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Abstract

We investigated the effects of thermal cycling on the kinetics of glass transition and crystallization of a classic Zr-based
BMG (Vit-1) by differential scanning calorimetry (DSC). Two different thermal cycling conditions with different cycles and
holding times were used. Sub—sub-T, isothermal annealing condition was also adopted for comparison. Continuous DSC
tests were conducted to calculate the activation energies of glass transition and crystallization based on different equations.
Isothermal DSC tests were also conducted to further study the crystallization mechanisms in views of local Avrami exponent.
Based on the experimental results, the related mechanisms have also been discussed.
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Introduction

Bulk metallic glasses (BMGs) are very attractive as poten-
tial advanced materials because of their unique physical and
chemical properties [1, 2]. Thus, BMGs have been regarded
as potential structural materials in many areas including
aircraft, automobiles, cell phone parts, military equipment,
medical devices, and sports apparatus. As BMGs are a class
of metastable materials, for the structural application, the
stability of structure and properties of BMGs in service
should be taken into consideration. In the past years, the
effects of many service conditions (such as fatigue load [3],
impact load [4], corrosive environment [5], friction [6], and
low/high temperature [7, 8]) on the structure and properties
of BMGs have been studied.
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Some structural parts, such as the gas turbine compo-
nents, may suffer severe thermal cycling in service, which
probably affects the structural and properties of metals
and alloys including BMGs [9-13]. However, the research
of thermal cycling effect on the properties of BMGs was
seldom reported. Wang et al. studied the effect of thermal
cycling on the structure and mechanical properties of Vit 1
[12] and Ti-Zr-Be—-Al [13] BMGs with a temperature vari-
ation between — 196 and 150 °C. According to their results,
after at least 200 cycles, the BMG samples still possess
amorphous structure and no obvious change in mechani-
cal properties has been observed. Wang et al’s primary
research is a meaningful effort, but further detailed work
is still needed.

For BMG:s, it is necessary to understand the kinetics of
glass transition which is important to determine the ther-
mal stability and glass transition behavior [14]. Scholars
have studied the kinetics of glass transition of lots of BMGs
such as Zr-Al-Ni [15], La—Al-Co [16], Ce—Al-Co [17],
Ti—Cu-Ni [14], and Fe—Co—B-Si [14]. As BMGs are meta-
stable materials, the crystallization kinetics should also be
investigated to avoid crystallization [18-21]. There are some
reports about the influence of sub-7, and sub—sub-T7,, anneal-
ing on the glass transition and crystallization behaviors of
BMGs [22-24]. In this study, we systematically investigate
the thermal cycling effect on the kinetics of glass transi-
tion and crystallization of BMGs by differential scanning
calorimetry. Vit 1 alloy, which is a classic BMG developed
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by Johnson’s group [25], has been selected as the model
material. Our work is meaningful to fully understand the
glass transition behavior and rationally evaluate the service
performance of BMGs.

Experimental procedure

The master Vit 1 ingots were prepared by arc melting under
the protection of high-purity (99.995 mass%) Ar gas. High-
purity (>99.9 mass%) Zr bars, Ti bars, Cu plates, Ni plates,
and Be pieces were used for preparing the ingots. Each ingot
was about 20 g and remelted with the help of electromag-
netic stirring for five times to ensure chemical homogeneity.
Then, as-cast rods (3 mm in diameter and 55 mm in length)
were prepared by copper mold suction casting. Thermal
cycling treatment and annealing were conducted by DSC
(Perkin Elmer Instruments, PYRI diamond). Figure 1 shows
the schematic of thermal cycling and isothermal anneal-
ing. Thermal cycling was conducted in two different types
denoted by type 1 and type 2, respectively. The former type
consisted of 50 cycles, and each cycle had a heating time
of 1.6 min, an annealing temperature of 533 K (sub—sub-T|,
annealing), a hold time of 1 h, and a cooling time of 1.6 min
on average. In “type 2” testing, there were 25 cycles and
each cycle had the same heating time, annealing tempera-
ture, and cooling time as those of “type 1” testing. However,
the hold time is 2 h, which is twice as that of “type 1” test-
ing. For both the two types, the total holding times at 533 K
during diffusion annealing were the same and counted. For
comparison, another group of samples were isothermally
annealed at a stable temperature of 533 K for 50 h. X-ray
diffraction (XRD, Rigaku D/max-RB with Cu Ko radiation)
was adopted to examine the structure of the as-cast- and
thermal-treated samples. Continuous DSC tests of the as-
cast- and thermal-treated samples were characterized using
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e/ 2h . Cycling type 2
i 1.6 min 1.6 min
Q
Q.
g 1 Cycle
@
Heating  Hold Cooling 533K
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Time -

Fig. 1 Schematics of thermal cycling and isothermal treatment condi-
tions for Vit-1 BMG
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a NETZSCH STA 409 C/CD DSC (gas for protection: Ar) at
four different heating rates (5, 10, 20, and 40 K min~Y). Iso-
thermal DSC tests were conducted using DSC (Perkin Elmer
Instruments, PYRI diamond). The samples with a mass of
20 mg were put in Al pan, heated to the desired temperature
at a heating rate of 150 K min~', and then held until the
crystallization process completed. In and Zr standards were
used for the calibration, and the accuracies for the tempera-
ture and enthalpy are +0.2 K and+0.5J g7!, respectively.

Results and discussion

Figure 2 shows the XRD patterns of the samples experi-
enced different heat treatments. All the spectra exhibit typi-
cal characterization of amorphous structure. Compared with
the as-cast sample, the XRD patterns of the thermal-treated
samples do not show significant difference, which confirms
the structural stability of Vit 1 BMG upon the selected ther-
mal treatments.

Figure 3 shows the continuous DSC curves of the as-cast-
and thermal-treated Vit-1 samples at various heating rates
ranging from 5 to 40 K min~!. For all the samples, a strong
dependence between the glass transition/crystallization and
the heating rate during continuous heating process can be
observed. Three exothermic events are observed after the
glass transition process, implying a complex multi-step crys-
tallization. These phenomena have been reported in some
previous researches [26, 27]. Hays et al. [28] acclaimed
that the first exothermic peak is related to the phase sepa-
ration and primary crystallization, while the second exo-
thermic peak can be attributed to a second crystallization
process during which a more stable crystallization phase
forms. With the increase of heating rate, the first and second
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" As-cast
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20/°

Fig.2 XRD patterns of the as-cast- and thermal-treated Vit-1 samples
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Fig.3 Continuous DSC curves of the as-cast- and thermal-treated Vit-1 samples: a as-cast, b cycling type 1, ¢ cycling type 2, and d isothermal

annealing. e Shows the determination of 7, T, and T, together with the different assignments of the glass transition temperature (7,)

crystallization peaks merge gradually and forms one peak
when the heating rate reaches 40 K min~".

In this study, three definitions for T, were adopted (as
shown in Fig. 3e). The black arrows also indicate the onset
temperature of crystallization 7, and the temperatures corre-

sponding to three crystallization peaks (7}, and 7},). Table 1

summarizes the values of the characteristic temperatures.
As shown in Fig. 3 and Table 1, compared with the as-cast
sample, the thermal-treated samples possess similar values
of T}, T},;, and T}, but much lower values of T,,. The thermal
cycled type 2 sample exhibits the lowest value of 7, and
the largest value of AT, among the thermal-treated samples.
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Table 1 Thermal properties of

th.e as-cast- and thermal-treated Sample E{:g/tgil - Toonse K TomidK  ToendK  T/K ATJ/K T, /K  TpK
Vit-1 samples

As-cast 5 619.6 634.6 649.6 688.0 68.4 704.9  720.1

10 626.6 641.9 657.2 708.2 81.6 7179  729.7

20 633.4 648.6 663.8 723.1 89.7 7333 741.7

40 640.5 662.4 684.2 747.6  107.1 - 762.2

Cycling type 1 5 553.7 580.9 608.1 687.4  133.7 7052 7202

10 572.6 598.1 623.6 709.0 1364 718.1 7294

20 593.8 613.6 633.4 7235 1297 7345 7425

40 615.5 636.6 657.6 749.1 133.6 - 763.0

Cycling type 2 5 547.4 577.2 606.9 689.0 141.6 7063 7223

10 568.1 594.2 620.3 7095 1414 7193 7312

20 589.0 610.3 631.6 7254 1364 7347 741.7

40 604.7 629.6 654.5 750.1 1454 - 762.0

Isothermal 5 560.8 586.4 612.0 687.8 127.0 704.8  719.1

10 575.6 599.1 623.6 709.0 1324 718.1 7295

20 594.1 621.6 649.1 7239 1298 7349 7423

40 608.3 635.4 662.4 749.9 141.6 - 763.8

It can also be found that the supercooled liquid region AT,
(defined as Ty — Ty oney) for the as-cast sample becomes wider
with increase in heating rate. However, for the thermal cycled
samples and the annealed sample, no obvious relationship
between AT, and heating rate can be observed.

The relationship between 7|, and the heating rate ¢ follows
the classic Lasocka relationship [29]:

T,=A+Bln¢ 1))

where A denotes the glass transition temperature (heating
rate: 1 K min~!). B represents the response of the configu-
ration changes within the glass transition region. Figure 4
shows the plots of Tg versus In ¢ for the as-cast, thermal
cycled, and annealed Vit-1 BMG samples. The obtained
values of A and B are provided in Table 2. The values of
B for the thermal-treated samples are found to be differ-
ent from those for the as-cast sample, indicating that the
thermal-treated samples undergo structural changes in
varying degrees. The thermal cycled type 1 sample exhib-
its the largest value of B, and this may relate to the largest
degree of structural relaxation. However, as the T, of the
thermal-treated samples still follows Lasocka’s relation-
ship, the kinetics nature of the glass transition for the Vit-1
BMG does not change by the thermal cycling and isothermal
annealing.

Moynihan method and Kissinger method were adopted
to calculate the activation energies of glass transition. The
Moynihan equation can be written as [30]:

Ing = —% + const. 2)
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The Kissinger equation can be written as [31]:

PN _E
In <ﬁ> =T + const. 3)

where ¢ denotes the heating rate, R is the gas constant
(8.314 I mol~! K1), and E and T represent the activation
energy of glass transition and the glass transition tempera-
ture, respectively. The related Moynihan plots and Kissinger
plots are shown in Figs. 5 and 6, respectively. Table 2 lists
the calculated values of E,. For all the four studied samples,
a similar trend is found that the value of E, 4 is the larg-
est and the value of E, . is the lowest. By comparison,
the values of E, for the as-cast sample are the largest. The
isothermal annealed sample comes second. The values of E,
for the thermal cycled samples are obviously lower, and the
thermal cycled type 2 sample possesses the lowest values of
E,. The above results confirmed that thermal cycling has a
great effect on the glass transition of Vit-1 BMG.

Kissinger method and Ozawa method are adopted to
determine the activation energies for different crystallization
events. The precondition of Kissinger method for calculating
the activation energies of crystallization is the crystallized
fraction corresponding to the characteristic temperatures
which do not change a lot upon different heating rates. The
latter considers the change in crystallized fraction during
the crystallization process and reduced the calculation error,
which can be expressed as [32]:

In(¢p) = —1-052% + const. 4)
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Fig. 4 Dependence of T, with In (¢) for a as-cast, b cycling type 1, ¢ cycling type 2, and d isothermal annealed Vit-1 samples
Table2 Values of Lasocka Sample T, assignment Lasocka parameters E,/KJ mol~!
parameters and E, for the & &
as-cast- and thermal-treated A/°C B Moynihan Eq. Kissinger Eq.
Vit-1 samples determined
using Moynihan equation and As-cast Ty onset 330.3 10.0 329.0 318.6
Kissinger equation Ty ia 339.2 13.0 261.1 250.3
Tyend 3483 15.9 2153 204.2
Cycling type 1 Ty onset 231.8 29.8 95.0 85.3
Ty mid 264.4 26.3 116.2 106.0
Ty end 297.0 22.8 1419 131.4
Cycling type 2 Ty onset 230.5 27.8 98.3 88.7
T ymid 263.4 25.0 120.8 110.7
Tyend 296.3 222 145.4 1349
Isothermal Ty onset 250.0 232 121.7 112.0
Ty mid 272.7 245 125.2 115.0
Ty end 296.1 25.5 129.3 118.8
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Fig.5 Plots for the glass transition based on Moynihan equation: a as-cast, b cycling type 1, ¢ cycling type 2, and d isothermal annealed Vit-1

samples

here T represents the onset and peak crystallization tem-
peratures (e.g., T, Tj,; and T},). E notes the corresponding
apparent activation energy.

The related Kissinger and Ozawa plots corresponding to
different methods for the first and second exothermic crystal-
lization peaks of as-cast- and thermal-treated Vit-1 samples
are shown in Figs. 7 and 8, respectively. Table 3 lists the
values of E, E,; and E, for the Vit-1 samples in different
states. It is found that after thermal treatment, the activa-
tion energies for crystallization do not change as much as
those of activation energies for glass transition. The thermal
cycled samples possess slightly higher values of E,, E,; and
E,,, than those of the isothermal annealed sample. Compared
with the as-cast samples, the thermal cycled samples possess
lower values of E,. Regarding E,; and E,, the values do not
change a lot and no obvious change trend has been observed.

To further study the effect of thermal cycling on the crys-
tallization Kinetics of Vit-1 BMG, isothermal DSC tests have
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also been conducted. According to Table 1, the values of T,
for the studied four samples are similar. Thus, the anneal-
ing temperature for isothermal DSC was set to be 693 K,
about 30 K lower than T, measured at 20 K min~". As shown
in Fig. 9, the isothermal DSC curve for the as-cast sample
exhibits two crystallization peaks. The shape of the isother-
mal DSC curve for the cycling type 2 sample is similar as
that of the as-cast sample. However, the shape of the cycling
type 1 sample is obviously different from that of the as-
cast sample, especially that the second crystallization peak
becomes lower and broader. For the isothermal annealed
sample, only one crystallization peak can be found from
the corresponding isothermal DSC curve. The isothermal
DSC results imply that the crystallization kinetics can be
affected by thermal cycling. The relationship between x and
annealing time ¢ for the as-cast- and thermal-treated Vit-1
samples can be obtained (as shown in Fig. 10). To under-
stand the crystallization mechanisms during the isothermal
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Fig.6 Plots for the glass transition based on Kissinger equation: a as-cast, b cycling type 1, ¢ cycling type 2, and d isothermal annealed Vit-1

samples

crystallization process in detail, we also studied the local
Avrami exponent n(x), which can be defined as [33]:

_ dln[—In(1 — x)]

") = =1 )

where 7 is the incubation time for crystallization.

Figure 11 shows the relationship between the local
Avrami exponent and the crystallized volume fraction for
the as-cast- and thermal-treated samples. For the as-cast
and cycling type 2 sample, the local Avrami exponent first
decreases from around 3 to less than 1 (x=0.57), then
increases to over 3, and decreases. Thus, the first crystalli-
zation event is fist dominated by a three-dimensional growth
with a decreasing nucleation rate and then controlled by
growth directly of preexisting nuclei. The second crystal-
lization event is dominated mainly by a three-dimensional
growth with an increasing nucleation rate. For the cycling
type 1 sample, the crystallization mechanism of the first

event is similar as that of as-cast and cycling type 2 sample.
The difference is that the values of local Avrami exponent
are obviously smaller, implying a lower nucleation rate.
However, for the isothermal annealed sample, the local
Avrami exponent decreases in the whole-crystallization pro-
cess, from around 3 to around 1. The above experimental
results indicate that thermal cycling may affect the crystal-
lization kinetics of Vit-1 BMG and the cycling type plays an
important role on this effect.

The effects of annealing on the glass transition and crys-
tallization of BMGs have been studied in the past decades
[34-36]. According to Chen’s study [37], the isothermal
annealing at temperatures lower than 7, can be classified
into two types: sub-T,, annealing (7,-100 K < T, 1cq1ing < Tp)
and sub—sub-Tg annealing (7,-200 K < T, ,q1ing < 7-100 K).
During the structure relaxation process induced by sub-T,
annealing, the free volume annihilates and atomic structural
rearrangement occurs in the local region [38]. The structure
relaxation induced by sub-T, annealing is mainly related
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Fig. 7 Plots for the crystallization based on Kissinger equation: a as-cast, b cycling type 1, ¢ cycling type 2, and d isothermal annealed Vit-1

samples

to a-relaxation and can be recovered once the BMG sam-
ple is heated to its supercooled liquid region. However, the
mechanism of structure relaxation for sub—sub-7, anneal-
ing is different from that of sub-7, annealing. Sub—sub-T,
annealing always results in slow f-relaxation, which can
be recovered during the cooling process [39]. Regarding
the sub-7, annealing, Wang et al. [23] found that for Vit 1
alloy, the values of E, decrease and the values of E, and E,,
increase after sub-7, annealing. This may be attributed to
the local atomic structure and nuclei number formed during
the sub-T7, annealing process. In our study, we found that
after sub—sub-7, annealing, the activation energies of glass
transition also decrease obviously. However, the activation
energies of crystallization decrease slightly after sub—sub-7,
annealing, and this result is different from that provided by
Wang et al. [23]. Moreover, Venkataraman et al. [40] found
that there is no qualitative modification in crystallization
kinetics of Cu-Ti—Zr-Ni—Si BMG due to sub-T7|, annealing
because there is no difference in the n values for the as-
prepared and annealed samples. According to Fig. 11, it is
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clear that sub—sub-T7, annealing changes the values of n(x)
for Vit-1 BMG, implying a different crystallization mecha-
nism. In summary, the above results further confirm that
the mechanisms of structure relaxation induced by thermal
annealing at various temperatures may be quite different.
Martin et al. [41] studied the nanocrystallization of Vit-1
BMG using three-dimensional atom probe, transmission
electron microscope, and small-angle X-ray scattering. They
found that by isothermal annealing at a temperature slightly
above T, nanoscale icosahedral phase (i-phase) precipitates
first, followed by the formation of Be,Zr and CuZr, phases.
It has been confirmed that icosahedral clusters are the most
stable short range ordered unit for densely packed liquid
phase of multicomponent alloys, especially at relatively
lower temperature [42]. For Vit-1 BMG, low temperature
annealing can promote the formation of icosahedral clus-
ters and stabilize some of these clusters to become effective
nuclei for crystallization. However, as the structural relaxa-
tion induced by sub—sub-7, can be recovered during the
cooling process, the samples with different thermal cycling
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Fig. 8 Plots for the crystallization based on Ozawa equation: a as-cast, b cycling type 1, ¢ cycling type 2, and d isothermal annealed Vit-1 sam-

ples

Table 3 Values of E,, E,; and E,;, for the as-cast- and thermal-treated

Vit-1 samples determined using different equations

Sample Method  E/kJ mol™"  E,/kKJ mol™"  E,,/kJ mol™!
As-cast Kissinger 140.1 197.5 210.1
Ozawa 152.0 209.5 222.4
Cycling type 1 Kissinger 135.5 191.1 205.4
Ozawa 1474 203.1 217.7
Cycling type 2 Kissinger 136.8 198.3 223.5
Ozawa 148.8 210.3 235.8
Isothermal Kissinger 134.6 185.8 197.8
Ozawa 146.5 197.7 210.1

treatment exhibit different glass transition and crystallization
behaviors. Compared with cycling type 1, the total annealing
time at 533 K is the same, but the number of cooling pro-

cess for cycling type 2 is smaller, then the annealing effect

can be maintained more. That is why the behaviors of glass

transition and crystallization of cycling type 2 sample are

0.14
° 0.12 As-cast
R 1 —— Cycling type 1
0.101 —— Cycling type 2
i Isothermal
g 0.08-
8
= 0.064
T
Q
T 0.044
0.02
0.00 T T T T T T g T
0 10 20 30 40 50

Time/min

Fig.9 Isothermal DSC curves for a as-cast, b cycling type 1,
¢ cycling type 2, and d isothermal annealed Vit-1 samples
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1.0 cycling. The activation energies of glass transition decrease
obviously, while the activation energies of crystallization
g 0.84 As-cast decrease slightly. Thermal cycling type plays an important
5 Cyeling type 1 role on the crystallization kinetics of thermal cycled Vit-1
© — Cycling type 2 1 On th . f th isoth 1 li
< Isothermal samples. On the premise of the same isothermal annealing
£ 061 temperature and total annealing time, decrease in the number
g of cycles and increase in the annealing time for one cycle
S 0.4- are beneficial to keep the sub—sub-T,, annealing effect on the
E glass transition and crystallization of Vit-1 BMG.
<
2024 Acknowledgements This work was financially supported by the
o National Natural Science Foundation of China (Grant No. 51601063),
the National Science Foundation for Distinguished Young Scholars
0.0 . T r T r T r T r T of China (Grant No. 51725504), the Research Fund of the State Key
0 10 20 30 40 50

Time/min

Fig. 10 Crystallized volume fraction x as a function of annealing time
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more similar to those of the isothermal annealed sample.
Our results show that the thermal cycling type can affect the
kinetics of glass transition and crystallization of BMGs, and
this may provide guidelines for the application of BMG parts
in different areas such as aerospace engineering.

Conclusions

In this study, the thermal cycling effect on kinetics of glass
transition and crystallization of a Vit-1 BMG has been stud-
ied by DSC. It is found that the kinetics nature of the glass
transition for the Vit-1 BMG does not change after thermal
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