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Abstract: The kinetics of crystallization of Zn3;sMg;,Cas>Yb s bulk metallic glass was studied by differential scanning
calorimetry (DSC) in both non-isothermal and isothermal (at different heating rates) modes. Under isochronal process,
theoretical models were adopted to analyze the apparent activation energies for characteristic temperatures. The results
indicate that the apparent activation energies for characteristic temperatures in the Zn;sMg;2Cas,Yb;g bulk metallic glass
by Kissinger model, Flynn-Wall-Ozawa (FWO) model and Augis-Bennett (AB) model are in good agreement with each
other. Furthermore, crystallization transformation kinetics during isothermal process was analyzed by the
Johnson-Mehl-Avrami (JMA) model. The Avrami exponent »n ranges from 3.25 to 4.12 in the isothermal mode. It is noted
that the activation energy corresponding to isothermal conditions calculated using Arrhenius equation is larger than the
value calculated by the Kissinger method in isochronal conditions, because the energy barrier in isothermal annealing

mode is higher than that of isochronal conditions.
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Bulk metallic glasses has received much attention in
scientific and engineering areas due to their excellent me-
properties  (higher hard-
ness)!' " Therefore, they are potential materials in vari-
ous engineering and scientific fields.

chanical strength  and

However, metallic glass tends to transfer from amor-
phous state to crystalline state by thermal treatment. In ad-
dition, thermal stability always links the mechanical prop-
erties in amorphous alloys. Thus, it is essential to investi-
gate the thermal stability and crystallization behavior in
bulk metallic glasses. Differential scanning calorimetry
(DSC) or differential thermal analysis (DTA) is widely used
to study thermal stability and crystallization behavior in
amorphous materials'''"*!. The parameters of thermal prop-
erties for amorphous materials, such as glass transition
temperature (7,) corresponding to the onset of crystalliza-
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tion (TY), crystallization peak temperature (7,) and enthalpy
could be obtained from the DSC curves. Besides, apparent
activation energy could be calculated by relevant models
from the DSC data. Thermal stability and crystallization re-
strict the applications of bulk metallic glasses.

It is well known that the kinetics of crystallization for
amorphous materials are sensitive to the kinetic parameters,
which includes the activation energy of crystallization,
crystalline phase, crystallization time, temperature, mecha-
nisms of nucleation and growth process for bulk metallic
glasses''”). Investigations on thermal properties and crystal-
lization behaviors of bulk metallic glasses were performed
in recent years[9’17'20].

Compared with the conventional metallic glasses,
Zn-based bulk metallic glass presents higher corrosion re-

sistance, lower glass transition temperature 7, and density.

Foundation Item: National Natural Science Foundation of China (51611130120, 11572249); the Natural Science Foundation of Shaanxi Province (2016JM5009)
Corresponding author: Qiao Jichao, Ph. D., Associate Professor, School of Mechanics and Civil & Architecture, Northwestern Polytechnical University, Xi’an

710072, P. R. China, E-mail: gjczy@hotmail.com

Copyright © 2019, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved.



1430 Qiao Jichao et al. / Rare Metal Materials and Engineering, 2019, 48(5): 1429-1434

It can be a potential material for micro-devices. However,
applications of the bulk metallic glasses are associated with
the thermal properties, in particular, crystallization proper-
ties. In order to clarify crystallization behaviors in
Zn;sMg,Ca;z; Ybys bulk metallic glass, the aim of the pre-
sent work is to analyze the thermal stability and relevant
thermal parameters by various models: Kissinger model,
Flynn-Wall-Ozawa model and Augis-Bennett model in
non-isothermal mode. Meanwhile, the kinetic parameters in
isothermal mode were discussed.

1 Experiment

In the current work, Zn;sMg;,Ca;z;,Yb;s bulk metallic
glass with diameter of 2 mm was fabricated in a quartz cru-
cible in purified argon atmosphere, and then mechanically
cut to prepare DSC samples. Prior to experiments, the sam-
ples were polished carefully using diamond paste to remove
surface oxide. Then the samples were washed by ethanol in
an ultrasonic cleaning machine.

X-ray diffraction experiments in the bulk metallic
glasses were conducted at room temperature to examine
their amorphous character using Cu Ka radiation (DS,
Bruker AXS Gmbh, Germany)”'"". DSC experiments were
performed (Pekin Elmer, DSC-7) under high purity dry
nitrogen. In non-isothermal mode, the crystallization ki-
netics of the samples was characterized by DSC at differ-
ent constant heating rates: 10, 20, 30 and 40 K/min. In
parallel, isothermal crystallization of the samples were
measured in the super-cooled liquid region (SLR), both
above the T, and below the 7. The samples were heated
up to the annealing temperature at a heating rate of 40
K/min and then held at this temperature to achieve crys-
tallization until completion.

2 Results and discussion

2.1 Non-isothermal crystallization behavior

The corresponding glass transition temperature (73), on-
set temperature of crystallization (7)), crystallization peak
temperature (7},), the melting temperature for amorphous
metals (7},) and the liquids temperature (7)) are defined in
Fig.1.

X-ray diffraction experiments confirm the occurrence of
crystallization (Fig.2a). Since the heating was conducted
with a low heating rate (about 1.5 K/min), phase transfor-
mation occurs at a lower temperature. This phenomenon is
very rapid, as indicated by the drastic increase in the main
crystalline peak area (Fig.2b). Compared to Zr-based and
Co-based metallic glasses, the Zn-based metallic glass ex-
hibits lower AT (=T,—T,), suggesting lower glass forming
ability> >,

Typical DSC curves of Zn;sMg;,Cas,Yb,g bulk metallic
glass were obtained at different heating rates of 10, 20, 30
and 40 K/min. The values of T,, Ty and T, were shifted to
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Exotherm

-

375 450 525 600 675 750
Temperature/K

Fig.1 DSC curve in Zn3;sMg;,Cas;Ybys bulk metallic glass at a
heating rate of 20 K/min
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Fig.2 X-ray diffraction patterns (3D representation) during con-
tinuous heating at 1.5 K/min, from 303 K to 423 K in
Zn-based metallic glass (a), diffraction peak area against
time during continuous heating at 1.5 K/min in
Zn3sMg;>Cas, Ybig metallic glass (b)

higher temperature by increasing the heating rate. The phe-

. . 16,24-28
nomenon was observed in other metallic glasses''***?*],

sug-
gesting that the characteristic temperatures during the crys-
tallization process are sensitive to heating rates.
2.1.1 Kissinger model

According to the Kissinger model, the activation energy
E, of phase transformation occurring in bulk metallic glass
is usually determined by DSC experiments with different
heating rates, and then calculated using the Kissinger’s

equation'” "1, The relevant equation is written as:
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1n(R—g __ L +C, (M
T RT,

where Ry, is the heating rate, T, is the characteristic tem-
perature at a fixed stage of the relaxation in glass materials
during the crystallization process, such as T, Ty and 7, and
C, is a constant. The values of apparent activation energies
for T,, Ty and T, in Zn;sMg,,Cas,Yb;s bulk metallic glass
are 328, 223 and 104 kJ/mol, respectively.

2.1.2 Flynn-Wall-Ozawa model

The Flynn-Wall-Ozawa method is another widely
adopted method to calculate the apparent activation energy
for bulk metallic glasses during the non-isothermal crystal-
lization process”” " !, The apparent activation energy is
evaluated by the following equation:

E
In(R,) = ~1.052-2-+C, @)

]
Where, C, is a constant. The values of apparent activation
energies for T,, Ty and T, by Flynn-Wall-Ozawa equation
are 335, 230 and 111 kJ/mol, respectively.
2.1.3  Augis-Bennett model

The activation energy of crystallization process for the
samples could be determined by the Augis-Bennett
method®®”?"*% which is given by:

(=2 - L ¢ )
T, - T, RT,

where T, is the absolute temperature and Cj; is a constant.

The values of apparent activation energy T,, Tx and T, are
321, 218 and 100 kJ/mol, respectively. Compared with
other metallic glasses!'® **?* the Zn-based metallic glass
presents lower activation energy for crystallization. Ac-
cording to Tao et al.’s work?®*!, Zn-based metallic glass
presents lower jump energy potential barriers during the
crystalline grain nucleation and growth.
2.1.4 Johnson-Mehl-Avrami model

It is noted that the predicted activation energies for char-
acteristic temperatures in Zn-based metallic glass show a
good agreement with each other. All these methods are based
on the Johnson-Mehl-Avrami (JMA) theory with respect to
the change crystallization fraction in relation to time. Thus,
different models are more or less exact depending on the as-
sumptions and level of approximation. In general, differences
between these models are not pronounced, because the ob-
tained activation energies of bulk metallic glass have rela-
tively similar values by different models. The major reasons
is that the same classical theory is adopted.

Meanwhile, for the Kissinger’s model,

InR, —2InT, - C = - Lo (1a)
RT,
IR ,= L2 4 (21T, +C) (1b)

RT,

0

For the Flynn-Wall-Ozawa model,

InR, —C =-1.052 £, (22)
RT,

InR, = -1.052-22 1 ¢ (2b)
RT,

For the the Augis-Bennett model,

InR, -In(T,-T,)-C = - £, (3a)

RT,
E
1nRh=—R7§e+(1n(Te—To)+c) (3b)

Compared with InTj, the variation of InRy, is much larger,
in other words, the InTyreaches a constant at different InR;,
values, as shown in Fig.3. Hence, Egs.(1b), (2b) and (3b)
could be expressed as follows:

InR ,=- £, +k (Ic)
RT,
InR, — 1052 L L (20)
R 0
R, = Lo 4 g (3e)
R

2]

where k, k" and k" are constants. It can be found that Egs. (1c¢),
(2c) and (3c) express the same physical meaning and present
similar type of construction. Thus, the activation energies for
characteristic temperatures (7,) in bulk metallic glasses are
consistent with each other at different heating rates (Ry,).

The Kissinger model, FWO model and AB models could
be rewritten in the following form:

R, =-—aC “)
RT,
From Eq.4,
E _ _\hr +c (4a)
RT,
4b
T E E, (4b)

"TR(-InR,+C) RC(—lnRh+])
c

-InR,

Generally, 0-
C
Therefore, ﬂ+ 1~1+ InR,
C C
Then,
Te:&(1+mjzg+ Ey lng, (4c)
RC C RC RC

It is well known that the thermal properties of bulk me-
tallic glasses are sensitive to heating rate; the relation could
be expressed by the Lasocka equation””**):

T, =2+ BIn(R,) (%)
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Fig.3 Variation of InTy, Aln(7}), Aln(7%), Aln(7},) with InR}, in
Zn3sMgi,Cas, Ybys bulk metallic glass (as-cast)

It should be noted that for Eq.4c and Eq.5, if E,/RC=1 and
E,JRC*=B, the Kissinger model, Flynn-Wall-Ozawa model
and Augis-Bennett model could be described by the
Lasocka equation.
2.2 Isothermal crystallization behavior

The DSC curves at different annealing temperatures are
shown in Fig.4. For the analysis of transformation kinetics
from the amorphous state to crystalline state, the phase
transformation depends on the crystallized volume fraction,
which can be described by the Johnson-Mehl-Avrami (JMA)

model as follows!'® 2% 35381,

a(t)=1-exp (— (Kt)") (6)
where 7 is the kinetic exponent, and reflects both the crys-
tallization mechanism and dimensionality of the crystalli-
zation process, and ¢ is the time.

The relationship between the crystallization volume frac-
tion and temperature for Zn-based metallic glass is shown
in Fig.5. All the curves present a sigmoid dependence on
temperature. The phenomena were observed in different
glassy materials during the isothermal crystallization proc-
esses. K is the reaction rate constant (a function of anneal-
ing temperature), which could be defined by the Arrhenius
temperature dependence:
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Fig.4 Isothermal DSC curves at different annealing temperatures

in Zn-based metallic glass
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Fig.5 Crystallization volume fraction a as a function of anneal-
ing time at various annealing temperatures in Zn-based

metallic glass

E 7
K =K, ,exp| - —% (7)
o €XPp ( RT )
where K| is the frequency factor, E, is the effective activa-
tion energy during the overall crystallization process, R is
the ideal gas constant, and T is the absolute temperature.
During the isochronal phase transaction process, the phase

transaction rate da/d¢ is calculated by™* " 3*!:

da _ 8
dt_Kf(a) (®)

where f{a) is a transformation function of the crystallized
volume fraction a. Based on the discussion in the previous
literatures”® ** *°! the f{a) could be defined as follows:

fla)=n(l-a)-n(-a)] " ©)
There are several methods to calculate the activation energy
of phase transformation. Transformation kinetics can be de-
scribed by the Johnson-Mehl-Avrami (JMA) equation!'> **-#:

a(t)zl—exp[—K(t—r)"J (10)
where 7 is the incubation time, which is a fitting parameter.
Taking the double logarithm of the Eq. (4), the following
expression is deduced!'> *':

In[-In(1-a(r))]= nIn K + nln(z - 7) (11)

By plotting In[-In(1-a)] versus In(r-7) at
various annealing temperatures with 0.2<<a<0.8, the ki-
netic exponents » at various isothermal temperatures are
shown in Fig.6.

As far as diffusion-controlled growth theory is concerned!*),
n =1.5 means that growth of particles with a nucleation rate
is close to zero; 1.5<n<2.5 indicates growth of particles with
decreasing nucleation rate, n =2.5 reflects growth of particles
with a constant nucleation rate, and » >2.5 pertains to the
growth of small particles with an increasing nucleation

[14, 43]

rate The average kinetic exponents 7 for Zn-based

metallic glass are above 3, which implies that crystallization
mechanisms in the glass is the growth of small particles with

. . . 44,45
an increasing nucleation rate!**1,
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Fig.6  Avrami plots at various annealing temperatures in

Zn-based metallic glass with 0.2<<a<<0.8

3 Conclusions

1) In non-isothermal crystallization mode, the apparent
activation energies for characteristic temperatures (7,, Tx
and 7,) are calculated by the Kissinger model, Flynn-
Wall-Ozawa (FWO) model and Augis-Bennett (AB) model.
The theoretical predictions agree with each other.

2) Crystallization transformation kinetics in isothermal is
analyzed by the Johnson-Mehl-Avrami (JMA) model. The
Avrami exponent # fluctuates from 3.25 to 4.12 in isother-
mal mode, which suggests that the growth of small particles
associate with an increasing nucleation rate. Compared with
isochronal crystallization behavior, the isothermal crystal-
lization presents higher apparent activation energy because
the energy barrier in isothermal annealing mode is higher
than that of isochronal conditions.
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