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a b s t r a c t

Due to the fascinating application prospects of Zr-based bulk metallic glass (BMG), it is of practical en-
gineering interest to study its wear behavior and mechanism under various temperature conditions. In this 
work, the wear behavior and mechanism of a commercially available Zr35Ti30Be26.75Cu8.25 BMG at room 
temperature (RT) to 500 °C were investigated. The results demonstrated that the wear rate increased from 
∼24.7 × 10−5 mm3 N−1 m−1 to ∼196.8 × 10−5 mm3 N−1 m−1 as the temperature increased from RT to 500 °C. 
Accordingly, the coefficient of friction (COF) is reduced from an average of 0.45–0.18 due to the lubricating 
effect of the oxide layer. At low temperatures of RT and 200 °C, the predominant wear mechanisms are 
abrasive wear and adhesive wear. However, in the supercooled liquid region (SCLR) of at 350 °C, the 
dominant wear mechanism is a combination of superplasticity-dominated abrasive wear, severe fatigue 
wear, and slight oxidative wear. Above the crystallization temperature (Tx) at 500 °C, the primary wear 
mechanisms are severe abrasive wear and oxidative wear. Our results can provide important guidance for 
determining the applicable temperature, service life and failure mode of BMG components.

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction

Bulk metallic glasses (BMGs), are a cutting-edge type of material 
that has been gaining popularity in recent years due to their re-
markable properties, such as exceptional strength, high hardness, and 
good wear resistance [1–7]. The superior performance of BMGs can be 
attributed to the rapid cooling technology that enables the preserva-
tion of the disordered atomic structure. They are a rising engineering 
material with a vast range of application potentials, including preci-
sion components, defense equipment, and sporting goods [8–12]. 
However, the limited glass forming ability (GFA) and inherent brit-
tleness severely limit the practical engineering applications. To date, 
superior GFA is only found in a limited number of MG systems and the 
majority are precious metal-based [13–16]. Fortunately, in addition to 
precious metal-based BMGs, low-cost Zr-based BMG systems also 

exhibit excellent GFA and performance [17–19]. These alloys offer a 
more cost-effective option for those seeking the benefits of BMGs 
while avoiding the high costs typically associated with precious 
metal-based materials. As a result, Zr-based BMGs are becoming in-
creasingly popular in a wide range of applications, offering an at-
tractive alternative to traditional metallic materials.

In practical applications, components are often subjected to fre-
quent friction and high-temperature conditions. Given the great ap-
plication potential of Zr-based BMGs, it is crucial to investigate their 
temperature-dependent wear behavior and mechanisms. So far, many 
efforts have been devoted to studying the temperature-dependent 
wear behavior of Zr-based BMGs [7,20–23]. In a study conducted by 
Salehan [24] et al., the impact of various annealing states on the wear 
behavior of Zr60Cu10Al15Ni15 BMG was evaluated. The results reveal 
that relaxed samples exhibit optimal wear resistance and highlight the 
dependence of the material’s wear resistance on the dominant wear 
mechanism during the wear process. Jin [25] et al. conducted an in-
vestigation on the impact of various annealing temperatures on the 
wear behavior of Zr42Ti15.5Cu14.5Ni3.5Be24.5 BMG. The results show a 
gradual reduction in the wear rate as the annealing temperature 
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increased, with hardness playing a determining role in the wear rate. 
Wang [20] et al. conducted a study to investigate the wear behavior of 
Zr55Cu30Al10Ni5 BMG after oxidation treatment in the supercooled li-
quid region (SCLR). The findings suggest that the formation of surface 
oxides brought about a substantial enhancement in hardness, as evi-
denced by a twofold increase in hardness compared to cast samples. 
Additionally, there was a decrease of 40 % in the COF. Bajpai [22] et al. 
investigated the influence of different fictive temperatures on the wear 
behavior of Zr44Ti11Cu10Ni10Be25 BMG. They found that as fictive 
temperature increased, hardness and effective elastic modulus de-
creased and there was more free volume, enhancing atomic and plastic 
flow in the material. And the samples with fictive temperature equal 
to 0.91 times the glass transition temperature (Tg) were the most wear 
resistant. Although many studies have reported the temperature-de-
pendent tribological behavior of Zr-based BMGs, most of them were 
conducted at room temperature (RT) after pre-treatment below the Tg. 
To the best of the authors’ knowledge, only a limited number of stu-
dies have explored the impact of real-time high-temperature condi-
tions on the tribological behavior of Zr-based BMGs. Therefore, 
studying the wear behavior of Zr-based BMG under different tem-
perature conditions, such as RT, below Tg, above Tg, and even above the 
crystallization temperature (Tx), is important for the life prediction and 
failure regimes of BMG components in practical applications.

In this work, the wear behavior and mechanism of a commer-
cially available Zr35Ti30Be26.75Cu8.25 was investigated under different 
temperature conditions. In consideration of the potential harsh ap-
plication environment, the wear temperatures were set to RT, 200 °C 
(below Tg), 350 °C (above Tg), and 500 °C (above Tx), respectively. The 
results show that the wear rate increases from ∼24.7 × 10−5 mm3 N−1 

m−1 to ∼196.8 × 10−5 mm3 N−1 m−1 as the temperature increases 

from RT to 500 °C. And due to the lubricating effect of the oxides 
formed at high temperatures [20,26,27], the corresponding coeffi-
cient of friction (COF) is reduced from an average of 0.5–0.18. The 
main wear mechanisms at lower temperatures of RT and 200 °C, are 
abrasive wear and adhesive wear. When the temperature is set above 
Tg at 350 °C, the main wear mechanisms at this temperature are 
oxidative wear and abrasive wear characterized by significant plastic 
deformation. As the temperature rises to 500 °C, the wear rate is 
maximum. And the main wear mechanisms at this time are severe 
abrasive wear and oxidative wear. Our results are of great sig-
nificance for determining the application scenarios where Zr-based 
BMG components are suitable and for predicting their service life.

2. Experimental

2.1. Sample preparation

The commercially available Zr35Ti30Be26.75Cu8.25 BMG plate with 
a thickness of 2 mm was purchased directly from Dongguan Yi’an 
Technology Co. For the convenience of the experiment, the BMG 
specimens were cut into 11 mm diameter disks using a low-speed 
wire electrical discharge machining (WEDM; SODICK AP250L). Prior 
to the wear experiments, the sample surfaces were successively 
polished with 400–3000 grits sandpapers and subsequently po-
lished with a 0.1 µm diamond suspension.

2.2. Characterizations

The X-ray diffraction (XRD; Rigaku MiniFlex 600) with Cu Kα 
radiation was used to examine the glassy nature of BMG samples. 

Fig. 1. (a) Schematic of the wear experiment. (b) Nanoindentation curve of the BMG specimen. (c) The XRD curve of primitive BMG samples, and the inset presents a photograph 
of a typical specimen. (d) The DSC curve of primitive BMG samples.
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The thermal properties of BMG samples were measured by differ-
ential scanning calorimetry (DSC; Perkin-Elmer DSC-8000) with a 
heating rate of 20 °C/min. The nanoindenter (TI750 Hysitron Ltd) 
was used to test the hardness and modulus of the BMG samples. The 
maximum load was 100 mN and the loading rate was 2500 μN/s. The 
morphology and elemental distribution of the wear traces after the 
wear experiments were analyzed using a field emission scanning 
electron microscope (SEM, FEI QUANTA FEG 450) equipped with an 
energy disperse spectroscopy (EDS) module. The volume loss and 
the depth of wear traces after wear experiments at different tem-
peratures were evaluated using a white light interference profiler 
(Bruker ContourGT-X 3D).

2.3. Wear test

Dry sliding wear experiments were conducted on the top sur-
face of BMG samples by using a ball-on-disk tribometer (Rtec MFT- 
5000, USA) under air atmosphere, the schematic is depicted in 
Fig. 1(a). Si3N4 balls with a diameter of 9.5 mm was selected as the 
counterpart material. The speed was fixed at a relatively slow 
30 rpm/min to reduce the temperature rise caused by friction. In 
addition, a total sliding time of 20 min and a load of 30 N were 
applied to all wear tests. The value of COF is assessed by the steady 
state of its curve. The wear rate ω is obtained from the volume-loss 
equation [7,28,29]:

Fig. 2. (a-c) The COF curves, 3D morphology and cross-sectional shape of Zr-based BMG at RT. (d-f) The COF curves, 3D morphology and cross-sectional shape of Zr-based BMG at 
200 °C. (g-i) The COF curves, 3D morphology and cross-sectional shape of Zr-based BMG at 350 °C. (j-m) The COF curves, 3D morphology and cross-sectional shape of Zr-based 
BMG at 500 °C.
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= v
L P*

,loss

(1) 

Where Vloss is the total volume lost (mm3), L is the total wear 
distance (m), which is calculated from the wear time (min), wear 
speed (rpm) and wear radius (mm), and P is the applied load (N).

3. Results and discussion

The hardness and modulus of original BMG samples were de-
termined using nanoindentation, with a maximum load of 100 mN 
applied. The resulting load versus displacement curve is shown in 
Fig. 1(b). To ensure accuracy, 10 points were collected for each 
sample and the data was then averaged. The average hardness and 
modulus of the BMG were calculated to be 6.4 GPa and 111.3 GPa, 
respectively. Fig. 1(c) displays the XRD spectrum of the sample, 
which confirms the completely glassy structure of the original BMG 
sample. The inset in Fig. 1(c) shows a typical BMG sample before 
wear, and it is required to note that the notch is designed to fixture 
the sample. Fig. 1(d) displays the DSC results of the Zr-based BMG 

samples. From the results, it can be seen that Tg is approximately 
298 °C, Tx is around 435 °C, and ΔT (= Tx-Tg) is calculated to be 137 °C.

3.1. Wear resistance different temperatures

Fig. 2(a) displays the COF depending on time of 
Zr35Ti30Be26.75Cu8.25 BMG at RT. One can find that the COF shows a 
sudden increase followed by a gradual decrease, which is referred to 
as the "running-in" stage and is related to the roughness of the 
surfaces that come into contact and undergo loading [30]. In the 
subsequent stable-wear stage, it can be found that the average COF 
between the BMG specimens and Si3N4 counterparts at RT is about 
0.45. The three-dimensional (3D) morphology and the corre-
sponding cross-sectional shape of the wear trace after wear at RT are 
shown in Fig. 2(b) and (c), respectively. Based on the cross-sectional 
profile presented in Fig. 2(c), we can find that the maximum depth 
(dMax1) and cross-sectional area (S1) of the wear trace are 11.48 µm 
and ∼4447 µm2, respectively. By the integration method, the corre-
sponding wear rate (ω1) at RT can be calculated to be ∼24.7 × 10−5 

mm3 N−1 m−1. As the temperature increases to 200 °C, a decrease in 
average COF from 0.45 to 0.35 and a relatively smoother trend can be 
observed (see Fig. 2(d)), which is considered to be caused by the 
lubricating effect of the oxide film formed at high temperatures [31]. 
And Fig. 2(e-f) show the 3D morphology and the corresponding 
cross-sectional shape of the wear trace after wear at 200 °C, re-
spectively. We can find a further increase in wear with a cross-sec-
tional area (S2) of ∼8563 µm2, a maximum depth (dMax2) of 20.95 µm 
and a corresponding wear rate (ω2) of ∼71.2 × 10−5 mm3 N−1 m−1.

At 350 °C, the BMG specimen experiences a glassy transition that 
leads to reduced hardness and viscosity [32,33]. This transition causes 
an even greater increase in the maximum depth and volume loss of 
the wear trace. As shown in Fig. 3(g-i), a further decrease in COF 
(about 0.28) can be observed, the maximum depth (dMax3) and cross- 
sectional area (S3) of 30.81 µm and ∼19,988 µm2, respectively, and a 
corresponding wear rate (ω3) of ∼111.0 × 10−5 mm3 N−1 m−1. At a wear 
temperature of 500 °C higher than Tx, the BMG specimen undergoes a 
gradual transformation into a crystalline structure. The crystallization 

Fig. 3. Summary of the wear rate and COF of Zr-based BMG at different temperatures. 

Fig. 4. (a-b) The wear morphology and magnification of Zr-based BMG at RT. (c-d) The wear morphology and magnification of Zr-based BMG at 200 °C. 
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transformation caused the specimen to lose its exceptional properties 
and the corresponding COF curve, wear morphology is illustrated in 
Fig. 2(j-l). We can find that at 500 °C the COF decreases to about 0.18, 
the maximum depth (dMax4) of wear trace is 88.29 µm, the area of the 
cross section (S4) is ∼35,415 µm2 and the corresponding wear rate (ω4) 
is ∼196.8 × 10−5 mm3 N−1 m−1. For comparison, the trends of the wear 
rate and COF of Zr-based BMG with different temperature are visua-
lized and plotted in Fig. 3. It can be found that as the temperature 
increases from RT to 350 °C, the wear rate gradually increases from 
∼24.7 × 10−5 mm3 N−1 m−1 to ∼111.0 × 10−5 mm3 N−1 m−1. This is 
caused by the fact that the hardness of the workpiece gradually de-
creases as the temperature increases, which is in accordance with 
Archard’s law[23,34,35]. The dramatic increase in wear rate at 500 °C 
was caused by the crystallization of BMG and the loss of its original 
excellent properties. Accordingly, the gradual reduction of COF from 
about 0.5–0.18 is due to the lubricating effect possessed by the for-
mation of oxide films at high temperatures [31].

3.2. Wear mechanism

Fig. 4(a-b) display the morphology and detailed features of the wear 
trace of Zr-based BMG after being worn at RT. Typical grooves, debris 
and delamination structures can be observed in the wear region, which 
indicates that the wear mechanism under RT contains abrasive wear 
and adhesive wear. In addition, the distribution of oxygen elements in 
different characteristic regions on the wear trace was analyzed using 
EDS (see Table 1). The oxygen content in the non-wear region (D1) and 
inside the grooves (D3) is 5.37 % and 5.39 %, respectively, which in-
dicates that no significant oxidation occurred in these regions. It is 
noted that the oxygen content at the delamination structure (D2) is 

20.15 %, which indicates the attachment of oxides in this region. 
Therefore, the main wear mechanisms under RT are abrasive wear and 
adhesive wear. Furthermore, the wear morphology and details at 
200 °C are shown in Fig. 4(c-d). As the temperature increases, more 
pronounced grooves can be found, which indicates that abrasive wear 
dominates the wear process. Similarly, the elemental oxygen content of 
the different characteristic regions after wear at 200 °C is also counted 
in Table 1. The oxygen content in the non-wear region (D4) and inside 
the grooves (D6) is only 6.88 % and 5.32 %, respectively, which can be 
attributed to the improved oxidation resistance provided by the Be 
element in the Zr-based BMG [18]. However, the oxygen content in the 
debris region (D5) is up to 48.75 %, which proves the presence of ad-
hesive wear of oxides during the wear process. Therefore, the main 
wear mechanism at 200 °C is a combination of more pronounced 
abrasive wear and adhesive wear, as well as slight oxidation wear.

The morphology and details of Zr-based BMG after wear in SLR (at 
350 °C) are presented in Fig. 5(a-b). Firstly, one can notice the pre-
sence of numerous disorganized groove structures within the wear 
trace (see Fig. 5(a)). Interestingly, numerous “fold-like” structures can 
be found in the non-wear region (see details of Fig. 5(a)). The afore-
mentioned characteristic morphology can be attributed to the unique 
superplasticity of BMG in SLR [36,37]. In Fig. 5(b), that shows more 
details, one can find a large amount of peeling and cracking, which 
reveals the characteristics of fatigue wear. In addition, the content of 
elemental oxygen in different characteristic regions was also detected. 
As summarized in Table 2, the oxygen content in non-wear region 
(D7), in groove (D8), in peeling region (D9), and in crack region (D10) is 
23.23 %, 18.42 %, 21.64 %, 31.40 %, respectively. It indicates that oxi-
dative wear is also one of the main wear mechanisms of Zr-based 
BMG at 350 °C. Therefore, we can conclude that the wear mechanism 
at 350 °C is a combination of superplasticity-driven abrasive wear, 
fatigue wear and oxidative wear.

Finally, the morphology of the Zr-based BMG workpiece after wear 
at 500 °C are shown in Fig. 6(a-b). Obviously, as the temperature in-
creases to 500 °C, the dominant wear mechanism changes. Due to the 
set temperature exceeding Tx, the BMG gradually loses its disordered 
atomic structure and transforms into a crystal. As shown in Fig. 6(a), 
the organized and deeper groove structures created by abrasive wear 
are dispersed across the wear trace. Furthermore, different from the 

Table 1 
The statistics of elemental oxygen content in different regions (at RT, 200 °C). 

Position 
Element

D1 D2 D3 D4 D5 D6

O 
(at%)

5.37 20.15 5.39 6.88 48.75 5.32

Fig. 5. (a-b) The wear morphology and magnification of Zr-based BMG at 350 °C. 
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wear morphology at RT and 200 °C, slight plastic deformation can be 
observed after wear at 500 °C, this is due to the recovery of plasticity 
after transformation to crystals. In the magnified view, significant 
peeling can be found, which implies that fatigue wear occurred. Si-
milarly, the elemental oxygen content of different characteristic re-
gions was detected. As shown in Table 2, the oxygen content in the 

non-wear region (D11), in the groove (D12), and in the exfoliated re-
gion (D13) is up to 58.36 %, 54.26 %, and 49.46 %, respectively. It means 
that at 500 °C, the transformation of Zr-based BMG into crystals is 
accompanied by severe oxidation. Therefore, the predominant wear 
mechanisms of Zr-based BMG at 500 °C are a combination of abrasive 
wear, oxidative wear, and fatigue wear.

The wear behavior and mechanisms of Zr35Ti30Be26.75Cu8.25 BMGs 
vary depending on the temperature conditions. To facilitate under-
standing, the structural state and the major wear mechanism of the 
BMG at different temperatures are illustrated in Fig. 7. At lower 
temperatures of RT and 200 °C, the BMG maintains its original dis-
ordered structure. Therefore, the high hardness of the BMG dominates 
the wear process, and the main wear mechanisms are minor abrasive 
wear and adhesive wear of oxides. As the temperature rises above Tg 

Fig. 6. (a-b) The wear morphology and magnification of Zr-based BMG at 500 °C. 

Fig. 7. Schematic of the wear mechanism of Zr35Ti30Be26.75Cu8.25 BMG at different temperatures. 

Table 2 
The statistics of elemental oxygen content in different regions (at 350 °C，500 °C). 

Position 
Element

D7 D8 D9 D10 D11 D12 D13

O 
(at%)

23.23 18.42 21.64 31.40 58.36 54.26 49.46
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(at 350 °C), due to the thermal expansion of BMG, the atoms inside it 
become loose. Meanwhile, the BMG experiences the glass transition 
resulting in a dramatic decrease in viscosity and superplasticity. Thus, 
the primary wear mechanisms at 350 °C is plasticity-dominated 
abrasive wear, and accompanied by significant fatigue wear. As the 
temperature rises above Tx (at 500 °C), BMG undergoes crystallization 
into crystals, while the internal atoms become more loosely packed. 
Due to the loss of amorphous structure, the hardness of BMG de-
creases and plasticity increases. In addition, severe oxidation occurred 
due to the increase in temperature. Therefore, the prevailing wear 
mechanisms at 500 °C are significant oxidative wear, abrasive wear 
and some plastic deformation.

4. Conclusions

In conclusion, we investigated the wear behavior and mechanism 
of Zr35Ti30Be26.75Cu8.25 BMG depending on different temperatures. 
Since the temperature increases from RT to 500 °C, the wear re-
sistance of BMG gradually decreases and the wear rate increases from 
∼24.7 × 10−5 mm3 N−1 m−1 to ∼196.8 × 10−5 mm3 N−1 m−1. Meanwhile, 
the average COF gradually decreases from 0.45 to 0.18 due to the lu-
bricating effect of the oxides formed at high temperatures. At RT and 
200 °C (below Tg), abrasive wear and adhesive wear are the dominant 
wear mechanisms. At 350 °C (above Tg), the unique superplasticity of 
BMG governed the wear process. Disorganized grooves in the wear 
region and fold-like structures in the non-wear region are the main 
wear characteristics. In addition, extensive cracking and peeling were 
observed, which reveals the presence of fatigue wear at this tem-
perature. At 500 °C (above Tx), more severe abrasive wear and oxi-
dative wear are the main wear mechanisms of the wear process due 
to the transition from amorphous to crystalline structure.
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