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Metallic glasses (MGs) have garnered significant attention due to their excellent properties, like high wear
resistance, making them highly promising for a wide range of engineering applications. However, it is of sig-
nificance to further increase the wear resistance of MGs, which has rarely been studied. Here we present a
remarkable enhancement of wear resistance when some MGs undergo a liquid-liquid transition to form a new
metallic glacial glass (MGG) state. Within an identical composition of LagsNigoAlss, the wear resistance of the

MGG exhibits a notable superiority of 104% compared to the as-cast MG, and an even more remarkable
advantage of 349% compared to its crystalline counterpart. The excellent wear resistance of the MGG is
attributed to its ultrastable nature in energy confirmed by dynamic relaxation changes. This work not only offers
a unique perspective on MGGs, but also provides an effective technique for developing wear-resistant materials.

1. Introduction

Metallic glasses (MGs) are unique materials that are synthesized by
rapid cooling of molten liquids to avoid crystallization [1,2]. Due to the
absence of long-range atomic packing ordering and conventional defects
like dislocations and grain boundaries, MGs exhibit remarkable prop-
erties, such as large elastic limit, high yield strength and high hardness
[3-6]. These properties render them suitable for various applications
such as micro-gears and bearing structures [3,4].

On the other hand, friction between components is an inevitable
occurrence in engineering applications and may result in excessive wear,
which is one of the main causes of equipment failure. The conventional
wear-resistant materials are generally crystalline materials, including
tungsten carbide [7,8], silicon carbide [9,10], and diamond [11,12].
Recently, there has been extensive research focused on wear resistance
in amorphous alloys (namely MGs) [13-17], which have been found to
exhibit excellent capability to resist wear in a wide temperature range,
particularly at elevated temperatures reaching 750 °C [14].

It is well known that the properties of MGs strongly depend on their
energy state which can be tuned by aging [15,17-19]. Aging makes the
MGs undergo structural relaxation, which is manifested by the reduction
of enthalpy below the glass transition temperature (T,). The mechanical
and tribological properties of MGs vary with their energy state after

structural relaxation accordingly [15,20,21]. Jin et al. [22] found that
the heat treatment of ZI'42Ti15_5CU14_5N13_5B624V5 MG at 0.83 Tg can
reduce its wear volume by approximately 34%. Moreover, it has been
reported that the wear rate of the relaxed CuggZr3gTiio MG is 65% lower
than that of the as-cast counterpart [17]. Another work has also shown
that the relaxed MG of ZrgoCuiAl;sNip 5 exhibited the best wear resis-
tance compared to the as-cast MG and crystalline states [18].
Pre-heating during the wear process or frictional heating has also been
shown to cause structural relaxation in MGs and alter their surface
chemistry [17]. Consequently, the wear resistance of MGs seems to in-
crease with the reduction of their energy level with aging.

In recent years, liquid-liquid phase transitions have been discovered
in some specific amorphous systems, which lead to a new glass state
[23-27]. In the study of Shen et al., a liquid-liquid transition is found in
Rare-earth-based metallic glasses, and a new metallic glass emerges
after the liquid-liquid transition [23]. This new glass phase is called
metallic glacier glass (MGG), which possesses a higher Ty and a less
enthalpy change (i.e., smaller area of the exothermic peaks during
heating) than those of the as-cast counterpart. Therefore, the MGG is
considered to be a thermodynamically ultrastable state [23,26,27], with
an energy level much lower than that of the samples aged below Ty. Asa
consequence, it invites an important and intriguing question: how are
properties of the MGG as an ultrastable glassy state?
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In this work, we report a remarkable improvement in wear resistance
for the MGG, exhibiting a significant enhancement of 104% compared to
the same composition in its as-cast state and an impressive enhancement
of 349% compared to the same composition in its crystalline state. The
hardness of the MGG only increases slightly compared to the as-cast
state. DMA tests showed that both a-relaxation and g-relaxation in the
MGG shifted to higher temperatures, and the activation energy of
p-relaxation increases. It indicates that the MGG locates at a much lower
energy state than the as-cast counterpart, which contributes to the
remarkable enhancement in wear resistance. This finding provides a
direction for exploring higher wear-resistant materials and a better un-
derstanding of the properties of the MGG.

2. Experiments

LagsNigoAl;s (at.%, abbreviated as La65 hereafter) alloy was syn-
thesized by arc melting pure La (99.9at.%), Ni (99.999at.%), and Al
(99.999at.%) in a high-purity argon atmosphere. A titanium ingot was
used for the melting process at high temperature to prevent oxidation.
To ensure the uniform composition of the molten alloy, each ingot was
melted 8-10 times, and then cast into a plate with a width of 20 mm and
a thickness of 2 mm using a water-cooled copper crucible. These La-
based BMGs were cut into 10 mm diameter disks by using low-speed
wire electrical discharge machining (WEDM; SODICK AP250L).

The phase structure of the samples was examined using X-ray
diffraction of CuKa radiation (XRD, Rigaku MiniFlex 600), and a scan
rate of 2 rad/min was used. The glass properties of the samples were
determined using differential scanning calorimetry (DSC, Perkin Elmer
DSC-8000) at a heating rate of 20 K/min. The micromorphology and
elemental distribution of the samples were characterized using trans-
mission electron microscopy (TEM, FEI Titan Cubed Themis G2 300) and
(EDS). The TEM samples were prepared on a FEI Scios SEM/FIB dual
beam system.

Dry sliding wear tests were performed on the top surface of BMG
samples under air atmosphere using a ball-and-disk wear machine (Rtec

a
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MFT-5000, USA). A commercial zirconium dioxide (ZrO-) balls (9.5 mm
diameter) with a hardness of ~14 GPa were selected as the corre-
sponding components. A fixed sliding speed of 200 r min~}, a total
sliding time of 30 min, and a load of 10 N were applied to all wear tests.
The 3D morphology of the wear trajectory and the amount of wear were
evaluated using a white light interferometer (Bruker ContourGT-X 3D).
The 3D morphology and wear volume of the wear trajectory were
evaluated using a white light interferometer (Bruker ContourGT-X 3D).

The modulus of the BMG samples was tested by using a nanoindenter
(TI750 Hysitron Ltd.). Sixteen points per sample were tested to ensure
the reliability of the data. The maximum load was 5 mN. The relaxation
features were performed by the dynamic mechanical analyzer (DMA, TA
DMA-Q850), where frequencies of 0.2 Hz, 0.4 Hz, 1 Hz, 2 Hz, 4 Hz, 10
Hz, and 20 Hz were used.

3. Results

Fig. 1(a) shows the DSC curves of the as-cast MG and MGG in La65.
The Ty of the as-cast sample is determined around 438 K, and its first
exothermic peak temperature (T},) is around 453 K. The MGG is obtained
by heating to 473 K at a rate of 10 K/min, followed by cooling down
immediately at a rate of 100 K/min. The heat treatment temperature is
above the T}, of the as-cast one, as shown by the red arrow. It is clear that
the T of the MGG increases, while the first exothermic peak disappears.

The X-ray diffraction (XRD) patterns of three samples are shown in
Fig. 1(b). The black pattern corresponds to the as-cast MG, which ex-
hibits a distinct halo characteristic of the amorphous structure. The red
pattern corresponds to the XRD pattern of the MGG in which the
amorphous halo peaks still retain. More interestingly, the second halo
peak is enhanced, which is a typical structure characteristic of the MGG
[23,27]. The blue pattern shows the XRD data of the crystalline state
after annealing at 673 K for 10 min, and sharp peaks are observed.
High-resolution electron micrographs and the corresponding diffraction
pattern images of the as-cast MG and MGG are shown in Figs. 1(c,d),
respectively. The characteristic halos of amorphous phase are observed
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Fig. 1. DSC curves and structure of as-cast MG, MGG and crystalline samples. (a) DSC curves corresponding to as-cast MG and MGG. (b) XRD patterns of the three
samples. (¢, d) HRTEM images of (c) as-cast MG and (d) MGG with the corresponding SAED images.
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and no crystalline structure is found in both of them. It reveals an
amorphous structure down to the atomic level. Thus, it can be confirmed
that the MGG remains an amorphous state.

The wear behaviors of the three states, including as-cast MG, MGG,
and crystalline phase, are shown in Fig. 2(a, d, g) which display the
relationship between coefficient of friction (COF) and time for the three
states. In the early stages of wear, there is an abrupt increase in the COF,
subsequently followed by a gradual decrease or stabilization, which is
commonly known as "running-in" related to the roughness of the con-
tacting surfaces [14,28]. It is noted that the MGG sample undergoes a
longer "running-in" period, indicating higher wear resistance than the
other two samples. Fig. 2(b, e, h) present a comparative analysis of the
three-dimensional profiles of the wear tracks for the three samples. It is
found that the MGG sample demonstrates the least severe wear, whereas
the crystalline sample exhibits the most severe wear. Based on the
cross-sectional profiles shown in Fig. 2(c, f, i), the depths of the wear
tracks are 50.908 pm (dyax1) for the as-cast MG, 32.606 pm (dpax2) for
the MGG, and 97.034 pm (dpax3) for the crystalline sample, respectively.
The integrated wear track areas for the as-cast MG, MGG and crystalline
samples are 45,498 pm? (S1), 22,256 pm? (S,), and 99,879 pm? (S3),
respectively. The wear rate o is derived from the volume-loss equation
[14] as follows: @ = Vjoss /(L*P), Where Vs is the total volume lost
(rnm3), L is the total wear distance (m) calculated from the wear time
(min), wear speed (rpm) and wear radius (mm), and P is the applied load
(N). The wear rates are calculated as: 7.583 x 10~ >mm >N"'m~! for the
as-cast MG, 3.079 x 10 mm 3N 'm~! for the MGG, 16.65 x
103 mm 3N"!m! for the crystalline phase.

In order to investigate the wear mechanism of the above samples, we
examined the wear marks using SEM and EDS. In Fig. 3(a, d, g), the
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presence of wear trace is observed for the three states. The occurrence of
delamination is found in Fig. 3(a, d), which can be attributed to plastic
deformation in amorphous alloys. It is obvious that the wear trace width
of the MGG sample is the narrowest, about 1.119 mm. This result serves
as further evidence substantiating the enhanced wear resistance of the
MGG sample.

A detailed analysis of the wear mechanism of the as-cast MG is
depicted in Fig. 3(b, c), providing a clear observation of the formation of
grooves, delamination, and debris. These characteristics have been re-
ported previously in the wear surfaces of bulk metallic glasses (BMG)
[29-32]. Subsequently, elemental analysis was conducted on these wear
areas and summarized in Table 1. The distribution of elements in the
non-wear region (P;), delaminated region (P, P4) and peeling region
(P3) in Fig. 3(b, c) is shown in Table 1. The oxygen content in the
non-wear region, delaminated region and peeling region are 5.6% (P1),
35.2% (P3), 48.1% (P3) and 36.5% (P4), respectively. Based on these
results, we can know that the wear mechanism of as-cast MG is a com-
bination of oxidative wear, adhesive wear and abrasive wear.

Microcracks, peeling and delamination are clearly visible in Fig. 3(e,
f) of the MGG, indicating severe plastic deformation of the MGG in the
direction of wear. Element distributions in the non-worn region (Ps),
peeling regions (Pg, Pg) and delaminated regions (P, Pg) were detected.
As shown in Table 1, the oxygen contents in the non-worn, peeling and
delaminated regions are 8.8% (Ps), 49.6% (Pg), 31.0% (P7), 52.9% (Pg)
and 35.4% (Pg). These results are similar to those previously reported by
Bhatt et al. for the worn surface of a relaxed sample [17]. Based on these
results, it can be concluded that the wear mechanism of the MGG sample
is a combination of oxidative wear, adhesive wear and fatigue wear.

The grooves and debris can be clearly seen in Fig. 3(h, i)
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Fig. 2. Characterization of frictional wear of three samples. (a, d, g,) COF versus time for (a) as-cast MG, (d) MGG, and (g) crystalline state. (b, e, h) Wear
morphology of (b) as-cast MG, (e) MGG, and (g) crystalline state. (c, f, i) Cross-sectional profile of (c) as-cast MG, (f) MGG, and (i) crystalline state wear marks.
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Fig. 3. Wear patterns of three samples. (a-c) Wear morphology and elemental analysis of as-cast BMG. (d-f) Wear morphology and elemental analysis of MGG. (g-i)
Wear morphology and elemental analysis of crystalline phase. Points are labelled for elemental analysis.

Table 1
The statistics of elemental oxygen content in different regions.

Point No. Element Content (at.%)
La Ni Al (6]

2% 62.5 17.2 14.7 5.6
P, 46.3 11.6 6.9 35.2
P3 36.5 8.5 6.9 48.1
Py 47.9 11.7 3.9 36.5
Ps 65.2 15.8 10.2 8.8
Pg 35.0 7.5 7.9 49.6
P, 46.1 14.1 8.9 31.0
Pg 31.0 8.5 7.5 52.9
Pg 45.2 10.9 8.5 35.4
Pio 63.3 13.6 13.8 9.3
128 44.4 10.5 9.0 36.1
Pio 26.0 6.8 5.7 61.5
P13 35.0 7.2 7.0 50.8

corresponding to the crystalline phase. The distribution of elements in
the non-wear area (P1¢), debris area (P12), and grooves (P11, P13) were
examined. The results are shown in Table 1. Oxygen content in the
debris area up to 61.5% and the grooves area also has a high oxygen
content. Based on these results, it can be concluded that the wear
mechanisms of the crystallized alloy are abrasive wear and oxidative
wear.

4. Discussion

The COF and wear rate of three different states are summarized in
Fig. 4(a). A compelling demonstration has been provided, showcasing
that the MGG exhibits low friction coefficient and low wear rate. Pre-
vious literature has reported a negative correlation between hardness
and wear rate [17,18]. Thus, we also tested the material intrinsic me-
chanical properties, i.e., hardness and modulus. The hardness results of
the tests using a microhardness tester are shown in Fig. 4(b), where 40
points are taken for each sample to minimize errors. It can be clearly

seen that the microhardness of MGG is the highest, while the as-cast MG
is the lowest. Nanoindentation patterns are measured using nano-
indentation with a peak load of 5 mN and the corresponding
load-displacement curves are shown in Fig. 4(c). Sixteen points were
taken for each sample and the results are shown in Fig. 4(d), where the
modulus results follow the same trend as the microhardness results. It
has been reported that during the heat treatment, a denser random
stacking structure is obtained due to the annihilation of the free volume,
leading to a limitation of shear band motion in the relaxed amorphous
alloy and an increase in hardness [17,33,34]. This coincides with our
experimental results.

Although the microhardness and nanoindentation values of the
crystalline alloy are higher than those of the as-cast MG (Fig. 4(b, d)),
the wear capability of the crystal is lower than that of the as-cast MG.
This result is due to the different wear mechanisms in MGs and crystals
[35]. The main mode of wear for crystalline materials is abrasive wear.
Crystalline materials undergo plastic deformation through dislocation
movements [36,37]. In contrast to pure metals or conventional alloys,
metallic glasses are devoid of dislocations. The wear mechanism of
metallic glasses involves inhomogeneous shear. The inhomogeneous
plastic flow is evident through the formation of local shear bands [15,
38]. This shear instability in MGs is due to softening and therefore high
deformation of the region appears near the shear zone [17]. Previous
studies [33,34] revealed inhomogeneous shear bands within the wear
trajectory of metallic glasses. Consistent with the wear profile of this
work.

The above results show that the hardness of the MGG becomes
slightly higher than that of the as-cast sample by 8.5%, but the wear
resistance remarkably increases to 104%. Therefore, the slight hardness
increase is not the main reason of the remarkable enhancement in wear
resistance. To figure out the key reason, we performed further study on
the relaxation behaviors of the as-cast MG and MGG.

Fig. 5(a) shows the loss modulus curves of as-cast MG and MGG. Two
relaxation peaks can be observed in their curves, the low temperature
peak is the p-relaxation peak and the high temperature peak is the



Z. Chen et al.

COF
Wear rate :
. [
F10 &
—
As-;:ast MéG Cry'stal
c
5| = As-cast
MGG
—— Crystal
4] b
ER
7
3 2
14
0 v

0 50 100 150 200 250 300
Depth (nm)

Journal of Non-Crystalline Solids 619 (2023) 122582

b250

200 I

150 1

\Y

T 1004

50

As-;;ast MéG Crylstal

50 I

) -

304

20+

Modulus (GPa)

As-;:ast MéG Cry'stal

Fig. 4. Summarizes the COF, wear rate, hardness and modulus of the material for the three samples. (a) Summary of the friction coefficient and wear rate of the three
samples. (b) Microhardness results for the three samples. (c) Nanoindentation curves for the three samples. (d) Modulus statistics for the three samples.

Q

=
o
w
"

-
o
™
"

Loss Modulus (MPa)
)

"y
o
™
"

300 350 400 450 500 550

T(K)

E, = 72.37+2.59 kJ/mol

| E.=78.06+2.24 kJ/mol

24 26 28 30 32
1000/T (K1)

Fig. 5. Dynamic features of the as-cast MG and MGG. (a) Loss modulus curves of the MG and MGG. The solid curves at 1 Hz are used as references for determining
peak temperature changes. (b) Arrhenius fitting of peak temperature and frequency of f-relaxation for both the MG and MGG. According to the Arrhenius relation,

the activation energies are yielded.

a-relaxation peak. The results show that the a-relaxation peak temper-
ature and the f-relaxation peak temperature of the MGG are higher than
those of the as-cast state. The peak temperature rise of the f-peak is
around 28 K and the rise of the a-peak is up to 55 K. These peak tem-
perature rises are consistent with the Ty change in DSC results in Fig. 1
(a) and indicate that the MGG is thermodynamically more stable than
the as-cast state. Fig. 5(b) shows the frequency (f) of the f-peaks versus
peak temperature (Tp) in the as-cast MG and MGG, which can be fitted
by the Arrhenius relation,

f = forexp(—E, | RTy), @

where fj is the prefactor, E, is the f-relaxation activation energy, and R is
the gas constant. The E, of as-cast MG and MGG are yielded to be 72.37
+2.59 kJ/mol and 78.06+2.24 kJ/mol, respectively. The higher E, in-
dicates the MGG locates at lower energy states, so it is more difficult to
activate the f-relaxation of the MGG. From the view of microstructure,
the MGG has been reported to possess a denser random stacking

structure [17], indicating a substantial annihilation of the free volume
when the as-cast MG transforms into the MGG. As a consequence, the
much lower energy state of the MGG leads to a much more difficulty to
generate shear band motion, and thus the MGG exhibits much better
wear resistance than that of the as-cast MG.

5. Conclusions

In this work, we report a remarkable improvement of wear resistance
in the MGG. It exhibits a significant enhancement of 104% compared to
the same composition in its as-cast MG and an impressive enhancement
of 349% compared to the same composition in its crystalline state. DMA
tests showed that both a-relaxation and g-relaxation in the MGG shifted
to higher temperatures, and the activation energy of f-relaxation in-
creases. It indicates the MGG locates at a much lower energy state than
the as-cast counterpart, which contributes to the remarkable enhance-
ment in wear resistance. This work provides a promising route to
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improve the wear performance of metallic glasses and offers a new
perspective on understanding liquid-liquid phase transitions.
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