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Melt treatment is well known to have an important influence on the properties of metallic glasses (MGs). However,
for the MGs quenched from different melt temperatures with a quartz tube, the underlying physical origin responsible
for the variation of properties remains poorly understood. In the present work, we systematically studied the influence
of melt treatment on the thermal properties of a ZrsyCusgAl4 glass-forming alloy and unveiled the microscopic origins.
Specifically, we quenched the melt at different temperatures ranging from 1.17] to 1.57; (7; is the liquidus temperature) to
obtain melt-spun MG ribbons and investigated the variation of thermal properties of the MGs upon heating. We found that
glass transition temperature, Tg, increases by as much as 36 K, and the supercooled liquid region disappears in the curve
of differential scanning calorimetry when the melt is quenched at a high temperature up to 1.57;. The careful chemical
analyses indicate that the change in glass transition behavior originates from the incorporation of oxygen and silicon in the
molten alloys. The incorporated oxygen and silicon can both enhance the interactions between atoms, which renders the
cooperative rearrangements of atoms difficult, and thus enhances the kinetic stability of the MGs.

Keywords: metallic glass, thermal properties, melt treatment, overheating, oxygen content

PACS: 64.70.pe, 63.50.Lm, 65.60.+a, 81.05.Kf

1. Introduction

Metallic glasses (MGs), rapidly quenched from molten
alloy liquids, are often considered frozen liquids because
the solid MGs inherit to some extent the liquid structure.!!]
The disordered atomic structures of MGs result in many
unachievable properties with crystalline alloys, such as
high strength,!>%) large elastic limit,!”! and thermal-plastic

[10-12] Because the atomic structures of MGs

formability.
are believed to depend on thermal history,l'*! many ef-
forts have been devoted to the investigation on the effects
of melt treatment, in particular, overheating and quench-
ing temperature, Ty, on thermal stability,!1*% glass for-
mation ability (GFA),3'-3%1 magnetic*’~*°1 and mechanical

s, [27:2841-44] apd corrosion resistance.[*>#0] Substan-

propertie:
tial changes in properties have been experimentally observed.
However, the trend of these changes is often inconsistent
in reported investigations. For example, in some investi-
gations overheating the molten alloy to a high quenching
temperature could lead to higher glass transition tempera-
ture 7, and crystallization temperature 7y of the obtained
MGs, [14:16-18,21-25.28.47.48] \yhile decreased Ty with increasing

Ty was reported in other investigations when the molten alloy
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was overheated. >3] In addition, it was found that glass tran-
sition and supercooled liquid region (SLR) disappear when
glass-forming alloys are overheated and quenched from high
Ty Nonetheless, the persistence of distinct glass transi-
tion and SLR in the MGs quenched from high T; was also

14-24] The variation of MG properties has been pre-

reported. !
dominately ascribed to the evolution of locally ordered clusters
and precipitation of high-temperature phases when the molten
alloy is overheated and quenched at different 7;. The MGs
obtained from a high 7; were assumed to have a more ho-
mogenous structure. However, the investigations by MD sim-
ulations suggested that the effect of 7 on the formation of MG
is negligible.[*"!

For the investigations on the effect of melt treatment, Zr-
based MGs were often chosen as model materials because
their superior GFA allows changes of T in a wide temper-
ature range.3>% Additionally, induction melting in a quartz
tube was usually used to overheat the molten alloys because
the temperature measurement is more convenient during over-
heating. However, Zr has a large chemical activity with oxy-
gen at high temperatures, and a large amount of oxygen has
been detected in the MGs quenched from high 7; through in-
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duction melting.3148] Although it is well known that minor
additions have a substantial impact on the formation and prop-
erties of MGs, P! the influence of oxygen has not received suf-
ficient attention. As a consequence, it remains elusive whether
the property variation of the overheated Zr-based MGs origi-
nates from a more homogenous structure or the incorporation
of elements such as oxygen.

In this work, we systematically investigate the effect of
Ty on the thermal properties, crystallization kinetics, relax-
ation behaviors, and mechanical properties of ZrsoCusgAlj4
MG ribbons. We found that with the increase of 7y during
the melt spinning process, the properties of Zrs;oCussAljs MG
ribbons undergo significant changes. Through chemical com-
position analysis, it turns out that the effect of 7 actually
roots from the redox reaction between molten alloy and quartz
tubes, which renders silicon and oxygen elements incorporated
into ZrsoCusgAlj4 MG ribbons. These results can enable us to
comprehensively understand the role of melt treatment on the
properties of MGs, and provide some experimental founda-
tion for the control of the structure—performance relationship
in glass-forming alloys.

2. Experiment

Master alloys with the nominal compositions (at.%) of
Zr50CusgAly4 and AusoCups sAgy.5Sij7 were prepared by arc-
melting a mixture of pure metals in a Ti-gettered argon at-
mosphere. The purities of the raw materials are Zr 99.9%,
Cu 99.99%, Al 99.999%, Au 99.999%, Ag 99.999%, and
Si 99.999% (all in wt.%), respectively. In order to achieve
homogeneity in composition, each ingot was remelted more
than six times. Melt spinning was used to prepare MG rib-
bons. The preparation was carried out under the protection
of a high-purity argon atmosphere after the vacuum reached
8 x 107* Pa. The ingots were heated by induction heating in
quartz tubes to a specific 7y and then immediately quenched
the melt at that 7;. The MG ribbons were obtained by quench-
ing the molten liquid at different temperatures. We used a new
quartz tube for every MG ribbon. The molten liquid temper-
ature was measured by a radiation thermometer with an accu-
racy of 20 K. The quartz-tube nozzle hole diameter, the cop-
per wheel rotation speed, and ejection pressure difference were
set to 0.4 mm, 2400 rpm, and 0.2 MPa, respectively. The av-
erage oxygen contents were measured by a high-temperature
thermal decomposition analyzer (Yanrui NO-330) with an ac-
curacy of 1 wt. ppm for oxygen. The compositions of the
MG ribbons were analyzed by employing inductively coupled
plasma—atomic emission spectroscopy (ICP-AES).

The x-ray diffraction (XRD) analysis was carried out by
using a Bruker D8 Advance diffractometer with a Cu Ky
source. A high-resolution transmission electron microscope
(HRTEM) was also used to characterize the structure of MG

ribbons obtained from different 7;. The HRTEM specimens
were prepared by ion milling with 3 kV Ar ions. HRTEM
observation was carried out by a transmission electron micro-
scope (TEM, JEM-2100PLUS, JEOL, 200 kV) with a field
emission gun.

A Perkin—Elmer differential scanning calorimetry (DSC)
8000 was employed to examine the thermodynamic proper-
ties of the MG ribbons at a heating rate of 20 K-min~! with
20 mL-min~! flowing pure argon to prevent possible surface
oxidation. The melting points and liquidus temperatures were
measured by a differential thermal analyzer (Netzsch DSC
404C). The dynamic mechanical analysis (DMA) measure-
ments were performed on a TA DMA Q800 in a temperature-
ramp mode under the frequency of 1 Hz and an amplitude of
10 um. The stress relaxation measurement was performed
through DMA at a temperature of 0.87; and a tensile strain
of 0.7%.

Nanoindentation measurements were carried out on
Hysitron TI980 using a calibrated diamond Berkovich inden-
ter with a nominal tip radius of curvature of 50 nm under the
load-controlled mode. The tests were conducted by using par-
tial unload mode, which included 33 loading—unloading cycles
from 500 uN to 10000 uN at room temperature. Each cycle
comprised of loading, holding, and unloading. The loading
time, hold time, and unloading time were all one second. The
unloading fraction parameter which controlled the percentage
of unloading for each unloading segment was set to 0.5.

3. Results and discussion

Figure 1(a) shows XRD patterns of Zrs;oCusgAlis MG
ribbons obtained from different 7. It can be seen that there
only exist broad diffraction peaks without any sharp crys-
tal diffraction peaks within the resolution of XRD, indicat-
ing the amorphous structure of the MGs. In order to exclude
the possibility of nanocrystalline precipitation in the MG rib-
bons, we also characterized the structure of the MGs through
HRTEM and selected area electron diffraction (SAED). Fig-
ures 1(b)-1(f) show the HRTEM images and SAED patterns
of ZrsoCuzgAlj4 MG ribbons prepared from 1.17; to 1.57; in
turn. The maze-like patterns and diffraction halos confirm that
the alloys are of disordered structure without the formation of
nanocrystals.

Figure 2(a) shows the DSC curves for ZrsgCusgAlj4 MG
ribbons prepared from various 7. As can be seen from the
DSC curves, the calorimetric 7, gradually shifts towards a
higher value when Ty increases from 1.17; to 1.47;. How-
ever, when the MG ribbon is quenched from 1.57;, neither
glass transition nor SLR could be observed. This phenomenon
is consistent with the previous report,[>! and the disappear-
ance of glass transition and SRL was ascribed to the change
of atomic configurations from densely-coordinated to loosely-

036401-2



Chin. Phys. B 33, 036401 (2024)

coordinated atomic packing. Whereas, it suggested that the
phenomenon could be observed only when Tj is 700 K above
7,.11 In our case, the phenomenon takes place at a lower Ty,

(a) Zr50CuszeAlyy

Intensity

i.e., the Tj is only 400-500 K higher than 7. According to pre-
vious investigations, distinct glass transition and SLR should

be observable in our case. 424

Fig. 1. Structural characterization. (a) XRD patterns of ZrsoCuszgAlj4 melt-spun MG ribbons prepared by melt spinning from different
quenching temperatures (73) ranging from 1.17; to 1.57;. HRTEM and SAED images for the ZrsoCu3gAl;4 melt-spun MG ribbons quenched

from (b) 1.17;, (c) 1.27;, (d) 1.37;, (e) 1.47;, and (f) 1.57.
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Fig. 2. The variation of glass transition. (a) Glass transition character-
ized by DSC for ZrsoCuszcAlj4 melt-spun MG ribbons prepared from
different 7. The heating rate is 20 K/min. 7 is marked out with the
arrows and defined from the onset of the transition as indicated by the
intersection of the black lines. (b) The normalized loss modulus E” /Ey,
at frequency f = 1 Hz and heating rate of 3 K/min. The peak tempera-
ture is taken as the kinetic glass transition temperature 7.

To confirm the disappearance of glass transition, we con-

ducted DMA measurements. In contrast to other thermody-
namic methods such as DSC and thermal mechanical analysis,
DMA is more sensitive in detecting the occurrence of various
atomic motions and transformations, and the glass transition
can be revealed as a dynamic process at the dynamical glass
transition temperature Ty,. Figure 2(b) illustrates the tempera-
ture dependence of the normalized loss modulus, E” /EL, for
Zr50CusgAlj4 MG ribbons. One can see that Ty, increases from
748 K to 784 K when T varies from 1.17; to 1.57. This in-
dicates that higher energy is required to activate the coopera-
tive rearrangement of atoms in the MGs quenched from higher
melt temperatures. The measurement results by DMA are con-
sistent with those by DSC. In both cases, the glass transition
temperature shifts to a higher value when 7Ty is increased. Fur-
thermore, we prepared ZrsoCusgAlj4 MG ribbons at the same
T, but at different spinning speeds of the copper wheel. As
shown in Fig. S1, Ty remains unchanged. This suggests that
the cooling rate has a negligible contribution to the increase
of Ty. It is worth mentioning that the MG ribbon obtained
from the high T of 1.57; still shows a distinct dynamic glass
transition.

In general, the enhanced kinetic stability of MGs can
be interpreted from the perspective of potential energy land-
scape (PEL).15>35 Hence, we probed the distribution of re-
laxation energy barriers for the ZrsgCusgAljs MG ribbons.
Figure 3(a) shows the isothermal stress relaxation responses
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of Zr5yCuscAl14 MG ribbons. Figure 3(b) presents the distri-
butions of relaxation energy barriers derived from the stress
relaxation curves according to the activation energy spectrum
model. %371 Tt can be seen that for the MG with a higher T,
the energy barrier distribution shifts towards a higher value.
This suggests that the MGs quenched from higher temper-
atures are located in the deeper basins in PEL. Figure 3(c)
shows the apparent relaxation time, 7, obtained by fitting the
stress relaxation curves with the KWW equation. %% As can
be seen, T increases from 1209 +28 s to 281245 s when Ty
increases from 1.17; to 1.57;. This indicates that the atomic
mobility in ZrsgCuszgAlj4 MG ribbons reduces with the rise of
1.

In addition, the ease of glass transition which involves
cooperative rearrangement of atoms(® can be quantified by
the apparent activation energy (E,). Figure 3(d) shows the
DSC traces with the heating rates ranging from 20 K/min to
140 K/min for the ZrsoCuzgAls MG ribbon quenched at 1.37;.
It can be seen that 7, and the temperature of the first crys-

tallization peak (7p) shift to higher temperatures with the in-
crease of the heating rate, which arises from the involvement
of thermal activation in these kinetic processes. The activation
energy for glass transition and crystallization can be obtained
through the Kissinger equation!>7-61]
lng =C—- E—*,
T2 RT

where @ is the heating rate, C is a constant, R is the ideal gas
constant, and E* is the apparent activation energy. As shown
in Fig. 3(e), the activation energy increases remarkably with
the increase of quenching temperatures. For example, E is
enhanced from 660 +48 kJ-mol~! to 991 & 52 kJ-mol~! when
Ty increases from 1.17; to 1.57]. It should be noted that the E,
value for the MG prepared from 1.17] is in line with that re-
ported in the literature.[®?] We also estimated the fragility (1)
of the ZrsoCussAly MG ribbons quenched from different tem-
peratures (Fig. 3(f)). As can be seen, with the increase of Tj,
the MGs become more and more fragile.
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Fig. 3. The evolution of atom motion in solid glass and supercooled liquid. (a) The stress relaxation curves of ZrsoCusgAlj4 MG ribbons
prepared from different 7g. In the stress relaxation experiments, a tensile strain € = 0.7% is applied to the MG ribbons at 0.87; (619 K). Solid
lines are fittings to the data. (b) Normalized activation energy spectra P(E). (c) Variation of relaxation time T as a function of T;. (d) DSC
traces for the ZrsoCuzgAlj4 MG ribbons quenched from 1.37;. The heating rates range from 20 K/min to 140 K/min. T is marked out with the
arrows. (e) Activation energies of glass transition and crystallization as a function of T for ZrsoCuszsAlj4 MG ribbons. The temperature of the
first crystallization peak is taken as Typ. (f) Dependence of fragility m of ZrsoCu3sAlj4 MG ribbons on 7.

We also investigated the influence of 7y on the crystal-
lization kinetics of the ZrsoCusgAly MG. The MG ribbons
prepared from 1.17;, 1.4T;, and 1.57; were heated to their re-
spective Ty, and then the evolution of crystallization phases
with isothermal time was investigated (Fig. 4). We found that
the MG ribbons quenched from 1.47; and 1.57] can maintain
the amorphous structure if they are heated to their correspond-
ing 7y and immediately cooled down to room temperature (see
Figs. 4(b) and 4(c)). In contrast, the diffraction hump is dis-

torted for the MG ribbon quenched at 1.17], suggesting the
formation of nanocrystals in the alloy. After isothermal an-
nealing for 2 min at T, sharp diffraction peaks emerge in all
three alloys, indicating the precipitation of crystalline phases.
For the MG prepared from 1.17], the crystalline phases are
identified to be CuZrp, Al3Zr, and AlCu,Zr after isothermal
annealing for 2 min. Prolonged annealing leads to the for-
mation of AlZrz and AlCuy phases. However, for the MGs
prepared from 1.47] and 1.57;, the crystalline phases do not
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change with annealing time. The crystalline phases are iden-
tified to be mainly Cuj¢Zr;, AlZry, and Al3Zr,, respectively.
These observations manifest that the variation of 7, can lead

to different crystallization processes, which probably depend
on the evolution of the structures, types, and quantity of local
atomic clusters with the increase of melt temperatures.

(@) | ;. #AlCusZr » CuZr, VAlZr;| (b)
D LFAlZry ¥ AICY
.
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873 K, 60 mins
.
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Fig. 4. The crystallization and phase formation. XRD patterns for ZrsoCuzgAlj4 melt-spun MG ribbons prepared from (a) 1.17], (b) 1.47;, and (c) 1.57;.
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Fig. 5. The modulus and hardness characterization. (a) The average
modulus E and hardness depend on Ty for a series of ZrsoCuzcAlyy
melt-spun MG ribbons determined by nanoindentation measurements.
The error bars were obtained by standard deviation from the statistical
average value of six test sites in each alloy. (b) Variation of Ty as a
function of E.

We utilized nanoindenter to measure the modulus £ and
hardness. The E and hardness dependence on 1y is illustrated
in Fig. 5(a) for Zr50CuzgAl14 MG ribbons. With the increase
of T from 1.17] to 1.57}, E increases from 100.67 4-0.76 GPa
to 116.84 +0.85 GPa. The hardness also increases, i.e., from
6.05£0.07 GPa to 7.38 0.10 GPa. Figure 5(b) shows Ty, as
a function of E for ZrsgCusgAlj4 MG ribbons quenched from
different temperatures. It can be seen that 7y, increases mono-
tonically with E. Those results are in line with reported results
that 7, and hardness are directly proportional to £.°* One can
see that the MG ribbons obtained from higher 7; show higher
Ty, hardness, and E.

The variation in the properties of MGs with T; has

been reported in previous literature. In the majority of past
studies, the structural origin of property changes is gener-
ally interpreted as the gradual dissipations of local atomic
clusters or the nucleation cores at high melt temperatures
so that less ordered clusters are retained in MGs after

14,21,22,24,25

quenching.! I Nevertheless, it has been reported that

the elevation of 7, will lead to the increase of oxygen content

31481 To understand the 1y-dependence of prop-

in the alloy.!
erty changes, we carefully analyzed the chemical composi-
tions of the MG ribbons quenched from different melt tem-
peratures. Figure 6(a) shows the dependence of the analytical
oxygen content on Ty for a series of ZrsoCuzsAlj4 MG rib-
bons. It can be seen that the oxygen content in MG ribbons
increases monotonically with the increase of 7. This invokes
us to scrutinize the correlation between the property changes
and the variation of oxygen content. We gathered data on the
change of 7; and oxygen content in Zr-based MGs fabricated
at different 7;; from the literature, and found that the greater the
extent of variation in oxygen content, the more pronounced the
magnitude of change in 7 (see Fig. $2).125 It is known that
the constituents in Zr-based alloy have a chemical affinity with
oxygen, in particular, at high temperatures.3!! For example,
the heat of formation for ZrO, is about 1100 kJ-mol~!, larger
than that of SiO, (908 kJ -mol’l), which is the main compo-
nent of quartz tubes. Thermodynamically, O can be absorbed
by Zr through the redox reaction at high temperatures.3!]
Moreover, we found that the content of Zr does slightly de-
crease with the increase of 7y, and there exist 0.76 at.% and
1.24 at.% Si in the MG ribbons quenched from 1.47] and 1.57;,
respectively (as shown in Table 2). This indicates that the in-
corporation of oxygen in the Zr—Cu—Al alloys is associated
with the reaction of molten alloy with SiO;. This is supported
by the chemical analysis of a Fe-based MG, as shown in Ta-
ble S4. We found that the variation of oxygen content is ignor-
able between Fe7gSigB13 ingot and the ribbon quenched from
a higher temperature (1576 K).
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Fig. 6. Confirming oxygen as the dominant factor for the change of thermal properties. (a) The Tj-dependence of oxygen content for the
Zrs50CuzgAl4 melt-spun MG ribbons. (b) DSC curves of ZrsoCusgAlj4 melt-spun MG ribbons after initialized by heating to the supercooled
liquid region. (c) DSC curves of AusoCuzs 5Ag7.5Si17 melt-spun MG ribbons prepared by melt spinning from different 7y of 875 K, 971 K,
1023 K, and 1169 K. The inset in (c) is the enlargement of the DSC curves related to the relaxation enthalpy regions. (d) DSC traces of
AusoCups sAg7.5Si17 melt-spun MG ribbons initialized by heating to 405 K.

Table 1. Calorimetric glass transition temperature (7 ), kinetic glass transi-
tion temperature (7 ), onset crystallization temperature (7x), the temperature
of the first crystallization peak (7p), the width of the supercooled liquid re-
gion (ATy), melting point (7i,) and liquidus temperature (77) of ZrsoCuzsAlj4
MG ribbons prepared from different temperatures.

Samples Ty (K) Ty (K) T (K) AT (K) Top (K) T (K) 7 (K)
11T 748 710 773 63 775 1126 1151
1.2T; 749 712775 63 777 1125 1150
13T 756 717 774 57 777 1125 1148
14T, 771 132 774 42 780 1123 1144
1.5T; 784 - 785 - 793 1130 1150

Table 2. The compositions of ZrsoCuszsAlj4 melt-spun MG ribbons deter-
mined by chemical analysis.

Zr Cu Al Si Hf (0]
Samples
(at.%) (at.%) (at.%) (at.%) (at.%) (at. ppm)
1.1T 49.71 35.79 13.87 - 0.52 1035
1.27 49.10 36.26 13.92 - 0.53 1941
1.37 48.73 36.34 13.91 - 0.53 4961
14T, 47.88 35.71 13.71 0.76 0.52 14227
1.5 47.26 3491 13.66 1.24 0.51 24457

In order to further confirm that the property changes of
the ZrsoCu3gAl14 MG ribbons prepared from different 7y re-
sult from the redox reaction between molten alloy and quartz
tubes, we prepared AusoCups sAg7.5Si17 MG ribbons which
are chemically inert.[%3] As in the case of ZrsoCuszsAl;4 MG,
the AusoCuys 5Ag7.55117 MG ribbons were prepared from var-
ious 7; ranging from 875 K to 1169 K, which are 220-520 K
higher than 7; (7} = 655 K) (as shown in Figs. 6(c) and 6(d)).

To eliminate the history-dependence and better compare the
thermal properties of different samples, the as-quenched MG
ribbons were initialized. After initialization, DSC measure-
ments on the Au-based MG indicate that the 7, and 7 re-
main essentially unchanged when T is varied. (641 In compari-
son, the T, and T of ZrsoCuzsAlj4 MG after initialization still
maintain the difference with the elevation of Ty (Fig. 6(b)).
These results clearly demonstrate that the effect of overheat-
ing temperature on the variation of Ty and 7Ty is negligible in
Zr50Cuzg Al 4 MG ribbons. Therefore, it is considered that the
property changes for ZrsoCusgAlj4 MGs with the variation of
Ty highly possibly arise from the reaction of the molten alloy
with quartz tubes, rather than the dissipation of locally ordered
clusters or high-temperature crystalline phases.

In the present system, the atomic radii of components
are Zr =2.06 A, Cu= 145 A, Al=1.18 A, Si=1.11 A,
and O = 0.48 A. Compared with the original constituents,
Si and O are of smaller atom sizes. Therefore, the incor-
poration of Si and O elements will increase the degree of
atomic size difference between the alloying elements. At
the same time, smaller atoms are prone to occupy interstitial
spaces in the alloy, improving the local packing efficiency.
Furthermore, the Si and O elements possess large mixing
heat with other constituent elements. For example, the mix-
ing heat values of Zr—Si, Cu-Si, Al-Si, Zr—Cu, Zr-Al, Al-
Cu are —84 kJ/mol, —19 kJ/mol, —19 kJ/mol, —23 kJ/mol,
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—44 kJ/mol, and —1 kJ/mol, respectively.[%! These large neg-
ative values of mixing heat enhance the atomic interactions
and promote chemical short-range order, which can render
long-range atomic diffusion difficult. It has been reported
that the addition of oxygen can result in the formation of Zr—
O octahedral structure with an O atom surrounded by six Zr
atoms.[90%7] The bond energy of Zr-Zr, Cu—Cu, Al-Al, and
Zr-0 is 298.2£0.1 kJ-mol~!, 182£2.5 kI-mol ™!, 264.3 &
0.5 kJ-mol~!, and 766.1 & 10.6 kJ-mol~!, respectively. 8] Tt
can be seen that the Zr—O atomic pair possesses the highest
bond energy, indicating that the atomic bonding in the Zr—O
local clusters is stronger than that in the other clusters. In
a word, the addition of Si and O elements will facilitate the
formation of local atomic clusters with stronger interatomic
interaction. To activate the diffusion of these clusters, higher
energy is required. With the increase of Ty, more Si and O
elements are reacted into the MG ribbons, so the atomic co-
operative rearrangements are delayed to higher temperatures,
leading to an elevated 7, (or Ty) upon heating, a higher E,
and hardness. In addition, the gradual increase of local atomic
clusters, especially for Zr—O local clusters, will lead to the
reduction of preferentially activated atoms involved in glass
transition. This is reflected in the signal intensity of glass tran-
sition in DSC curves. This may be the reason why glass tran-
sition and SLR disappeared in the DSC curves for the MGs
quenched from 1.57;. On top of that, the structure, type, and
quantity of local atomic clusters will evolve with the variation
of Si and O contents, which causes the variation in crystalliza-
tion kinetics and crystalline products with the elevation of Ty
for ZI‘S()CU36A114 MG ribbons.

4. Conclusions

In summary, our results indicate that the variation of ther-
mal properties of the Zr-based MG ribbons obtained by over-
heating arises from the incorporation of oxygen and silicon
due to the reaction of the molten alloy with quartz tubes. We
found that 7, monotonically increases with the elevation of 7.
For the MGs quenched from 1.57;, the SLR disappears and the
intensity of glass transition weakens upon heating, at which
the MGs should have a distinct glass transition and SLR ac-
cording to reported literature. Through chemical analysis, we
confirmed that the variation of thermal properties caused by
overheating mainly originates from the incorporation of oxy-
gen and silicon elements. The oxygen and silicon are incor-
porated by the redox reaction between Zr elements and SiO;
tubes during melting. Due to the smaller atom size and large
negative mix heating values with other constituents, the incor-
poration of both Si and O can enhance the interatomic interac-
tion, and even facilitate the formation of local atomic clusters
with strong interatomic bonding. This slows down the motion
of atoms and hinders the cooperative rearrangement of atoms

during the glass transition process, and thus enhances the ki-
netic stability of the MGs. Since induction melting followed
by injection casting is one of the most commonly used tech-
niques for manufacturing BMGs including Zr-based BMGs,
our results suggest that in some cases the reaction of quartz
tubes with molten alloy should be taken into account, espe-
cially when correlating properties with MG composition.
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