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Abstract

This paper aims to investigate the thermal behavior and crystallization kinet-
ics of TiZrHfNiCu high entropy bulk metallic glass (HE-BMG) alloy using
the standard procedure of Differential Scanning Calorimetric (DSC) anneal-
ing technique. The alloy was produced using an arc melting machine with a
critical diameter of 1.5 mm. The crystallization kinetics and phase transfor-
mation mechanism of TiZrHfNiCu HE-BMG was investigated under the
isochronal condition at a single heating run based on the Johnson-Mehl-
Avrami (JMA) theory. In isochronal heating, the apparent activation energy
for glass transition and crystallization events was analyzed by Kissinger and
Ozawa methods. The average activation energy value for crystallization of
TiZrHfNiCu amorphous alloys in isochronal modes was 226.41 kJ/mol for
the first crystallization and 297.72 kJ/mol for second crystallization stages.
The crystallization mechanism of the first step was dominated by two- and
three-dimensional growth with increasing nucleation rate, while the crystal-
lization mechanism in the second stage was dominated by two-dimensional
crystallization growth with a constant nucleation rate. The diffusion mechan-
ism result proved the theory of sluggish atomic diffusion of HEA at elevated
temperature.

Keywords

Crystallization Kinetics, High Entropy Bulk Metallic Glass, Phase
Transformation, Sluggish Diffusion

1. Introduction

High Entropy Alloys (HEAs) and Bulk Metallic Glasses (BMGs) are two types of
novel materials that exhibit unique physical and mechanical properties [1] [2].
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HEAs have been defined as a near equiatomic ratio of multi-component alloys
that form simple phases of body-centered cubic (BCC), face-centered cubic
(FCC) or hexagonal closed packed (HCP) that resulted from high entropy effect
[1] while BMGs is a non-crystalline metallic alloy with a disordered atomic-scale
structure that produced by rapid cooling method [3].

Amorphous HEAs or high entropy bulk metallic glasses (HE-BMGs) appear
to have a random distribution of atomic arrangement compared to regular
HEAs. Moreover, HE-BMGs have shown promising potential to express the ad-
vantages of HEAs and BMGs in tandem. High entropy effect in HE-BMGs re-
sults in low viscosity of the alloy melt thus it is expected to produce low
glass-forming ability (GFA) alloy. In contrast, it has been suggested that the
HE-BMGs may have a higher thermal stability and deliberate crystallization
process due to its sluggish atomic diffusion [1] [4]. The theory of crystallization
in glassy alloys can be explained by considering the structure and the kinetics
of crystallization. Numerous researches on the investigation of kinetics have
been presented with different approaches in clarifying the crystallization
process, including mechanism, activation energy and correlation between kinet-
ics and structural in amorphous alloys. The first report on crystallization kinetics
of HE-BMG was published by Gong, Yao, and Ding in 2015 by choosing
Tiyg,Zr,,Hf s ,Cuy6,Nijg,Bej, as composition using both non-isothermal and
isothermal modes [5].

Some alloys undergo structural transformation upon a change in thermal
conditions, which then affect its properties in applications [6]. Therefore, studies
of the kinetics of phase transformation in the metastable nature of amorphous
structure are crucial in determining the thermal stability of these alloys since it
tends to evolve towards a more stable state when it is heated to a temperature
higher than their glass transition temperature (7,). Hence, the study of crystalli-
zation kinetics and mechanism of each phase is crucial in understanding the
crystallization transformation kinetics and thermal stability of HE-BMGs. Be-
sides, studies of crystallization kinetics may provide routes of the transformation
of the alloys from the randomly arranged structure into an ordered structure
when the alloy is approaching equilibrium. The crystallization of amorphous al-
loys upon heating can be performed in several ways. Generally, two basic meth-
ods are considered for crystallization kinetics studies for amorphous alloys, in-
clude isothermal and non-isothermal (isochronal).

Previous works have highlighted few methods for crystallization kinetics stu-
dies for amorphous alloys. It can be measured theoretically using Johnson-
Mel-Avrami-Kolmogorov (JMAK) equation by considering four assumptions: 1)
isothermal crystallization state, 2) growth rate of new phases is controlled only
by temperature 3) random and homogeneous nucleation of the second phase
and 4) low anisotropy of the growing phase. Therefore, the JMAK equation has
been utilized in most research works for analyzing crystallization kinetics in iso-
thermal conditions [7] [8] [9] [10] [11]. Moreover, the JMAK equation can also
be extended to be employed in non-isothermal conditions with the assumption

DOI: 10.4236/wjet.2020.83023

281 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2020.83023

N. H. Nordin et al.

that the overall nucleation process occurs during the initial crystallization
process and becomes neglected afterward [12]. This method is also widely used
for non-isothermal crystallization kinetics studies in various amorphous alloys
[13] [14] [15] [16] [17]. Different models have been proposed to measure the E,
for non-isothermal conditions includes the Ozawa-Flynn-Wall method [18],
Kissinger method [19], and Augis-Bennett method [20]. All of them are derived
from Johnson Mehl Avrami (JMA) method having an Arrhenian temperature
dependence.

However, there are issues reported which discussed regarding the applicability
of the Kissinger model [21], particularly to determine the glass transition activa-
tion energy. It was found that the Kissinger method was influenced by the ther-
mal history of the sample that differed from the value obtained from the simula-
tions [22]. It was suggested that the Moynihan model utilized the concept of
“fictive temperature” [23], which can be used to represent relevant cases of
structural relaxation behavior. In contrast, the Kissinger model is not capable of
determining the activation energy for glass transition correctly since it only con-
siders the simple thermal activated process. Therefore, the Moynihan model was
claimed to be more accurate than the Kissinger model since it considers the
main features of structural relaxation behavior [24]. However, [25] was com-
pared the apparent activation energies of some novel near-equiatomic high-entr-
opy bulk metallic glasses samples using Kissinger, Moynihan, Ozawa, and Bos-
well methods and found that the calculated value of apparent activation energy,
E,and E, for Kissinger and Moynihan are almost the same.

In this work, the crystallization kinetics of TiZrHfNiCu HE-BMG was inves-
tigated by isochronal condition using the standard procedure of Differential
Scanning Calorimetric (DSC) annealing technique. The mechanism of nuclea-
tion and growth of this alloy obtained from the calculated kinetics parameters
can be used to determine the thermal behavior of this alloy at elevated tempera-
ture. This will also prove the sluggish diffusion behavior of HE-BMGs at ele-

vated temperatures.

2. Experimental

TiZrHfNiCu HE-BMG in equal atomic proportion (at.%) was prepared by arc
melting under Ti-gettered argon atmosphere using highly pure elements, which
were above 99.5 wt%. The alloys were melted for at least five times to ensure
homogeneity. The alloy ingots were suction cast into a water-cooled copper
mold with dimensions of 1.5 mm, 2 mm, and 3 mm diameters and 30 mm
length. Meanwhile, rapidly quenched ribbons form was prepared by re-melting
the alloy ingots in quartz crucible by induction melting while ejecting with a
pressure of 40 kPa through a nozzle onto a Cu wheel rotating with a surface ve-

locity at 40 m/s.

2.1. Crystallization Kinetics Experiments

The experiments were conducted using a Perkin Elmer DSC-diamond, with a
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computerized data acquisition system. The sample with 10 - 20 mg in weight was
put in the aluminum pan and heated from 200°C - 500°C with a different heat-
ing rate at 20 K/min to 80 K/min. Purified argon gas was used throughout the
experiment. The onset crystallization temperature was defined as the slope of the

tangent intersection in the DSC curve.

2.2. Characterizations

Structures of the as-cast and melt-spun ribbons were examined by X-ray diffrac-
tion (XRD) using (Phillips D5000) Cu-Ka radiation. It was then marked as SI,
S2, §3, and S4 for ribbon, 1.5 mm, 2 mm, and 3 mm, respectively. Thermal anal-
ysis of the samples was carried out using (DSC, Perkin-Elmer Instruments, di-
amond) from 200°C - 500°C at 20 K/min to determine glass transition tempera-

ture (7,) and crystallization temperature (7).

3. Result and Discussion

3.1. Alloys Design

The multicomponent high entropy alloys, TiZrHfNiCu HE-BMG alloys was re-
produced from [26] based on the idea of forming glassy high entropy alloys from
the equal concentration of constituent elements which did not contain any host
element. The selection of the elements well in accordance with the three empiri-
cal rules is described by Inoue [27]. In order to determine the formability of
solid solution in this alloy, thermodynamic and electronic parameters of the al-
loys include the enthalpy of mixing (AH,,), the entropy of mixing (AS,.),
atomic size difference (J), electronegativity difference (A ), and valence electron
concentration (VEC) were calculated as shown in Table 1, where the relation-
ship of enthalpy of mixing in each element pair is shown in Figure 1. This cal-
culation has been used extensively for phase formation in predicting HEAs and
BMGs [28] [29].

Figure 1. Relationship of heat of mixing among constituent
elements in the TiZrHfNiCu HE-BMG alloy [26].

Table 1. Parameters of AH,

mix>

AS,» dand Ay for TiZrHfNiCu HE-BMG [26].

VEC Ay ) AH,,, AS

6.6 0.27 10.32 —27.36 13.38
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The relationship of the heat of mixing among the constituent elements in
Figure 1 shows that Ni and Cu possessed negative heats of mixing against Ti, Zr
and Hf. Ni provided larger absolute values compared to Cu with Ti, Zr, and Hf,
which resulted in the strong attraction of interatomic forces between those ele-
ments that contributed to the formation of the glassy phase in the alloys as cal-
culated according to Miedema’s model [30]. On the other hand, Ni and Cu were
located next to each other in the periodic table which results in positive enthalpy
of mixing. The thermodynamic analysis revealed that the glass-forming behav-
iour of Zr and Hf was similar, whereas it was different from that of Ti. The pre-
ferred formation of amorphous phases in the system was attributed to high
negative mixing enthalpy between the constituent elements.

The atomic size ratios in the present system were the second factor for the
formation of the bulk glassy alloy. Table 2 has summarized the atomic size ratios
among the elements in the present system. The atomic size ratios among Ti, Zr
and Hf were less than 10%. While, the atomic size ratios for Ni and Cu with Ti,
Zr or Hf were more significant than 12%. Therefore, the more massive negative
heats of mixing for Ni with Ti, Zr and Hf might be suggested as the main reason
for the formation of the bulk glassy while the atomic size ratio of Ni and Cu with
Ti, Zr and Hf could be considered as an additional factor that contributed to the
glass formation in Ti,,Zr,,Hf,,Cu,,Ni,, alloy.

3.2. XRD Analysis

Figure 2 shows the XRD patterns of the equiatomic TiZrHfNiCu samples with
cooling rate variations while Table 3 summarised the findings from the patterns.
According to the diffractogram, it was clearly shown a broadened peak of 1.5
mm as-cast rod and 40 m/s melt-spun ribbon at 26 = 30° - 45°, indicating that
the alloy possessed fully amorphous structure. The partially amorphous struc-
ture could be observed in a 2 mm rod due to the existence of halo humps with
some crystalline peaks at a lower angle (26 = 30° - 45°). Since the sample com-
poses of a mixture of amorphous and crystalline structures, the peaks are less
intense and not clear at a lower angle (20° to 30°). It may because of the small
sample size, which needs a smaller step size and slower scan rate to get ideally

sharp profile data, particularly at a lower angle.

3.3. DSC Analysis

Non-Isothermal Annealing

Figure 3 shows typical DSC curves for the amorphous TiZrHfNiCu HE-BMG
alloy at five different heating rates (10, 20, 40, 60, and 80 K-min™"). All DSC curves
in the temperature range of 650 - 850 K showed an endothermic event corres-
ponding to the glass transition followed by two exothermic crystallization peaks,
which indicated the multi-stage crystallization process of the alloy. Therefore,
the crystallization process of this alloy was somewhat complicated, in contrast to
most of the conventional metallic glasses. It was suggested that the multiple ex-

othermic peaks were attributed to the decomposition of the metallic bonding
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that leads to the crystallization process [31]. The onset of the glass transition
temperature, 7, and crystallization temperature, 7, along with peak temperature
for each crystallization events, and supercooled liquid region (A 7,) were listed in
Table 4. Apparently, the temperatures of all peaks shifted to a higher tempera-
ture, and the heat flow became more significant with the increasing heating rate,
which showed that the alloy possessed an apparent thermodynamic effect. This
scenario also represented different thermal activation of each step in the crystal-
lization process. Interestingly, it was found that the second crystallization peak
at 40 K/min is slightly intense than at 60 K/min. Theoretically, a sharp peak
represents a faster rate of transformation with more considerable enthalpy
change that usually occurs at a higher heating rate [32]. Nevertheless, a slightly
intense peak does not necessarily mean a higher rate of transformation since it
probably happens due to a higher volume of materials tested or element addi-

tions in the chemical composition of the sample during the testing.
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Figure 2. XRD patterns of the as prepared TiZrHfNiCu
alloy at different casting diameter.
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Figure 3. DSC curves of TiZrHfNiCu sample recording at
various heating rates.
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Table 2. Atomic size ratios for the elements in alloys system [30].

Ti Zr Hf Cu Ni
Ti X 10 9 15 18
Zr 10 X 1 27 30
Hf 9 1 X 25 28
Cu 15 27 25 X 2
Ni 18 30 28 2 X

Table 3. Summary of sample diameter with phase identification from the XRD patterns.

Sample form Phase Identification
3 mm rod Crystalline
2 mm rod Partly amorphous
1.5 mm rod Amorphous
Ribbon 40 m/s Amorphous

Table 4. Characteristic temperature (7,, 7,,, 7,

w Lo T, and AT) for TiZrHfNiCu
HE-BMG alloy at different heating rates.

Heating rate T, Ta Ty Ty T ATy
(K/min) (X (X (X (X (X (K)
10 650.2 698.5 722.2 785.5 800.6 48.3

20 654.4 706.6 726.1 792.7 806.3 52.3

40 658.2 711.8 739.1 794.4 817.6 53.7

60 666.6 723.2 748.2 802.8 830.8 56.7

80 676.4 736.4 773.7 816.0 841.6 60.0

Besides, it was also evident that A 7, increased from 48 K at 10 K/min to 60 K
at 80 K/min, which signified that nucleation was activated thermally; thus, crys-
tallization was considerably dependent on the heating rate. Meanwhile, the glass
transition temperature changed with the heating rate due to the relaxation
process of the amorphous alloy in the supercooled liquid region. Remarkably,
TiZrHfNiCu HE-BMG possessed a broader supercooled liquid region of 50 K at
20 K/min heating rate as compared to Sr,,Ca,,Yb,;Ma,,Zn,,; 36 K [33] but lower
than TiZrHfNiBe; 66 K [5] and PdPtCuNiP; 65 K [34] at similar heating rate (20
K/min), which indicated a relatively good thermal stability of this currently
produced alloy among the other HE-BMGs.

Besides, thermal stability of the amorphous alloys can be evaluated using two
important kinetic parameters which are, apparent activation energy of glass
transition (£,) and crystallization (£,). E, can be described as energy for trans-
formation from the glassy phase to the supercooled liquid, £, is associated with
the transformative energy of nucleation from the supercooled liquid state to the
crystallization state. Another parameter, E, is essential to determine the energy
for crystal growth. Therefore, a calculation of the apparent activation energy on

each transformation event was conducted using two different equations; Kissin-
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ger and Ozawa which can be expressed as [21] [35],
Kissinger equation:
E
lnt—:—+const (1)
RT

B

Ozawa equation:
E
In f =—+const 2
B RT (2)

where S is the heating rate, 7"denotes the characteristics temperatures at certain
heating rate S, R is the ideal gas constant, E corresponds the average apparent
activation energy for each crystallization events.

Activation energy can be defined as the energy required for an atom before it
becomes a part of the activated cluster. The value of apparent activation energy
for E, E,, E,, E,, and E, can be obtained by the linear fitting method in
Kissinger and Ozawa plot in Figure 4, and the values were listed in Table 5.
From the table, it is evidently obvious that the apparent activation energy of
glass transition and crystallization estimated from the Kissinger equation and
Ozawa equation are reinforcing each other. It was noticed that, for the first
crystallization event, the £, was smaller than £, in the Ozawa method, which
explained that more energy was required for the nucleation than the grain
growth process. However, Kissinger’s value provided different results, where the
value of E, was larger than E,. This phenomenon might result in considerable
R value (0.878) of E,, linear fitting in the Kissinger plot. Besides, £,, > E,; shown
in all analytical methods explained that high energy barrier in second
crystallization compared to the first, implying that the first crystallization stage
was much easier for nucleation to occur. Therefore, the estimated data above
implied that nucleation and growth apparent energy for the first crystallization
stage gave almost similar value. In contrast, the difficulties of the growth process
were much more significant in the second crystallization stage. The above
statements were in agreement with the other crystallization kinetics studies in
metallic glass alloys [5] [7] [38] [39].

The relatively high activation crystallization energy values in the second
crystallization stage shows that a significant number of atoms participated from
the glassy alloys in the structural reorganization during the second stage of the
crystallization process. Besides, this phenomenon might be attributed to a slug-
gish diffusion in high entropy alloys, which resulted in difficulty for atomic dif-
fusion [40]. It might also due to greater fluctuation of lattice potential energy
that results in significant atomic traps and blocks, which can lead to high activa-
tion energy. Consequently, the nucleation and growth mechanism become slow-
er due to the reduction of the nucleation rate that resulted from the sluggish dif-
fusion. However, as compared to other reported HE-BMGs such as TiZrCuNiBe
[5] and Zr,,,Ti;53Cuy, sNi o Be,, 5 [37], the value of the apparent activation energy
for TiZrHfNiCu was relatively small, indicated lower thermal stability of this al-
loy compared to the former alloys.
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Figure 4. (a) Kissinger plot, (b) Ozawa plot of TiZrHfNiCu HE-BMG alloy.

Table 5. Apparent activation energy for the glass transition and crystallization by Kissin-
ger method (KM) and Ozawa method (OM).

First stage Second stage

E

All Method i
oy ctho (kJ/mol) Ey E, E, E,

(kJ/mol)  (kJ/mol) (kJ/mol)  (kJ/mol)
KM 287 226 247 261 283
TiZrHfNiCu
oM 283 238 202 266 287
KM 317 307 296 347 374
TiZrCuNiBe [5] [36]

oM 312 312 284.6 343 369
2o TirsaCuiz sNingBer KM 535 162 203 271 301

(37]

Figure 5(a) and Figure 5(b) show the crystallized volume fraction, x for the
first and second exothermic peaks was for TiZrHfNiCu HE-BMG with a depen-
dence of temperature T at different heating rates. In contrast, Table 6 shows the
listed value of local activation energy at each crystallization point. A sigmoid

shape of the curves represented the difference of crystallization rate at different
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stages. In general, it was clearly shown that crystallization occurred at a slower
rate at the beginning (x < 0.2), propagated at the middle (0.2 < x < 0.9), and
subsequently was slowed at the end of the process (x < 0.9). Therefore, it was
suggested that the transformation was divided into three stages; 1) the nuclei
started to precipitate from the amorphous matrix slowly where the bulk crystal-
lization played an important role; 2) subsequently increased the surface contact
between nuclei and the amorphous matrix that caused the crystallized volume
fraction to increase intensely and 3) finally the surface between the crystalline
phase and amorphous matrix decreased due to grain coalescence [12]. The high-
er activation energy values at the middle stage (£,(0.5) = 264.38 kJ/mol and
E,(0.5) = 301.04) were due to the progressive crystallization growth, especially
at the higher heating rate. This result was considered consistent with the most
isokinetic studies of amorphous alloys [5] [38] [41] [42]. Noticeably, the average
value of local activation energy of E,, was smaller than E,, which was in a con-

sistency with the result of apparent activation energy.

Table 6. List of local activation energy at different crystallization fraction of the TiZrHfNiCu

HE-BMG.

X E,;(x) (kJ/mol) E,(x) (kJ/mol)
0.1 245.3 323.5
0.2 250.6 307.2
0.3 260.9 297.8
0.4 258.1 295.2
0.5 264.4 301.0
0.6 261.6 293.7
0.7 260.4 296.9
0.8 246.1 284.0
0.9 223.3 280.1

Average 226.4 297.7

1.0 1.0~
—m— 10k/min ~m-10k/min o
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o8 o GoL/min S 08 > 6ormin ¥ s
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(] d ()
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=) ® <3 *
> 044 ® > 0.4 14
= ™ - *
153 P [ * P
N N
= [ = * '
E & P F 2
173 . [ 17 .24 ®
2 02 $ Z F .
O @) * K4

0.0 4 T T T T T T T 0.0- X r ]
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Temperature (K) Temperature, K
(a) (b)

Figure 5. Plots of crystallized volume fraction x; versus temperature of TiZrHfNiCu HE-BMG at different heating

rates for (a) first and (b) second crystallization events.
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Local Avrami exponent, n(x), has been widely used to relatively measures the
average value of crystallization transformation at specific conditions. The defini-
tion of “local” indicates the nucleation and growth behavior of the alloy at the
specific crystallization volume fraction, x [43]. In order to utilize the JMA equa-
tion for the non-isothermal crystallization process, several conditions need to be
satisfied [12]. It was suggested that the crystallization peak temperature, 7, of
the alloy must occur at 0.60 to 0.63 range of crystallization volume fraction, x
[12]. For the present studies, the value of x, at 7, was found in the range of 0.60
to 0.63.

By plotting In[-In(1 — x)] versus In[(7 — 7;)/p], the n values might be ob-
tained from the slope of the graphs, as displayed in Figure 6. The values of the
slope were listed in Table 7. The plot was found to be linear over most of the
temperature range but slightly deviated at higher temperatures for all heating
rates. The deviation could be due to the saturation of nucleation at the final
stages of the crystallization process. Besides, this situation also resulted in crystal
growth constraint for the small particles that restricted the nucleation process
[44].

From the calculated JMA exponent, n, the value (which was the nucleation
mode of the alloy) was proportionally increased as a function of heating rate in
the first crystallization stage where it was initially more significant than 3 and
subsequently increased to 4. The n value was not an integer, and it was equal to
n =m+ 1. Therefore, the value of m (which was an indicator of crystallization
behavior) was equal to 2 but then increased to 3 at 60 K/min. The finding sug-
gested that the growth mechanism changed from the interface-controlled
two-dimensional growth to the diffusion-controlled three-dimensional growth
with the increasing heating rate for the first crystallization process. In contrast,
for the second stage, the n values were constant (12 = 3) with an increased heat-
ing rate, which signified that the growth of crystallization two-dimensional
growth with increasing nucleation rate at all heating rates. In this case, the acti-
vation energy is increased since the mechanism changed from the interface-
controlled two-dimensional growth to the diffusion-controlled three-dimen-
sional growth. On the other hand, the activation energy is much lower if the
reaction is slower; thus, Avrami exponent is smaller [45]. It is known that the
sluggish effect of HEA concerning the activation energy and pre-exponential
factor determined by the Arrhenius equation. The high activation energy proved
that a low grain growth rate occurs in the alloy, which reflects the pre-exponential
factor value [40]. It is also found that the n values increased in the first stage, but
then became constant in the second stage as a function of heating rate. This is
because the sluggish atomic diffusion of this alloy due to densely random packed
atomic configuration of the structure of multicomponent alloy, particularly at
higher temperatures (second stage), result in lower mobility of atomic diffusion,
leading to lower nucleation rate compared to first crystallization stage for all

heating rates.

DOI: 10.4236/wjet.2020.83023

290 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2020.83023

N. H. Nordin et al.

= 10K/min
34| 4 20K/min 34 = 10 K/min
< 40K/min v 20 K/min
24| & 60K/min 24 > 40 K/min
e 80K/min * 60 K/min
14 14 e 80 K/min
5 ] 5
< 3
£ 14 T K
E =z o ¥
924 £ -2 o x
3 3y -34 ®y )
.o :* »
4 44
-5 T T T T 5 T T T T
2 1 0 1 2 -2 1 0 1 2
In[(7-7, Vo In[(7-7, V)
(@) (b)

Figure 6. JMA plots of TiZrHfNiCu HE-BMG at different heating rates for (a) first and (b) second
exothermic peaks.

Table 7. The value of n and m of Avrami exponent to determine nucleation modes and
crystallization mechanism in the alloy respectively.

First crystallization stage

Heating rate n m(n=m+1)
10 3 2
20 3 2
40 3 2
60 4 3
80 4 3

Second crystallization stage
10 3 2
20 3 2
40 3 2
60 3 2
80 3 2

4. Conclusion

Kinetics of crystallization in TiZrHfNiCu HE-BMG was investigated by DSC
method in non-isothermal condition. The information regarding activation
energy and crystallization mechanism reflects the resistance of crystallization
during heating. Two stages of the crystallization process were found under
non-isothermal conditions. It was shown that TiZrHfNiCu has higher apparent
activation energy (£, and E,) compared to conventional Zr-based alloys but
lower than TiZrCuNiBe HE-BMG. It is suggested that high mixing entropy in
TiZrHfNiCu alloy successfully retard lattice diffusion at higher temperatures in
non-isothermal conditions, lead to a slow crystallization process.
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