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a b s t r a c t 

Wear resistance is a critical consideration in engineering applications. In this study, we demonstrated an 

Ir-Ta-Ni-Nb bulk metallic glass (BMG) with outstanding high-temperature wear resistance and revealed 

its promising applications in extreme environments. The wear behavior and mechanism were systemati- 

cally investigated from room temperature (RT) to 750 °C. The results show that the wear rate increases 

from ∼2.65 × 10 −6 mm 

3 N 

−1 m 

−1 to ∼10.56 × 10 −6 mm 

3 N 

−1 m 

−1 in the temperature span RT to 400 

°C, following abrasive wear and flash temperature-induced oxidative wear during the friction. However, 

at the higher temperature of 600 °C, further heating due to frictional heat leads to a softening of the 

wear surface, resulting in a maximum wear rate of ∼20.99 × 10 −6 mm 

3 N 

−1 m 

−1 under softness-driven 

abrasive wear as well as oxidative wear. Interestingly, the wear resistance at an even higher temperature 

of 750 °C shows a paradoxical improvement of ∼7.08 × 10 −6 mm 

3 N 

−1 m 

−1 , which is attributed to the 

formation of an oxide layer with a thickness of several microns, avoiding violent wear of BMG. The re- 

sults demonstrate the unreported outstanding high-temperature wear resistance of the Ir-Ta-Ni-Nb BMG, 

especially its excellent capability to resist wear at 750 °C, leading to the promising applications of BMG 

in the fields of aerospace, metallurgy, and nuclear industries. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

In practical applications, friction between parts is inevitable, 

nd excessive wear leads to the failure of the equipment [ 1 , 2 ].

herefore, the capability to resist wear and tear, especially in ex- 

reme environments, such as high temperatures, is one of the 

ost important indicators when assessing the suitability of ma- 

erials [3] . Typical materials such as tungsten carbide, silicon car- 

ide, and diamond are considered to exhibit the most excellent 

ear resistance due to their ultra-high hardness [ 4 , 5 ]. However, 

he high hardness and wear resistance of the material appear to 

e mutually exclusive with machinability. The high hardness en- 

ures excellent wear resistance but results in huge processing costs 

nd technical troubles for its manufacture, especially for micro- 

abrication and precision manufacturing [ 6 , 7 ]. Therefore, materials 
∗ Corresponding authors. 
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hat combine excellent wear resistance and high machinability are 

xtremely desirable in precision manufacturing fields, such as glass 

olding, medical devices, and aerospace. 

Metallic glass (MG), which was first developed in the 1960s, 

hows high strength, high hardness, and excellent wear resistance 

ompared with its corresponding crystalline alloys [8–11] . MG is 

repared by rapid cooling technology, which preserves its liquid- 

ike atomic structure. This unique atomic structure endows MG 

ith excellent mechanical and chemical properties and confers ex- 

ellent processability [12–15] . The superior processability of MG 

s attributed to its glassy atomic structure, which provides excel- 

ent fluidity in a temperature span known as the supercooled liq- 

id region (SLR) [ 16 , 17 ]. Utilizing the thermoplastic forming (TPF) 

ethod, MG can be processed into complex and precise struc- 

ures such as nanowires, gratings, and microlens arrays [ 14 , 18 , 19 ].

n addition to this, MGs also perform well on wear resistance 

ue to their unique amorphous structures [14] . To date, exten- 

ive work has investigated the wear behavior and mechanism of 
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ifferent systems of MG, such as Ti-, Fe-, Zr-, Al-, Mg-, and Co- 

ased, which systematically demonstrate their superior wear re- 

istance to the corresponding alloys [20–29] . However, the wear 

ehavior and applications of MG at higher temperatures (above 

00 °C) have rarely been reported due to the relatively low glass 

ransition temperature ( T g ) of conventional MG systems. In 2019, 

iu and co-workers [30] developed a novel Ta-based (Ir-Ta-Ni- 

B)) high-temperature bulk MG (BMG) system with unprecedent- 

dly excellent high-temperature performance guided by the high 

hroughput strategy. The ultra-high strength ( ∼5.1 GPa), ultra-high 

 g ( ∼830 °C), and ultra-wide SLR ( ∼136 °C) endow this BMG sys- 

em with an attractive prospect for widespread engineering appli- 

ations. To date, studies on the tribological behavior of the above- 

entioned Ta-based BMG have not been reported. Therefore, a 

ystematic investigation of the wear behavior and mechanism of 

his BMG in the ambient to the high-temperature environment has 

oth engineering significance and research interest. 

In this work, the wear behavior and mechanism of a novel Ta- 

ased BMG (Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 , which was developed based on 

he Ir-Ta-Ni-(B)) at room temperature (RT) to 750 °C was systemat- 

cally investigated. The results show that the Ir-Ta-Ni-Nb BMG ex- 

ibits superior wear resistance compared with other typical MG 

ystems throughout the temperature range. The wear rates of Ir- 

a-Ni-Nb BMG at RT, 200 °C, 400 °C, 600 °C, and 750 °C were

alculated as 2.65 × 10 −6 mm 

3 N 

−1 m 

−1 , 7.52 × 10 −6 mm 

3 N 

−1 

 

−1 , 10.59 × 10 −6 mm 

3 N 

−1 m 

−1 , 20.99 × 10 −6 mm 

3 N 

−1 m 

−1 ,

nd 7.08 × 10 −6 mm 

3 N 

−1 m 

−1 , respectively. For comparison, a 

ypical Zr-based BMG (Zr 55 Cu 30 Al 10 Ni 5 ) developed by Inoue et al. 

31] was chosen for tribological experiments at RT and 200 °C. 

he wear rates of Zr 55 Cu 30 Al 10 Ni 5 at RT, 200 °C were calculated as

3.24 × 10 −6 mm 

3 N 

−1 m 

−1 , 172.16 × 10 −6 mm 

3 N 

−1 m 

−1 , respec- 

ively. Our results demonstrate that the Ir-Ta-Ni-Nb BMG exhibits 
Fig. 1. (a) Schematic of wear test. (b) Optical photograph of the BMG sample before th

122 
emarkably superior wear resistance compared with other reported 

G systems throughout RT to 750 °C, elucidating its widespread 

pplication in precision instruments and harsh environments. 

. Experimental 

.1. Sample preparation 

The nominal composition of Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG was 

repared using copper mold casting. The alloy ingots were pre- 

ared by arc melting a mixture of elements with a purity of at 

east 99.9% under a Ti-purified Ar atmosphere. Each ingot was 

emelted five times to ensure a homogeneous composition. BMG 

lates with a dimension of 1.2 mm × 12 mm × 15 mm were 

btained by casting the molten alloy into a copper die. For com- 

arison, a classic Zr-based (Zr 55 Cu 30 Al 10 Ni 5 ) BMG was cast by us- 

ng the same method. The abovementioned Ta-based and Zr-based 

MGs were cut into 10 mm diameter disks (shown in Fig. 1 (b)) by

sing low-speed wire electrical discharge machining (WEDM; SOD- 

CK AP250L). Prior to friction experiments and performance char- 

cterization, all samples were ground with 800 to 20 0 0 grit sand- 

aper and then polished to mirror level by using 0.1 μm diamond 

brasive fluids. 

.2. Microstructure characterizations 

The glassy nature of the samples was confirmed by X-ray 

iffraction (XRD; Rigaku MiniFlex 600) with Cu K α radiation. The 

hermal properties of BMG samples were measured by differential 

canning calorimetry (DSC; Perkin–Elmer DSC-80 0 0) at a heating 

ate of 20 K min 

–1 . The micromorphology and elemental distribu- 

ions of the samples were characterized by using field scanning 
e wear experiment. (c, d) XRD and DSC curves of the Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG. 
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lectron microscopy (SEM, FEI QUANTA FEG 450) equipped with 

nergy disperse spectroscopy (EDS). The atomic structure was char- 

cterized by transmission electron microscopy (TEM; JEM-2100F) 

nd the TEM samples were prepared on an FEI Scios SEM/FIB dual 

eam system. The hardness and modulus of the BMG samples were 

ested by using a nanoindenter (TI750 Hysitron Ltd.). Ten points 

er sample were tested to ensure the reliability of the data. The 

aximum load was 100 mN and the loading rate was 2500 μN 

 

–1 . 

.3. Tribological testing 

Dry sliding wear tests were performed on the top surface of 

he BMG samples using a ball-on-disk wear machine (Rtec MFT- 

0 0 0, USA) under an air atmosphere, the schematic is depicted in 

ig. 1 (a). A commercial zirconium dioxide (ZrO 2 ) ball (9.5 mm di- 

meter) with a hardness of ∼14 GPa was chosen as the counter- 

art. A fixed sliding speed of 300 r min 

–1 , a total sliding time of

5 min, and a load of 30 N were applied to all wear tests. To in-

estigate the wear performance of Ta-based BMG at high tempera- 

ures, the temperatures were set to RT, 20 0 °C, 40 0 °C, 60 0 °C, and

50 °C, respectively. Since the relatively low T g of Zr-based BMG, 

he wear temperature was set to RT and 200 °C. The 3D morphol- 

gy and wear volume of the wear tracks were evaluated with a 

hite light interferometer (Bruker ContourGT-X 3D). All the sam- 

les were ultrasonically cleaned with alcohol and deionized water 

rior to evaluation. The wear rate ( ω) of the samples experimented 

ith different parameters was calculated by using the following 

quation: 

 = 

V loss 

F ∗ L 
, (1) 

here V loss is the wear volume loss (mm 

3 ), L is the sliding distance

m), and F is the applied normal load (N). 

. Results and discussion 

The XRD result of the Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG is presented in 

ig. 1 (c). A broad diffraction peak can be found at about 42 °, which

onfirms its fully glassy nature. Fig. 1 (d) presents the DSC results 

f the Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG, where its T g is about 827 °C, T x 
s about 955 °C, and �T is about 128 °C. Accordingly, we confirmed 
ig. 2. (a) COF depending on the time of Ta-based BMG at RT. (b) Wear morphology of 

OF depending on the time of Zr-based BMG at RT. (e) Wear morphology of Ta-based BM

123 
he glassy nature and thermal properties of the Zr 55 Cu 30 Al 10 Ni 5 
MG (presented in Figs. S1 and S2 in the Supplementary Mate- 

ial). T g is about 420 °C, T x is about 480 °C, and �T is about 60 °C,

hich is consistent with Ref. [18] . In addition, the average hard- 

ess and modulus calculated from nanoindentation were 6.40 GPa 

nd 112.21 GPa (Fig. S3), respectively. 

.1. Wear behavior at RT 

Fig. 2 (a, d) displays the coefficient of friction (COF) depending 

n the time of Ir-Ta-Ni-Nb and Zr-Cu-Ni-Al BMG at RT, respectively. 

he COF of the two samples exhibits an abrupt rise followed by a 

radual fall, which is known as the “running-in” stage associated 

ith the roughness of the contacted and loaded surface [32] . It is 

oticeable that Ta-based BMGs undergo a longer “running-in” state 

han Zr-based ones, which can be attributed to the higher hard- 

ess of the former. In the subsequent “stable-wear” stage, the aver- 

ge COF of the Ta-based sample is about 0.50, and relatively stable 

verall. Accordingly, the average COF of the Zr-based one is approx- 

mately 0.55 and several mutations can be observed. The presence 

f fluctuations in Zr-based samples indicates the occurrence of 

racking or peeling [27] , which indicates that the Zr-based BMG is 

ore susceptible to wear than the Ta-based BMG under the same 

ear conditions, that is, the Ta-based BMG exhibits superior wear 

esistance. Fig. 2 (b, e) compares the 3D morphology of Ta- and Zr- 

ased BMG wear traces. The wear of Ta-based BMG is extremely 

light, whereas the wear of Zr-based BMG is relatively intense. 

he depths of the wear traces are 2.1 μm ( d Max1 ) and 17.4 μm

 d Max2 ) in accordance with the cross-sectional profiles presented 

n Fig. 2 (c, f). The area of the wear profile is 358 μm 

2 ( S 1 ) for Ta-

ased BMG and 11,237 μm 

2 ( S 2 ) for Zr-based BMG by using the in-

egral method. The wear volumes ( V loss ) for Ta- and Zr-based BMG 

re ∼6.74 × 10 –3 and ∼211.71 × 10 –3 mm 

3 by integrating over the 

ntire wear trail, respectively. In accordance with Eq. (1) , the wear 

ate ( ω) of Ta- and Zr-based BMG at RT is ∼2.65 × 10 −6 mm 

3 N 

−1 

 

−1 ( ω 1 ) and ∼83.24 × 10 –6 mm 

3 N 

–1 m 

–1 ( ω 2 ), respectively. In

ummary, the wear resistance of Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG is re- 

arkably better than that of Zr 55 Cu 30 Al 10 Ni 5 at RT. 

To investigate the wear mechanism of the two abovementioned 

MGs at RT, we examined the wear traces using SEM and EDS. 

s shown in Fig. 3 (a), the surface of the Ta-based BMG is rela-

ively smooth and grooves can be observed, which implies the 
Ta-based BMG at RT. (c) Cross-sectional profile of Ta-based BMG’s wear traces. (d) 

G at RT. (f) Cross-sectional profile of Zr-based BMG’s wear traces. 
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Fig. 3. (a, b) Wear morphology and elemental analysis of Ir-Ta-Ni-Nb BMG at RT. (c, d) Wear morphology and elemental analysis of Zr-Cu-Ni-Al BMG at RT. 

Table 1 

Summary of the elemental distribution of Ir-Ta-Ni-Nb and Zr-Cu-Ni-Al wear samples at RT. 

Point 

No. 

Element Content (at.%) 

Ir Ta Ni Nb O Zr Cu Ni Al 

P 1 28.64 34.42 27.30 6.69 2.96 0.00 � � �

P 2 25.41 25.43 24.69 3.23 21.23 0.00 � � �

P 3 15.56 15.47 14.64 1.80 52.53 0.00 � � �

P 4 � � � � 3.67 48.75 20.14 14.90 12.54 

P 5 � � � � 50.25 15.19 6.93 4.95 22.68 

P 6 � � � � 24.46 27.38 12.44 9.15 26.58 
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ccurrence of slight abrasive wear [20] . In the enlarged image 

 Fig. 3 (b)), fewer pores can be observed, indicating slight fatigue 

ear. Obvious oxidation can also be found (the darker areas). The 

lemental distribution of the non-wear area (P 1 ), grooves (P 2 ), and 

he oxide layer (P 3 ) was examined to further study the mechanism 

f wear, as summarized in Table 1 . The oxygen content is 2.96% 

n the non-worn area, 21.23% in the furrow, and up to 52.53% in 

he oxide layer. No Zr element was detected in the three regions, 

hich proves that no adhesion occurs from the counterpart mate- 

ial. Oxidative wear occurred on the surface due to the inevitable 

eating up during the friction process [33] . The surface inside the 

urrow, which is considered to be a fresher layer, contains less 

xygen than the oxide layer [34] . In summary, the wear mech- 

nisms of Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG at RT are oxidative wear, 

brasive wear, and minor fatigue wear. By contrast, the Zr-based 

MG underwent more severe wear, which can be demonstrated by 

he rougher surface, deeper grooves, and wider wear traces shown 

n Fig. 3 (c). In the magnified view ( Fig. 3 (d)), the adhesion of

ebris, more severe porosity, and remarkably plastic deformation 

an be observed, indicating the occurrence of severe abrasive wear, 

atigue wear, and adhesive wear. In addition, the distribution of 

lements in different characteristic regions of the Zr-based BMG 

as examined by using EDS. As shown in Table 1 , the oxygen 

ontent of P 5 and P 6 is 50.25% and 24.26% respectively, indicating 

he occurrence of oxidative wear. Therefore, the wear mechanism 

f Zr 55 Cu 30 Al 10 Ni 5 BMG at RT is a combination of more severe

brasive wear, fatigue wear, adhesive wear, and oxidative wear. 
124 
.2. Wear behavior at 200 °C 

Fig. 4 (a, d) compares the COF of Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 and 

r 55 Cu 30 Al 10 Ni 5 BMGs at 200 °C. Compared with the results at 

T, the characteristics of the COF at 200 °C can be summarized 

s follows: (1) The Ta-based BMG undergoes a shorter “running- 

n” stage, and minor fluctuations in the “stable wear” stage can 

e observed. (2) The Zr-based BMG shows mostly no “running-in”

tage and more dramatic fluctuations in the “stable wear” stage. 

he shorter “running-in” period can be attributed to a reduction 

n hardness due to increased temperature. Fig. 4 (b, c) presents 

he 3D appearance of wear trace (Ta-based BMG) at 200 °C and 

ts cross-sectional profile, which can be noticed as an increase in 

ear compared with RT. The maximum depth of the wear trace 

s 2.9 μm ( d Max3 ) and the cross-sectional area obtained by inte- 

ration is ∼1015 μm 

2 ( S 3 ). Correspondingly, the shape of the wear 

race (Zr-based BMG) and its cross-sectional profile are shown in 

ig. 4 (e, f). The maximum depth of the wear trace is 28.6 μm 

 d Max4 ) and the cross-sectional area obtained by integration is 

23,242 μm 

2 ( S 4 ). According to Eq. (1) , the wear rate ( ω) of Ta-

nd Zr-based BMGs at 200 °C is ∼7.52 × 10 −6 mm 

3 N 

−1 m 

−1 ( ω 3 )

nd ∼172.16 × 10 −6 mm 

3 N 

−1 m 

−1 ( ω 4 ), respectively. 

Fig. 5 (a) shows the SEM image of the wear trace (Ta-based 

MG) at 200 °C. We can detect the presence of slight grooves, 

hich are considered to be evidence of abrasive wear. Different 

rom the wear appearance at RT, the wear trace at 200 °C con- 

ains a large amount of “white powders”. In the magnified view 
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Fig. 4. (a) COF depending on the time of Ta-based BMG at 200 °C. (b) Wear morphology of Ta-based BMG at 200 °C. (c) Cross-sectional profile of Ta-based BMG’s wear 

trace. (d) COF depending on the time of Zr-based BMG at 200 °C. (e) Wear morphology of Ta-based BMG at 200 °C. (f) Cross-sectional profile of Zr-based BMG’s wear trace. 

Fig. 5. (a, b) Wear morphology and elemental analysis of Ir-Ta-Ni-Nb BMG at 200 °C. (c, d) Wear morphology and elemental analysis of Zr-Cu-Ni-Al BMG at 200 °C. 
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 Fig. 5 (b)), the “white powders” can be identified as the adhesion 

f numerous oxide particles. To further confirm the wear mech- 

nism, the elemental distributions of non-wear areas (P 7 ), oxide 

articles (P 8 ), and grooves (P 9 ) were examined. As summarized in 

able 2 , the oxygen contents of the non-wear area, oxide particles, 

nd grooves are 3.45%, 53.79%, and 35.73%, respectively. On the ba- 

is of these results, the wear mechanism of Ta-based MG at 200 °C 

s a combination of oxidative wear, adhesive wear, and slight abra- 

ive wear. Correspondingly, the wear morphology of Zr-based BMG 

t 200 °C is shown in Fig. 5 (c). Severe furrow and delamination on

he surface of the wear trace indicate that the Zr-based BMG un- 

erwent severe wear at 200 °C. In the enlarged view ( Fig. 5 (d)),

emarkably peeling and delamination can be observed, which in- 

icates the occurrence of severe fatigue wear. The distribution of 
125 
lements in the non-wear area (P 10 ), delaminated area (P 10 ), and 

eeled area (P 11 ) is summarized in Table 2 . The oxygen content in

he peeled and delaminated areas is 49.76% and 55.67%, respec- 

ively. The oxygen content in the non-wear area is merely 3.03%, 

hich means that the temperature rise due to the flash temper- 

ture leads to violent oxidation dominating the wear process. In 

onclusion, the wear mechanism of Zr 55 Cu 30 Al 10 Ni 5 BMG at 200 °C 

s a combination of severe oxidative wear, fatigue wear, and abra- 

ive wear. 

.3. Wear behavior at 400–750 °C 

The wear behavior of Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG at higher 

emperatures is discussed separately due to the severe wear of 
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Table 2 

Summary of the elemental distribution of Ir-Ta-Ni-Nb and Zr-Cu-Ni-Al wear samples at 

200 °C. 

Point 

No. 

Element Content (at.%) 

Ir Ta Ni Nb O Zr Cu Ni Al 

P 7 29.04 32.70 28.84 5.98 3.45 0.00 � � �

P 8 15.41 14.83 14.43 1.54 53.79 0.00 � � �

P 9 20.52 21.16 20.58 2.01 35.73 0.00 � � �

P 10 � � � � 3.03 49.41 30.44 4.70 12.42 

P 11 � � � � 49.76 12.11 5.24 3.75 29.13 

P 12 � � � � 55.67 14.95 5.57 4.05 19.76 

Fig. 6. (a) Friction coefficient of Ta-based BMG at 400 °C. (b) Wear morphology of Ta-based BMG at 400 °C. (c) Cross-sectional profile of wear trace 400 °C. (d) Friction 

coefficient of Ta-based BMG at 600 °C. (e) Wear morphology of Ta-based BMG at 600 °C. (f) Cross-sectional profile of wear trace at 600 °C. (g) Friction coefficient of Ta-based 

BMG at 750 °C. (h) Wear morphology of Ta-based BMG at 750 °C. (i) Cross-sectional profile of wear trace at 750 °C. 
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r 55 Cu 30 Al 10 Ni 5 BMG at 200 °C. Fig. 6 (a) presents the COF re-

ults of Ta-based BMG at 400 °C. The COF enters the “stable- 

ear” stage after a short “running-in” stage. Small fluctuations 

nd a gradual downward trend can also be observed. Fig. 6 (b, c) 

hows the corresponding 3D shape and cross-sectional profile of 

he wear traces, where the wear volume and depth increase with 

he increased temperature. The maximum depth of wear trace is 

.1 μm ( d Max5 ), and the cross-sectional area is ∼1429 μm 

2 ( S 5 ).

ence, the wear rate of Ta-based BMG at 400 °C is calculated to 

e ∼10.59 × 10 –6 mm 

3 N 

–1 m 

–1 ( ω 5 ). The COF of Ta-based BMG

t 600 °C is displayed in Fig. 6 (d). With the increase in temper-

ture, the hardness of the BMG decreases, and the “running-in”

tage cannot be observed. In the “stable wear” stage, the COF de- 

reases gradually, which is similar to the results at 400 °C and can 

e attributed to the lubrication of the oxide film [35] . Greater fluc- 

uations can be found at 400 °C, which may be due to the peel-

ng or cracking at higher temperatures. Fig. 6 (e, f) provides the 3D 

hape and cross-sectional profile of the wear trace at 600 °C. The 

aximum depth of the wear trace is 5.0 μm ( d Max6 ), and the wear

olume is 2833 μm 

2 ( S ), which gives a corresponding wear rate 
6 

126 
f 20.99 × 10 −6 mm 

3 N 

−1 m 

−1 ( ω 6 ) in accordance with Eq. (1) .

ear experiments were conducted at 750 °C, which is extremely 

lose to T g , to investigate the wear resistance of Ta-based BMG 

nder extreme conditions. The COF of Ta-based BMG at 750 °C 

s illustrated in Fig. 6 (g). Interestingly, the COF at 750 °C exhibits 

ome features that are distinguished from lower temperatures: (1) 

he tendency of COF is to gradually increase rather than gradu- 

lly decrease. (2) In the “stable-wear” stage, few fluctuations can 

e observed. These features indicate a transformation of the main 

ear mechanisms, which will be discussed in subsequent chapters. 

ig. 6 (h, i) presents the 3D shape and cross-sectional profile of the 

ear trace at 750 °C. The degree of wear decreases with increas- 

ng temperatures up to 750 °C. The maximum depth of the wear 

race is 4.2 μm ( d Max7 ) and the cross-sectional area is ∼956 μm 

2 

 S 7 ). When temperature increases from 600 °C to 750 °C, the wear 

ate paradoxically decreases from ∼20.99 × 10 −6 mm 

3 N 

−1 m 

−1 to 

7.08 × 10 −6 mm 

3 N 

−1 m 

−1 , which further validates the transfor- 

ation of the wear mechanism. 

The SEM morphology of the wear trace at 400 °C is illustrated 

n Fig. 7 (a). Slight grooves and areas of visible “white powders”
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Fig. 7. (a–c) Wear morphology and elemental analysis of Ir-Ta-Ni-Nb BMG at 400 °C. (d–f) Wear morphology and elemental analysis of Ir-Ta-Ni-Nb BMG at 600 °C. (g–i) 

Wear morphology and elemental analysis of Ir-Ta-Ni-Nb BMG at 750 °C. 

Fig. 8. Summary of wear rates for various MG systems. 

c

a

i

e

b

o

i

z

i

g

c

I

h

fi  
an be observed, indicating the occurrence of abrasive wear and 

dhesive wear. In the magnified view ( Fig. 7 (b)), numerous ox- 

de particles are found but no cracks or holes are observed. How- 

ver, in the larger magnification image ( Fig. 7 (c)), small holes can 

e found, implying slight fatigue wear. The elemental distribution 

f non-wear zones (P 13 ), oxide particles (P 14 ), and grooves (P 15 ) 

s summarized in Table 3 . The oxygen content in the non-wear 
127 
one is 18.68%, which means that the Ta-based BMG is slightly ox- 

dized at 400 °C. The oxygen content of the oxide particles and 

rooves is 53.20% and 23.77%, respectively, which implies the oc- 

urrence of oxidative wear. Therefore, the wear mechanisms of 

r 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG at 400 °C are mainly oxidative wear, ad- 

esive wear, and minor abrasive and fatigue wear. The low magni- 

cation SEM morphology ( Fig. 7 (d)) of the wear trace at 600 °C is
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Fig. 9. (a–c) Backscattering morphology of the cross sections at 400 °C, 600 °C, and 750 °C. (d) Mapping analysis of the contrast difference layer. (e) Result of the weight 

increase of BMG in the air as a function of temperature. (f) Oxidation products of the surface analyzed using XRD. (g) Comparison of nanoindentation results of the BMG 

and oxide layer. 

Table 3 

Summary of the elemental distribution of Ir-Ta-Ni-Nb BMG at 400 °C, 600 °C, and 

750 °C. 

Point 

No. 

Element Content (at.%) 

Ir Ta Ni Nb Zr O 

P 13 25.99 26.50 25.32 3.51 0.00 18.68 

P 14 15.03 14.90 14.51 2.36 0.00 53.20 

P 15 24.46 39.76 23.37 3.34 0.00 23.77 

P 16 14.95 15.20 16.10 1.63 0.00 52.12 

P 17 13.59 15.34 13.39 2.02 0.00 55.66 

P 18 15.79 15.62 14.04 2.13 0.00 52.41 

P 19 4.84 24.04 31.93 0.46 0.00 56.52 

P 20 9.76 10.32 13.89 1.24 0.00 64.84 

P 21 13.04 13.09 10.43 1.70 0.00 61.74 

s
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i
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c
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t

w
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i

i

w

t

d
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w  

T

o  

C  

A

imilar to that at 400 °C, where oxide particles and slight grooves 

an be observed. Fig. 7 (e) shows an enlargement of a typical area 

n Fig. 7 (d), and a small number of holes can be observed, imply-

ng the occurrence of fatigue wear. More details are captured in 

he enlarged view ( Fig. 7 (e)), and remarkably plastic deformation 

an be found on the surface of the wear trace, which indicates 

hat the heat generated by friction further increases the temper- 

ture of the surface to reach the SLR of Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG.

imilarly, the distribution of elements in different regions, includ- 

ng non-wear region (P 16 ), oxide particles (P 17 ), and groove (P 18 ), 

s summarized in Table 3 . The oxygen content in the above three 
128 
egions exceeds 50%, which indicates that the ambient tempera- 

ure of 600 °C leads to the oxidation of BMG. Therefore, the wear 

echanism of Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG at 600 °C is oxidative 

ear, abrasive wear, and slight fatigue wear. The SEM morphol- 

gy of the wear trace after wear at 750 °C is shown in Fig. 7 (g),

here slight grooves and numerous oxide particles can be found. 

nterestingly, the magnified views ( Figs. 7 (h, i)) show a distinctly 

ifferent morphology from that at 400 °C and 600 °C. Distributed 

nique “island-like” features are observed on the surface of wear 

races rather than oxide particles. The unique morphology implies 

 transformation of the primary wear mechanism at 750 °C, and 

he uneven “island-like” structure is the origin of the gradual up- 

ard trend of COF in Fig. 6 (g). Correspondingly, the distribution of 

lements in the non-wear region (P 19 ) as well as inside and outside 

P 20 , P 21 ) of the island is summarized in Table 3 . A further increase

n the oxygen content is observed in all three regions, even exceed- 

ng 60% in the “island-like” region, which indicates that oxidative 

ear dominates the wear at 750 °C. 

The specific wear rate ω is used to evaluate the wear resis- 

ance of the novel Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG, which is in accor- 

ance with Eq. (1) . The wear results of Ir-Ta-Ni-Nb BMG at RT, 

00 °C, 400 °C, 600 °C, and 750 °C, including wear volume ( V loss ),

ear rate ( ω), and maximum wear depth ( d max ) are summarized in

able 4 . For comparison, the wear rates of various typical systems 

f BMG from literature, including Fe- [ 21 , 22 , 36 , 37 ], Cu- [ 24 , 38 ],

o- [27] , Ni- [34] , Ti- [ 20 , 24 , 39 ], Zr- [ 20 , 38 , 40 , 41 ], Mg- [25] , and

l-based MG [23] , at RT are tabulated in Table S1. The visual 
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Fig. 10. (a–c) High-resolution images of three typical areas (BMG substrate, interface, and oxide layer, respectively) observed by HRTEM. (d–f) SAED images of three selected 

regions. (g) FFT and IFFT images of the marked region in Fig. 10 (b). (h) FFT and IFFT images of the marked region in Fig. 10 (c). (i) Typical HAADF-STEM image and the 

corresponding EDS elemental maps of the oxide layer. 

Table 4 

Summary of the wear results of Ir-Ta-Ni-Nb BMG. 

Temperature ( °C) d max (m) V loss (m 

3 ) Wear rate( × 10 –6 mm 

3 N 

–1 m 

–1 ) 

RT 2.1 358 2.65 

200 2.9 1015 7.52 

400 4.1 1429 10.59 

600 5.0 2833 20.99 

750 4.2 956 7.08 

m

(
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w

t

T

u

t

4

4
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o
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7

t

t

i

t

t

a  

w

i

a

apping of wear rate based on typical MG systems, including bulk 

B) and coating (C), is plotted in Fig. 8 to facilitate the compar- 

son. The Ir-Ta-Ni-Nb BMG exhibits comprehensive and superior 

ear resistance properties compared with other MG systems. Al- 

hough Fe-based MG achieves near-wear resistance at RT, the Ir- 

a-Ni-Nb MG retains excellent resistance to wear at temperatures 

p to 750 °C, which is unachievable for the existing MG sys- 

ems. 
129 
. Discussion 

.1. Structure and composition of the oxide layer 

To understand the enhancement of wear resistance of 

r 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG at 750 °C, the cross-sectional morphol- 

gy of the wear trace was observed by using the backscattering 

ode. The results after wear experiments at 400 °C, 600 °C, and 

50 °C are presented in Fig. 9 (a–c), respectively. It can be found 

hat the cross-section at 400 °C exhibited a homogeneous con- 

rast (see Fig. 9 (a)), whereas a contrast difference of about 240 nm 

n thickness was observed at 600 °C ( Fig. 9 (b)). However, a con- 

rast difference layer with a thickness of about 5.85 μm was de- 

ected on the cross-sectional morphology after wearing at 750 °C, 

s shown in Fig. 9 (c). Cracks were observed in the results at 750 °C,

hich implies the occurrence of fatigue wear. By contrast, no vis- 

ble cracks or holes were found in the cross-section after wearing 

t 400 °C and 600 °C, which indicates that no serious fatigue wear 
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Fig. 11. Diagram of the wear mechanism at different temperatures. 
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the Ta-based MG underwent intense oxidation in accordance with 
ccurred. The distribution of elements in this region was analyzed 

y using EDS to confirm the origin of the contrast difference layer. 

s presented in Fig. 9 (d), the contrast difference layer reveals an 

xygen enrichment, which indicates the formation of a thicker ox- 

de layer on the surface of Ir-Ta-Ni-Nb BMG at 750 °C. It is consis- 

ent with the results of increasing weight as a function of temper- 

ture in air tested using a thermogravimetric analyzer. As shown 

n Fig. 9 (e), the Ir-Ta-Ni-Nb BMG starts to gain weight at ∼500 °C, 

nd the rate of weight gain increases remarkably at ∼670 °C. The 

ifferent oxidation rates lead to the generation of oxide layers with 

ifferent thicknesses, and the oxide layer generated at 750 °C dom- 

nates the wear process rather than the MG substrate. The oxida- 

ion products on the surface were identified using XRD, and the 

esults revealed that the oxide layer is mainly composed of Ta 2 0 5 
nd NiO, which is in agreement with the reported Ir-Ta-Ni-(B) BMG 

ystem [30] . The hardness and modulus of the Ir-Ta-Ni-Nb BMG 

nd oxide layer were determined by nanoindentation using a peak 

oad of 100 mN. The corresponding load vs displacement curves 

re shown in Fig. 9 (g). The data were averaged after collecting 10 

oints for every sample to ensure accuracy. The average hardness 

nd modulus of the original BMG can be calculated as 13.9 and 

91.5 GPa, while the average hardness and modulus of the oxide 

ayer are 11.9 and 151.4 GPa, respectively. 

The structures and compositions of the samples after the 750 °C 

ear test was further analyzed by using cross-sectional TEM. 

ig. 10 (a–c) shows the high-resolution structures at the combina- 

ion area (BMG substrate, interface, and oxide layer, respectively) 

bserved by high-resolution TEM (HRTEM). The three regions show 
130 
ifferent atomic structures, the BMG substrate is a typical amor- 

hous structure, the interface region is a combination of ordered 

nd disordered structures, and the oxidation region is a typical 

rystalline structure. Accordingly, the above three regions were 

hosen for selected area electron diffraction (SAED). The results 

re shown in Fig. 10 (d–f), respectively. The diffraction pattern cor- 

esponding to the BMG substrate shows a pure diffraction ring, 

hich indicates that the amorphous nature is maintained even af- 

er the 750 °C wear test. The region corresponding to the inter- 

ace shows a combination of crystal spots, and a halo ring shows 

 typical crystalline state. The region corresponding to the oxide 

ayer shows a pronounced crystal structure and can be identified 

s Ta 2 O 5 and NiO, which is consistent with the XRD results (Fig. 

(f)). The fast Fourier transform (FFT) and inverse FFT (IFFT) im- 

ges for a typical region (marked as R1) of Fig. 10 (b) are shown

n Fig. 10 (g) and its inset, respectively. The 2.09 Å spaced lattice 

ringes of the crystal phases in Fig. 10 (g) could correspond to the 

200) plane of NiO. Similarly, the FFT and IFFT images for a typical 

egion (marked as R2) of Fig. 10 (c) are shown in Fig. 10 (h) and its

nset, respectively. The 3.08 Å spaced lattice fringes of the crystal 

hases in Fig. 10 (h) correspond to the (210) plane of Ta 2 O 5 . A rep-

esentative area was selected for high-resolution TEM coupled with 

DS analysis to reveal more detailed chemical and structural infor- 

ation for the oxide layer ( Fig. 10 (i)). The EDS results indicate the 

ichness of Ta and O elements, and the bias of Ir, Ni, and Nb ele-

ents, which further proves the main composition of the oxidation 

roducts. When the ambient temperature of wear is set to 750 °C, 
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he results of Fig. 9 (c–e). Therefore, the actual wear involved at this 

oint is an oxide layer of several microns in thickness. 

.2. Wear mechanisms at variable temperatures 

The Ir 29.8 Ta 34.6 Ni 29.3 Nb 6.3 BMG demonstrates a superior high- 

emperature wear resistance, following different wear mechanisms 

t various ambient temperatures. To facilitate understanding, we 

llustrated the wear mechanism of Ir-Ta-Ni-Nb BMG at different 

emperatures based on the previous results. As shown in Fig. 11 , 

he warming caused by frictional heat is insufficient to soften the 

urface due to the ultrahigh T g temperature ( ∼827 °C) of the Ta- 

ased MG at RT-400 °C, and the actual wear involved is the rigid 

G substrate with disordered atomic structure. The wear behav- 

or at this point is mainly dominated by the hardness, and the 

orn surface mainly shows minor grooves caused by abrasive wear 

nd the distribution of oxide particles due to frictional flash tem- 

erature due to the high hardness ( ∼13.9 GPa) of the Ir-Ta-Ni- 

b MG ( Fig. 5 (a) and Fig. 7 (a)). When the temperature is set to

00 °C, the heating up caused by frictional heat reaches the SLR 

f Ta-based BMG. In this case, the softening layer of MG is in- 

olved in the wear, and the wear is the most intense with a wear

ate of 20.99 × 10 −6 mm 

3 N 

−1 m 

−1 ( Fig. 6 (d–f)). The wear sur-

ace is characterized by intense plastic deformation and the distri- 

ution of oxide particles due to frictional flash temperature (see 

ig. 7 (e, f)). Given that the hardness of the oxide layer ( ∼11.9 GPa)

s lower than that of the Ta-based BMG at RT, the wear rate at 

50 °C ( ∼7.08 × 10 −6 mm 

3 N 

−1 m 

−1 ) is higher than that at RT

 ∼2.65 × 10 −6 mm 

3 N 

−1 m 

−1 ) but lower than that of the softened

MG layer at 600 °C ( ∼20.99 × 10 −6 mm 

3 N 

−1 m 

−1 ), as summa-

ized in Table 4 and Fig. 8 . Owing to the intense oxidation, the

ear surface consists of a large number of “island-like” oxidation 

roducts (corresponding to Fig. 7(h, i)), and this convex structure 

eads to the gradual increase in COF (Fig. 6(g)). 

. Conclusions 

In this study, the wear behaviors and mechanisms of a novel 

a-based BMG at RT and elevated temperatures were investigated 

n depth. At relatively low temperatures from RT to 400 °C, the 

ear behavior is mainly influenced by hardness, and the wear 

echanisms are mainly minor abrasive wear and oxidative wear 

ue to flash temperatures during friction. The corresponding wear 

ates at RT, 200 °C, and 400 °C are 2.65 × 10 −6 mm 

3 N 

−1 

 

−1 , 7.52 × 10 −6 mm 

3 N 

−1 m 

−1 , and 10.59 × 10 −6 mm 

3 N 

−1 

 

−1 , respectively. At a higher temperature of 600 °C, the fur- 

her heating induced by frictional heat leads to softening of the 

MG surface, which results in intense wear with a wear rate of 

0.99 × 10 −6 mm 

3 N 

−1 m 

−1 . The corresponding wear mechanisms 

re softness-driven abrasive wear and oxidative wear caused by 

ash temperatures during friction. At the highest temperature of 

50 °C, the oxide layer with a thickness of several microns formed 

n the surface of Ta-based BMG undergoes the wear process in- 

tead of the substrate, showing enhanced wear resistance with a 

ear rate of 7.08 × 10 −6 mm 

3 N 

−1 m 

−1 . In summary, we demon- 

trated the superior high-temperature wear resistance of Ir-Ta-Ni- 

b BMG, which elucidates its wide application in precision instru- 

ents and under extreme conditions. 
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