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Abstract: Non-isothermal crystallization transformation kinetics and isothermal crystallization kinetics in super-cooled liquid region
(SLR) in ZrssCu;3oNisAly bulk metallic glasses were studied by differential scanning calorimetry (DSC) and X-ray diffraction (XRD).
In isochronal mode, the average values of activation energy in ZrssCusoNisAlj, bulk metallic glass determined by different models
(Kissinger method, Flynn-Wall-Ozawa method and Augis-Bennett method) are in good agreement with each other. In addition, the
isothermal transformation kinetics in ZrssCusgNisAlj, bulk metallic glasses was described by the Johnson-Mehl-Avrami (JMA)
model. For ZrssCusgNisAljy bulk metallic glass, the Avrami exponent n ranges from 2.2 to 2.9, indicating that crystallization
mechanism in the bulk metallic glass was mainly diffusion-controlled; crystal growth is controlled by long range ordering diffusion
in three-dimensional growth during isothermal crystallization process. The average value of activation energy in ZrssCu;oNisAljg
bulk metallic glass is 469 kJ/mol in isothermal transformation process.
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1 Introduction

Unlike the crystallized counterparts, bulk metallic
glasses lack of long-range order in the atomic assembly.
Therefore, metallic glasses possess unique combination
of structural and functional properties, such as high
strength, large elasticity, low elastic modulus and
excellent corrosion resistance [1—11]. Thus, bulk
metallic glasses are potential materials as applications in
various engineering fields. However, amorphous alloys,
which are in a metastable state, can change to crystalline
super-cooled liquid region. The
crystallization kinetics for bulk metallic glasses is an
important property, which is always linked with physical

state in the

properties and mechanical properties.

There are many publications concerning the
crystallization kinetics either in isochronal or isothermal
modes in amorphous materials (polymer, metallic glass
and glass). In bulk metallic glasses, many researchers
performed differential scanning calorimetry (DSC) or
differential thermal analysis (DTA) and used
Johnson—Mehl-Avrami (JMA) model to analyze their

results, especially the kinetics of this evolution. It is well
known that the kinetics of crystallization in amorphous
materials is sensitive to the kinetic parameters, which
mainly include the activation energy of crystallization,
mechanisms of nucleation and growth process for bulk
metallic glasses, nature of crystalline phases,
crystallization time and temperature. ROY and
RAGHUVANSHI [12] analyzed the isothermal and
non-isothermal crystallization kinetics in AlgsCuyTis
bulk metallic glass. In fact, the Avarami exponent
indicated that

three-dimensional

crystallization was governed by

diffusion-controlled  growth in
isothermal mode. In our previous investigation [13], the
crystallization transformation kinetics in CugeZrssAl;Y,
bulk metallic glass in isothermal and non-isothermal
modes were analyzed by Kissinger model and JMA
model. It is interesting to note that the activation energy
corresponding to isothermal conditions calculated by
Arrhenius equation is larger than the value calculated by
the Kissinger method under isochronal conditions. The
reason lies in an energy barrier higher in isothermal
annealing mode than in isochronal mode. More recently,
KONG et al [14] have investigated the non-isothermal
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kinetics in Fe;3Zr;B ;s amorphous alloy with JMA model,
and they have shown that the crystallization mechanisms
are different in two crystallization stages. In particular,
ABU EL-OYOUN [15-19] reported the crystallization
kinetic parameters in different amorphous glasses by
isoconversional methods: Kissinger—Akahira—Sunose
(KAS) method, Tang method, Starink method,
Flynn—Wall-Ozawa (FWO) and Vyazokin method. A
new analysis method (various heating rates, VHR) was
also used to discuss the crystallization kinetic parameters
(apparent activation energy E, and kinetic exponent n) in

amorphous materials in continuous heating mode [20,21].

AL-HENITI [22] reported that under non- isothermal
crystallization conditions in Fe;3SigB;; metallic glass, the
Avrami exponent (n) for the two stages of crystallization
were n;=4 and n,=5. Based on the JMA model,
PRASHANTH et al [23] demonstrated that the
crystallization process in ZrgAgsCuipsNijpAl;s glassy
powder was diffusion-controlled with a three-
dimensional growth. OKAI et al [24] investigated the
CasoMgy, sCuyss bulk metallic glass in super-cooled
liquid region (isothermal annealing), and showed that the
crystal growth was determined by a long-range diffusion
processes. Finally, crystallization kinetics in metallic
glass-matrix composites (TiC/Ti-based metallic glass
matrix composite) was also in agreement with JMA
model [25].

However, ZrssCuzNisAly bulk metallic glasses
have received considerable attention because of their
possible application as structural and functional materials.
For instance, ZrssCuzNisAlyy [26—28] bulk metallic
glasses show excellent glass forming ability, wide
super-cooled liquid region and high mechanical
properties. In the ZrssCusoNisAljy bulk metallic glass,
many features have been investigated, such as
crystallization [26, 29—32], structural relaxation [33-35],
glass forming ability [36]. However, there is only little
work on the non-isothermal crystallization properties and
some discrepancies exist between the different reported
results and some questions are open: 1) CuyeZrysAl;Y,
[37-39] and ZrssCusNisAlyy [26—28] bulk metallic
glasses show excellent glass forming ability, wide
super-cooled liquid region and high mechanical
properties. The thermal properties of the two bulk
metallic glasses: glass transition temperature (7}),
temperature of the onset of crystallization (7)) and
crystallization peak temperature (7,), are very similar in
the two alloys. These two alloys have similar
characteristic temperature (7, 7). Do they exhibit
similar crystallization features? 2) Experiments could be
performed under isothermal or non-isothermal conditions.
Does this difference lead to different behavior?
Therefore, the aim of the present work is to give answers
to these questions and to try to describe the kinetics

using theoretical models.
2 Theoretical background

2.1 Isothermal annealing

During an isothermal annealing, transformation
kinetics from the amorphous state to the crystalline state
can occur, and the phase transformation is characterized
by the crystallized volume fraction, a. This evolution can
be described by the JMA model and the following
equation [30, 36, 40—42]:

a(t) =1-exp[~(Kn)"] M

where n is the kinetics exponent (Avrami exponent),
which reflects both the crystallization mechanism and the
dimensionality of the crystallization process; ¢ is the
annealing time; K is the reaction rate constant (K
depends on the annealing temperature), with an
Arrhenius temperature dependence:

K=K, exp(— Iij @)

where K, is the frequency factor; E, is the effective
activation energy during the overall crystallization
process; R is the mole gas constant; 7 is the
thermodynamic temperature.

2.2 Non-isothermal annealing
During the isochronal phase transaction process, the
phase transaction rate da/dz [36, 42] is usually written as:

da

—=Kf(a 3
5 M@ 3)
where f{a) is a transformation function of the crystallized
volume fraction a [36, 42]. This function fla) is usually

defined as:
f(@)=n(-a)[~In(1—a)]" """ )

During the crystallization process in amorphous
materials, the activation energy of the phase
transformation can be evaluated using various methods:
Kissinger method [43—45], Flynn—Wall-Ozawa method
[43,45] or Augis—Bennett method [46]. The Kissinger
method is the most common one.

2.2.1 Kissinger method

According to this model, the activation energy E, of
phase transformation occurring in bulk metallic glass can
be determined using DSC experiments carried out with
various heating rates [43—45] and using the following
equation:
£, +C (5)
RT,
where Ry, is the heating rate; 7, is the temperature at a
fixed stage of the relaxation in amorphous materials,

R
In(—) =—
72
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such as T, Ty and T, in this investigation; C is a constant.

It can be found that E, could be obtained from a plot of
In(R, /T2) vs 1000/T,.
2.2.2 Flynn—Wall-Ozawa method

During the non-isothermal crystallization process,
the Flynn—Wall-Ozawa method is another effective
method to calculate the activation energy for bulk
metallic glasses [43,45]. The formula could be expressed
as:

E
InR, =-1.052—2-+C (6)
R a
In a similar way, a plot of In R, vs 1000/7, gives a
value of the activation energy E,.
2.2.3 Augis—Bennett method
The activation energy of crystallization process for
the samples could also be calculated by Augis—Bennett
method [46]. In this model,
Ry E

)=——7-+C (7

In(
T,-T, RT,

where T is a characteristic (and adjustable) temperature.
Let us mention that these three methods are very
similar and require similar plots.

3 Experimental

In the present work, master ingots of alloys with
composition of ZrssCusoNisAljg were kindly provided by
Prof. Y. Yokoyama, Institute of Materials Research,
Tohoku University, Sendai, Japan. Plate samples were
mechanically cut to prepare DSC samples. In order to
remove surface oxidation prior to experiments, these
samples were carefully polished using diamond paste and
finally washed in ethanol in an ultrasonic cleaning
machine. Structure of the specimens in the bulk metallic
glasses was examined by X-ray diffraction using Cu K,
radiation produced by a commercial device (D8, Bruker
AXS Gmbh, Germany), either at room temperature or
during continuous heating up to 873 K. The working
conditions were 40 kV and 40 mA for the X-ray tube and
a scanning rate of 0.025 (°)/step.

The thermal properties and phase transformations
were investigated by a standard commercial instrument
(Pekin Elmer, DSC—7) under high purity dry nitrogen at
a flow rate of 20 mL/min. Aluminium pans were used as
sample holders. In order to ensure the reliability of
experimental data, temperature and enthalpy were
calibrated by indium standard specimen (7,,=429.7 K,
AH=28.48 J/g) and zinc standard with 3.283 mg
(Ty=692.6 K, AH.~=108.37 J/g), with an accuracy of £0.2
K and +£0.02 mW, respectively.

The crystallization kinetics of the samples was
characterized by DSC, at different constant heating rate

ranges. In the case of isothermal crystallization
investigation, isothermal crystallization of the samples in
super-cooled liquid region (SLR) was tested at
temperature above T, and below Ty. The samples were
heated to the isothermal tested temperature at a heating
rate of 20 K/min. The temperature was held for various
periods to induce the crystallization behaviour until
completion. Finally, the samples were cooled down to
room temperature.

4 Results and discussion

4.1 Non-isothermal crystallization

Figure 1 displays the XRD pattern of the as-cast
Zrs55CuzNisAlyy bulk metallic glass. A typical broad
diffraction peak appears, and the diffraction peak
corresponding to a crystalline phase is not observed.
Therefore, ZrssCusoNisAlj, bulk metallic glass exhibits
typical characteristics of an amorphous structure.

20 30 40 50 60 70 80 90
20/(%)

Fig. 1 XRD pattern of as-cast ZrssCusoNisAlj, bulk metallic
glass

The DSC curves of ZrssCuszNisAlyy bulk metallic
glass obtained using continuous heating with different
heating rates are shown in Fig. 2. The crystallization
peak temperature (7,) shifts to higher temperature as
heating rate is increased. This result is similar to what is
classically observed. In the ZrssCu;zNisAl;o bulk metallic
glass, the peak is a little more complicated, since a kind
of double peak is observed. However, the question is:
Are these two phases due to same phase or not? When
the heating rate is 20 K/min, peaks occur at 761 K (the
first peak) and 765 K (the second peak), respectively.
Therefore, two apparent peaks during the course of
heating with 20 K/min up to 761 K (the first peak) and
765 K (the second peak) occur and then XRD patterns
indicate that the corresponding crystalline phases are
identical (Fig. 3).

In the literature, the crystallization behaviour in
Zrs55CuzoNisAly bulk metallic glass was investigated by
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in-situ synchrotron radiation. YAVARI et al [47,48]
found that crystallization in ZrssCuzNisAly, bulk
metallic glass occurs via initial nucleation and growth of
a metastable phase that transforms to equilibrium
tetragonal Zr,Cu. To confirm this mechanism, X-ray
diffraction experiments were performed during a
continuous heating. the average heating rate was 1.5
K/min and diffractograms were recorded each 5 K
(Fig. 4).

3.0 -
A—2.5 K/min D
B—35 K/min
24F C—10 K/min
- D—20 K/min
I:_:,[j
= 1.8r
E
[=}
= 1.2F
3
s
0.6
0

730 740 750 760 770
Temperature/K

Fig. 2 DSC curves of ZrssCusNisAlj, bulk metallic glasses
with different heating rates

765 K

761 K

20 30 40 50 60 70 80 90
26/(°)

Fig. 3 XRD patterns after heating at 761 K or 765 K with
heating rate of 20 K/min for ZrssCu;oNisAly bulk metallic
glass

1 1 1

35 36 37 38 39 40 41

260/(%)
Fig. 4 XRD spectrum (3D representation) during continuous
heating at 1.5 K/min from 573 K to 873 K for ZrssCu;3oNisAlg
bulk metallic glass

The formation of crystalline particles is clearly
revealed by the apparition of diffraction peaks. The
nature of the crystalline phases change when the
temperature increases. For instance, the peak in the range
37.5°-38.0° disappears and a new peak appears close to
37°. This new peak can be attributed to a body-centered
tetragonal phase similar to Zr,Cu. Figure 5 illustrates this
evolution. But it is not possible on this figure to detect a
two-steps  evolution in the low temperature
crystallization process (in the range of 700—750 K). TEM
observation should also give precious information.
However, since the present work is focused mainly on
the kinetics aspects rather than on the nature of the
crystalline phases, and no detailed investigation of the
phenomenon was conducted.

Peak 36‘8?

Peak 37.8° ;

Peak area

600 650 700 750 800 850 900
Temperature/K

Fig. 5 Diffraction peak area versus time during continuous
heating at 1.5 K/min for ZrssCuszoNisAl;o bulk metallic glass

The relationship between the crystallization volume
fraction o and temperature during non-isothermal
crystallization process of ZrssCuzNisAlyy bulk metallic
glass is shown in Fig. 6. All the curves present a sigmoid
dependence with temperature. The same evolution is

I 0 a— AAAL LML
=—2.5 K/min

*—35 K/min
0.8+ 24— 10 K/min
v—20 K/min

0.6
=
0.4
0.2
0
720 730 740 75 760 770
Temperature/K
Fig. 6 Plots of crystallization volume fraction a of

Zrs55Cuz0NisAlyy bulk metallic glass as function of temperature

at different heating rates



J. C. QIAO, et al/Trans. Nonferrous Met. Soc. China 22(2012) 577-584 581

observed in all the amorphous materials (bulk metallic
glasses and polymers) in the non-isothermal
crystallization mode.

The activation energy E, can be determined by
Kissinger’s method, Flynn—Wall-Ozawa (FWO) method
and Augis—Bennett (AB) method. The relevant fitting
results by FWO method at different crystalline volume
fraction « (ranging from 0.1 to 0.9) are shown in Fig. 7.
The results are in good agreement with the Kissinger’s
equation, FWO equation and AB equation since straight
lines are clearly observed.

=— o=0.1, R?=0.996

3.01 o— 2=02, 2=0.996
a—2=0.3, R?=0.995
2.5+ v— o=0.4, R=0.994
= 2.0
=

1.5 «— «=0.5, R>=0.993
»— 2=0.6, R2=0.994
o — 2=0.7. R>=0.994
LOF «— 5=0.8, R2=0.994
«— 2=0.9, R2=0.993

130 132 134 1,36
7,710 K"

Fig. 7 FWO plots of ZrssCuszoNisAl;o in non-isothermal heating
mode at any fixed crystallization volume fraction a (range from
0.11t0 0.9)

Figure 8 presents the calculated results of activation
energy for ZrssCusoNisAly, bulk metallic glass. The
activation crystallization in  the
ZrssCusoNisAlyy bulk metallic glass is not constant,
fluctuating slightly with crystallization volume fraction a
in non-isothermal heating mode. The average values of
activation energy for CuysZr4sAl;Y, and ZrssCusgNisAlyg
bulk metallic glasses in non-isothermal heating mode are
very similar [13]. Meanwhile, the average values of

energy  for

400

= 380F .« o e

!E [ ] * * * * N .
= . * * [ ] ™ - *
S 360r + o, o= " " .

=11} "
; | §

=1

o 340t

2 *—Kissinger method

3 *—FWO method

3 320F  w—AB method

300 ! L 1
0 0.2 0.4 0.6 0.8 1.0
Crystallization fraction

Fig. 8 Activation energy E, as a function of crystallization
volume fraction a in ZrssCusgNisAljo bulk metallic glasses (a
range from 0.1 to 0.9) in non-isothermal heating process

activation energy for ZrssCuzoNisAlj, bulk metallic glass
determined by different models (Kissinger method, FWO
method and AB method) are in good agreement with
each other.

4.2 1sothermal behaviours

In order to well understand the crystallization
kinetics of the ZrssCuzNisAlyo bulk metallic glass, the
crystallization kinetic of the samples was investigated in
isothermal situation at different annealing temperatures.
The DSC curves obtained for ZrssCusoNisAly, bulk
metallic glass at different annealing temperatures are
shown in Fig. 9. They look like those recorded under
non-isothermal conditions. It can be found that every
DSC curve exhibits a single exothermic peak after a
certain incubation time (7). Additionally, by increasing
annealing temperature, it is obvious that the incubation
time slumps. The reason is that atoms in the samples
have a higher mobility at higher annealing temperature,
which leads to concentration fluctuations necessary for
large-scale crystallization to set in [49]. From these
curves, the evolution of crystalline volume fraction
versus the annealing time during isothermal annealing is
shown in Fig. 10. The higher the annealing temperature
is, the steeper the curves are. Meanwhile, all the curves
exhibit a typical sigmoid evolution.

As mentioned above, the transformation kinetics
can be described using the JMA equation [36, 50]:

a(t)=1-exp[-K(t-7)"] ®)

where 7 is the incubation time, which in fact is a fitting
parameter. Taking the double logarithm of Eq. (8), the
following expression is deduced [36]:

In[—In(l—a(¢))]=nIn K + nln(t —7) 9)

By plotting In[—In(1—a)] versus In(+—7) at various
annealing temperatures with 0.2<a<0.8 (Fig. 11), the
kinetic exponent n and the reaction rate constant K can
be calculated and the values are given in Table 1.

0.6 (748K

_1)

2
<
'S

Heat flow/( W-

S
2

0

Time/min
Fig. 9 Isothermal DSC curves of ZrssCuzoNisAlobulk metallic

glass at various annealing temperatures
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Fig. 10 Plots of crystallization volume fraction o of
Zrs55CuzoNisAlyy bulk metallic glass as function of time at
different annealing temperatures
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Fig. 11 Avrami plots of In[-In(1—a)] vs In(+—7) at various
annealing temperature with 0.2<0<0.8 from isothermal DSC
curves for ZrssCu;gNisAlo bulk metallic glass

Table 1 Kinetic exponent n, reaction rate constant K and
incubation time 7 at different annealing temperatures with
0.2<0<0.8 in ZrssCusoNisAl;, bulk metallic glasses

Annealing temperature/K n 7/min K
748 2.9 0.27 0.51
743 2.5 1.13 0.37
738 2.6 1.70 0.23
733 2.2 4.72 0.17

The kinetic exponent n varies with annealing
temperatures from 2.2 to 2.9 in the ZrssCusoNisAljy bulk
metallic glass. Diffusion-controlled growth theory
[25,51,52] predicts that: 1<n<1.5 implies growth of
particles of appreciable initial volume; n=1.5 means a
growth of particles with a nucleation rate close to zero;
1.5<n<2.5 indicates growth of particles with decreasing
nucleation rate; #>2.5 corresponds to the growth of small
particles with an increase in nucleation rate.

The average kinetic exponent n for ZrssCuzgNisAljg
bulk metallic glass is about 2.5, which implies that
crystallization mechanism in the ZrssCuzNisAlyy bulk
metallic glass is mainly diffusion-controlled [30], and
crystal growth is controlled by long range ordering (LRO)
diffusion in three-dimensional growth during isothermal
crystallization process [53].

Let us now turn to the influence of the nucleation
and growth behaviour during crystallization on the
activation energy. The activation energy for the
crystallization process in isothermal mode can be
determined using the Arrhenius equation [30]:

@) =1, exp(%) (10)

where £, is a constant. The plots of In #(a) vs 1/T, in
ZrssCusNisAly bulk metallic glass during isothermal
process are shown in Fig. 12. All the fitting lines are
almost straight lines. The average value of activation
energy for ZrssCuzNisAly, bulk metallic glass is 469
kJ/mol. However, this activation energy decreases when
the crystalline fraction increases (Fig. 13). This decrease

n— g=().1
241 o g=02
a—g=0.3

208 v—a=04

Int{a)

+— =05

r— z=0.6

0.8 +—2=0.7

*— g=0.8

0.4 — =09
1.336 1.3‘44 1.352 1.360 1.368

771073K™!

Fig. 12 Plots for calculation of activation energy in
Zrs55CuzoNisAljo bulk metallic glass

510

480 s .

450

Activation energy/(kJ-mol™")

420 ! ! 1 I
0 0.2 0.4 0.6 0.8 1.0

Crystallization fraction

Fig. 13 Activation energy E, as function of crystallization
volume fraction a in ZrssCusgNisAljo (a ranging from 0.1 to 0.9)
in isothermal mode



J. C. QIAO, et al/Trans. Nonferrous Met. Soc. China 22(2012) 577-584 583

could be due to the fact that this energy is the sum of two
components: one term corresponding to the nucleation
and the other to the growth (connected to the diffusion).
When crystallization progresses, the energy required for
nucleation can progressively disappear and then E, can
decrease.

5 Conclusions

1) In non-isothermal mode, the average values of
activation energy for ZrssCujoNisAljy bulk metallic glass
determined by different models (Kissinger method,
Flynn—Wall-Ozawa method and Augis—Bennett method)
are good agreement with each other.

2) Under isothermal annealing conditions, the
Avrami exponent n ranges from 2.2 to 2.9 in the
Zrs55CuzoNisAljo bulk metallic glass. These values, close
to 2.5, indicate that the crystallization mechanism is
mainly diffusion-controlled. Crystal growth occurs by a
three-dimensional long range ordering.

3) In isothermal transformation process, the average
value of activation energy for ZrssCusoNisAly, bulk
metallic glass is 469 kJ/mol. The classical models
developed in the literature are really appropriated to
describe the crystallization process in ZrssCuzoNisAljg
bulk metallic glass.
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