

Reciprocating 

sliding 

0.32 1.7 692 

Unidirectional 

scratching 

0.35 8930 300 

Zr55Al10Ni5Cu30 683 773 

Reciprocating 

sliding 

0.66 170 528 

Unidirectional 

scratching 

0.28 2230 300 

Under the unidirectional-scratching conditions, the upper limit temperature rise 

of the Pd- and Zr-based BMGs are 2.2 K and 2.3 K, respectively, which are 

determined according to the theoretical model of the friction-contact temperature. 

During the friction process, the surface temperatures of the wear scars of both BMGs 
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are much lower than their glass-transition temperature. Thus, the friction temperature 

rise on the alloy surface is not enough to cause the nanocrystallization under the 

unidirectional-scratching condition. The TEM analysis results in Fig. 10 show that 

nanocrystallization did not occur on the subsurface of wear scars for the two BMGs 

after unidirectional-scratching tests. It has been reported that the plastic deformation 

of amorphous alloys may lead to nanocrystallization [30,31,43-46]. However, the 

stress on the contact interface of the Pd-based BMG in the unidirectional scratching 

test is much greater than that under the reciprocating-sliding condition. Furthermore, 

there is no nanocrystallization on the subsurface of wear scars, which indicates that 

the stress and deformation are not the main reasons for the nanocrystallization. 

Previous studies have shown that by isothermally annealing metallic glasses at the 

temperatures above their Tg, nanocrystals or microcrystals can be precipitated from 

the amorphous matrix [29,32]. In addition, there are several studies reporting that 

nanocrystals or microcrystals formed during the annealing of the Pd-based metallic 

glasses [40-42]. Therefore, it can be demonstrated that the nanocrystallization of the 

Pd-based BMG is related to the surface-temperature rise caused by the frictional heat 

under the reciprocating-sliding process.  

4.3 Mechanism of self-lubrication for nanocrystallization in the Pd-based BMG 

To examine the effect of the glassy/crystalline composite structure on the 

microhardness, the Pd-based BMG samples were annealed at various temperatures 

from 590 K to 620 K for 10 min. in a vacuum heat-treatment furnace. Figure 12(a) 

exhibits the microhardness of the Pd-based BMG as a function of the annealing 
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temperatures. It can be seen that the microhardness of the Pd-based BMG increases 

slightly with the increase in the temperature range from 580 K to 610 K, which is 

mainly due to the annihilation of the free volume for the Pd-based BMG under the 

thermal action. When the heat-treatment temperature rises to 620 K, the 

microhardness of the Pd-based BMG increases greatly from about 540 Hv for 610 K 

to 680 Hv for 620 K. Figure 12(b) shows the XRD patterns of the Pd-based BMG 

annealed at various temperatures from 590 K to 620 K. When the heat-treatment 

temperature is below 610 K, the XRD patterns of the Pd-based BMG still retain a 

unique hump peak of an amorphous state. However, when the heat-treatment 

temperature reaches 620 K, there are obvious crystallization peaks in the XRD pattern 

of the Pd-based BMG. The crystallization peaks are determined as Cu3Pd, Ni2Pd2P, 

Ni3P, Cu5Pd3P2, and other crystalline phases. Figure 13(c) illustrates the TEM image 

of the Pd-based BMG after heating at 620 K, and the inset is the SAED pattern in Fig. 

12(c). It is seen that complex crystalline phases are precipitated in the amorphous 

matrix of the Pd-based glassy alloy, and the grain size ranges from tens to hundreds of 

nm. The SAED pattern also shows the complex polycrystalline structure. Therefore, 

the significant increase of microhardness of the Pd-based BMG after annealing at 620 

K is mainly due to the precipitation of complex crystalline intermetallic phases in the 

amorphous matrix. Furthermore, it is worthy of mentioning that annealing the 

Pd-based BMG at 620 K for 10 min. can result in the formation of multi-intermetallic 

phases. Thus, it is reasonable that the exposure time of 30 min. during the 



 36 

reciprocating sliding experiment is enough to trigger crystallization for the Pd-based 

BMG.  

Figure 13 presents the schematic diagram of the evolution of the temperature, 

stress, and microstructure for the (a) Pd-based BMG and (b) Zr-based BMG in the 

subsurface of wear scars during the reciprocating friction. It can be seen from Fig. 

13(a) that the temperature of the wear-scar surface for the Pd-based BMG decreases 

along the depth direction. As listed in Table 1, the surface temperature of the Pd-based 

BMG reaches 692 K, which is higher than its glass-transition temperature of 569 K 

and crystallization temperature of 653 K. Therefore, during the friction and wear 

process, due to thermal activation, nanocrystallization occurred on the subsurface of 

the Pd-based BMG, and nano-sized Cu3Pd crystals were precipitated from the glassy 

matrix, resulting in a significant increase in the surface hardness. 
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Fig. 12(a) Microhardness of the Pd-based BMG as a function of the annealing temperature. 

(b) XRD patterns of the Pd-based BMG annealed at various temperatures from 590 K to 620 

K. (c) TEM image and SAED pattern (inset) of the Pd-based BMG after heating at 620 K. 

The hardness of the Pd-based BMG after the heat treatment at 620 K reaches 680 

Hv. According to the strength-hardness equation [60], it is calculated that the yield 

strength of the 620 K heat-treated Pd-based BMG can approach 1.9 GPa. The right 

inset shows the applied stress as a function of the depth from the wear-scar surface. It 

is calculated from Fig. 11 that the maximum stress on the surface of the Pd-based 

BMG is about 1.1 GPa. With the increase in the depth, the applied stress gradually 
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decreases, and the stress reduces to about 1 GPa at a depth of 50 m from the surface, 

as indicated in Fig. 11(a). The yield strength of the Pd-based BMG is about 1.6 GPa, 

and the yield strength of the amorphous/nanocrystalline composite surface layer is 

calculated as approaching 1.9 GPa, both of which are much higher than the applied 

stress on the surface of the Pd-based BMG during the friction process. Therefore, 

under the reciprocating sliding, the amorphous/nanocrystalline composite layer of the 

Pd-based BMG plays an important effect on reducing the friction and wear. 

Figure 13(b) shows that the temperature of the Zr-based BMG also decreases 

along the depth direction from the wear scar surface. Table 1 illustrates that the 

friction-surface temperature of the Zr-based BMG is 528 K, which is lower than its 

glass-transition temperature of 683 K and crystallization temperature of 773 K. 

Therefore, in the process of friction and wear, the friction heat cannot cause surface 

crystallization, and the surface of the Zr-based BMG still retains an amorphous 

structure. From the relation of the applied stress as a function of the depth from the 

wear surface in the right inset, it can be seen from Fig. 11(b) that the maximum stress 

on the surface of the Zr-based BMG is about 2.0 GPa. With the increase in the depth, 

the applied stress gradually decreases, and at a depth of 50 m from the surface, the 

applied stress is approximately 1 GPa. The yield strength of the Zr-based BMG is 

about 1.7 GPa [61], which is lower than the applied stress on the material surface 

during the friction process. Therefore, under the condition of reciprocating friction, 

the Zr-based BMG undergoes plastic deformation, forms shear bands, and the shear 
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bands expand to form microcracks and cracks, resulting in the flake-like wear debris 

falling off, and thus, severe wear occurs. 

 

Fig. 13 The schematic diagrams of the evolution of temperature, stress, and microstructure 

for the (a) Pd-based BMG and (b) Zr-based BMG in the subsurface of a wear scars\ during 

reciprocating friction. 

 

(a) 

(b) 
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5. Conclusions 

In the present work, the dry reciprocating-sliding and unidirectional-scratching  

behaviors of the Pd- and Zr-based bulk-metallic glasses (BMGs) were investigated. 

The following are the primary conclusions: 

(1) Under the dry reciprocating sliding, the Pd-based BMG exhibits the 

remarkably lower COF and wear rate than those of the Zr-based BMG, although the 

Zr-based BMG shows an almost equivalent hardness and a higher toughness in 

comparison with those of the Pd-based BMG. However, under the unidirectional 

scratching, the Pd-based BMG displays the higher COF and wear rate than those of 

the Zr-based BMG. 

(2) The unprecedented stable low COF and high wear resistance of the Pd-based 

BMG stems from the in-situ formation of a layer with an amorphous/ultrafine 

nanocrystalline composite structure underneath the wear scar surface during the 

dry-reciprocating sliding. However, no in-situ nanocrystallization occurs underneath 

the wear scar surface of the Pd-based BMG during the unidirectional scratching, and 

the Pd-based BMG shows an inferior wear resistance to that of the Zr-based BMG. 

(3) The distribution of the Von-Mises stress in the contact area of friction pairs 

simulated by a Hamilton analysis model reveals that the effect of stress and 

deformation is not the primary cause for the nanocrystallization of the subsurface 

layer during the dry-sliding process of the Pd-based BMG. The maximum temperature 

induced by frictional heating deduced by the Kannel and Barber’s model 

demonstrates that the surface temperature of the Pd-based BMG is higher than its 
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crystallization temperature, which results in the nanocrystallization of the subsurface 

layer during the dry sliding.  

(4) The amorphous/nanocrystalline composite surface layer exhibits a higher 

yield strength than the applied stress on the surface of the Pd-based BMG during the 

dry sliding, which can effectively suppress the sliding-induced surface roughening 

and formation of a delaminating tribolayer and contributes to the exceptionally high 

wear resistance. The thermal activation wear protection strategy offers a pathway for 

designing self-lubricating and ultra-wear resistant BMGs 
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