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Kinetics of glass transition and crystallization in
multicomponent bulk amorphous alloys

ZHUANG Yanxin (£ #8k), ZHAO Degian (R 1% %),
ZHANG Yong (3¢ F), WANG Weihua (i£ E.4)
& PAN Mingxiang (#% A 4%)

Institute of Physics, Chinese Academy of Sciences, Beijing 100080, China
Correspondence should be addressed to Wang Weihua (email: whw@ aphy.iphy.ac.cn)

Received November 5, 1999

Abstract Differential scanning calorimeter (DSC) is used to investigate apparent activation energy
of glass transition and crystallization of Zr-based bulk amorphous alloys by Kissinger equation under
non-isothermal condition. It is shown that the glass transition behavior as well as crystallization reaction
depends on the heating rate and has a characteristic of kinetic effects. After being isothermally an-
nealed near glass transition temperature, the apparent activation energy of glass transition increases
and the apparent activation energy of crystallization reaction decreases. However, the kinetic effects
are independent of the pre-annealing.
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Bulk amorphous alloys (BAAs) are one of the most interesting fields in materials sciences
and physics due to their excellent glass forming ability (GFA), wide supercooled liquid region
(SLR), high thermal stability against crystallization and unique properties[l'—“] . The crystalliza-
tion of the BAAs, greatly different from that of conventional amorphous alloys is characterized by
multi-step crystallization, high nucleation rates and low growth rates, thus enabling us to make a
more direct investigation of the time-dependent nucleation'’ , Crystallization studies of the BAAs
are of importance in understanding the mechanisms of phase transformations far from equilibrium,
evaluating GFA of the melts and producing bulk nanocrystalline materials or amorphous/nanocrys-
talline composites by controlled crystallization. Generally, structural relaxation induced by atomic
arrangements in the process of low temperature annealing of amorphous alloys not only leads to
changes in most physical properties, but also has obvious effects on subsequent crystalliza-
tion'®" 71, Up to now, the crystallization features of these BAAs and effects of local atomic struc-
ture on glass transition (GT) and crystallization are not understood very well, and there is no de-
tailed work on crystallization kinetics of the BAAs. The crystallization kinetics of BAAs in differ-
ent states can provide essential parameters of controlled crystallization and information on the
essence of the excellent GFA and effects of structural relaxation on subsequent crystallization. On
the other hand, the GT is one of the most important and intensively investigated topics in the
amorphous alloys. However, there still lacks a comprehensive understanding of the GT. In this
paper, the GT and crystallization of the as-prepared Zry, Ti;qCuyy sNijo-,Fe,Bey s(x =0,2,5)
BAAs and the Zry; Ti;4Cuyy sNijgBey, s BAAs annealed near glass transition temperature ( Tg) are
studied, and relation of GFA with the crystallization kinetics and effects of structural relaxation
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induced by pre-annealing on crystallization kinetics are discussed.

1 Experiments

Ingots with nominal desired compositions were prepared by melting a mixture of 99.9% pure
elements in titanium-gettered Ar atmosphere arc furnace, then remelted in vacuum-sealed quartz
tubes and quenched in water to get amorphous rods with a diameter of 16mm. The amorphous na-
ture as well as the homogeneity of the as-prepared rod was ascertained with X-ray diffraction
(XRD) and a transmission electron microscope (TEM). 0.5 mm thick slices were cut from the amor-
phous rod and ground for annealing and DSC measurements. The samples were annealed in a furnace with
a vacuum of 2.0 x 10~ Pa and temperature accuracy of + 0.5 K. The XRD measurements were pro-
cessed by a Mac Science MXP-AHF18 diffractometer with CuK, radiation. The differential scanning
calorimeter (DSC) measurements were carried out under a purified argon atmosphere in a Perkin Elmer
DSC7 with the heating rate, ¢, ranging from 2.5 to 80 K/min. Calorimeter was calibrated with high pu-
rity indium and zinc at various heating rates. The values of the T, the onset crystallization temperature
(T,) and the crystallization peak temperature ( T,;) were determined from the DSC traces with an accura-
cyof £1K.

The apparent activation energy ( E) and frequency factor (vg) of the GT and the main crystallization

reactions were determined by the Kissinger method under non-isothermal condition'®! ;

¢ E E
ln¢ _k80+lnkBUO, (1)
where 6 is T or T,;, kg is the Bolizmann constant; E and v, can be obtained from the slope and inter-
cept of plots of In(§%/¢) versus 1/8, respectively.

2 Results

The glass transition behavior and crystallization of BAAs is clesely related to alloys compositions.
The obtained values of T,, T,, T, and SLR, AT = T, — T, for as-prepared Zry Tij4 Cujp sNijo_ ,
Zr,,Ti}Cuyy 4Ni oBey, s BMG Fe,Bey s(x =0, 2, 5) BAAs determined at a heating
rate of 20 K/min are listed in table 1. AT can be used

2.5 K/min

Mmin to evaluate the GFA. The BAAs with larger AT is of bet-
m ter GFAI®), AT decreases with increasing Fe content
from O to 5at. % , indicating that the GFA of the Zr, Tij4

? ? 20 K/min 8
T 1 Cu12.5 Niw_ x FexBezz_s ( x = 0, 2, 5) alloys decreases
U 40K/min | when Fe content increases. The result is in agreement
A |

4 with that of experimental observation. Fig. 1 shows the
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DSC traces obtained from the as-prepared Zry; Tiy Cuy, 5
NijoBey, s BAA at different heating rates. The T,, T,,

| L L T,; and SLR of the BAA are shifted to higher temperature
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with increasing heating rate. Not only crystallization but
also GT display dependence on the heating rate during
Fig. 1. DSC traces for the as-prepared Zr; Tii Cuias continuous heating, meaning that both of GT and crystal-
Nijg Be, s bulk amorphous alloys at different heating 1;,5pi0n have significant kinetic effects. Similar trend ex-

rates. ists in the DSC traces for the other two BAAs (x =2,
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5), suggesting that the Fe content has a significant effect on crystallization, but cannot change the kinetic
effects of GT and crystallization. The Kissinger plots of GT and the second crystallization peak for the Zry;
Ti;sCuyy sNijyg- ,Fe,Bey s(x =0,2,5) BAAs are displayed in fig. 2(a) and (b). The apparent activa-

tion energy of crystallization increases with the addition of Fe element.

Table 1  Values of Ty, T,, T, AT and E for as-prepared Zr, Tij,Cuy, sNij - JFe.Bey s(x=0,2,5)
BAAs and Zry; Ti;,Cuy, 5NijgBe,, 5 at different states

TyK T/K T,/K Tu/K AT/K Egr (ki/mol) E,/r (ki/mol) E,(r kl/mol)

Zryy TiyyCuyz sNisoB
ot Mgz sTho 36225 629 710 722 741 81  559.11/0.994 192.56/0.989 267.33/0.995
(as-prepared)

Zry, i\ Cuyy s NigFe, B
Ttz s T2 e 5 627 687 701 733 60  475.00/0.994 226.66/0.999 319.85/0.998
(as-prepared)
Zre,Ti;Cuyz. sNisFesB
Ttz s s TosBen. 5 634 687 701 736 53  604.37/0.997 266.21/0.998 332.64/0.999
(as-prepared)
Zl‘uTiuCUlz.sNinezz.s
(annealed at 623 K for 2 h)
ZrAlTiMC“lZ.SNil()BP’zz.S

(annealed at 623 K for 6 h)

631 681 707 739 50  453.29/0.988 256.68/0.990 317.13/0.994

632 693 715 738 61 235.98/0.986 231.62/0.984 313.87/0.9995

Values of T, T,, T, and AT are measured at the heating rate of 20 K/min; r is the correlation coefficient.
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Fig. 2. Kissinger plots of glass transition (a) and second crystallization peak (b) for the as-prepared
Zr,, Tiy, Cuyy sNij - ,Fe,Bey s(x =0, 2, 5) bulk amorphous alloys.

Fig. 3 gives the DSC traces for the as-prepared and pre-annealing Zry, Ti;4Cuys NijgBey, 5 al-
loys determined at a heating rate of 20 K/min. The pre-annealing near T, markedly changed the
crystallization behavior of the Zry Tij4Cuy, sNijoBey, s BAA. The values of AT, T,, T, and T,
for the three alloys are different, indicating that the structure change induced by pre-annealing
has great effects on GT and crystallization of Zr-based BAAs. However, T, T, and T}, are also
shifted to higher temperature with increasing heating rate for the annealed alloys, and the kinetic
feature of GT and crystallization are not changed by the structure development. T, T,, T, and
AT determined at the heating rate of 20K/min are listed in table 1 together with E, and E,, eval-
uated from Kissinger plots for the pre-annealed Zry Tij,Cuy; s NijgBes, s alloys. After the BAA
were annealed near T,, the E, decreased, while the E, first increased and then E,; decreased
with the annealing time.
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Fig. 3. DSC traces for the Zr, Ti,, Cuy, 5 NijgBey, 5 Fig. 4. Plotsof Ty, T, T, Tpvs. Inf for as-

BMG at different states: 1, as-prepared; 2, annealed prepared Zr;, Tiy, Cuy, s Nig Bey, s bulk amorphous al-
at 623 K for 2 h; 3, annealed at 623 K for 6 h. loys.

3 Analysis and discussion

3.1 Kinetic effect of glass transition and crystallization

The results obtained above show that the T, T,, T and AT are closely dependent on the
heating rate and shifted to higher temperature with increasing heating rate for the as-prepared and
pre-annealed BAAs. Fig. 4 illustrates the linear relationship of T, T,, T,; and T, with In$ for
as-prepared Zry;Tij4Cuy; sNijgBey; s BAA, which can be written as

6 = Ay + Bylnd. (2)
Ag and By are constants. The Ay and B, for as-prepared and pre-annealing BAAs are listed in
table 2. As displayed in fig. 4 and table 2, the crystallization has stronger dependence on the
heating rate than that of GT, meaning that kinetic effect of crystallization is more obvious than
that of GT. Pre-annealing changes the values of By, suggesting that the kinetic effect of GT in-
creases and the kinetic effect of crystallization decreases after annealing in the SLR.

The values of specific heat capacity of the BAAs transit from the glass states to the super-
cooled liquid. For example, the changes of specific heat capacity are 0.312 J/g*K for as-pre-
pared Zry; Tiy; Cuyy sNijgBey s BAA, 0.316]/¢g+ K for as-prepared Zry Tij, Cuyy s NigFe,Beys s
BAA, and 0.241 J/g*K for as-prepared Zry; Tij4Cuyy sNisFe;Beyy s BAA when GT occurs. John-
son et.al showed that the specific heat capacity transits from the glass to the supercooled liquid
when the heating rate reaches 1.67 x 1077 K/s in the case of Zry , Tij; 5 Cuys.s Nij Beyy
BAA[™! | Therefore, the transformation from the glass to the supercooled liquid state of the BAA
has the feature of the second-order phase transformation. Pre-annealing near T, cannot change the

feature. The glass transition process of the BMGs can be regarded as a kinetically modified phase
transformation process.
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Table 2 Values of Ay and By equation in Zr-based bulk amorphous alloys

T,=A+ B In$ T,=A+B Ing T,=A+Bn$ Te=A+ B né

Alioys

Ay B, A, B, Ay By A B,

Zra TijoCuyp 5NioB
ot etttz 5o oz 612.49  5.68  645.31 21.86  664.93  20.68  698.10  15.66
(as-prepared)
Zry TiyCuyp sNigFe,Bey; 5
(as-prepared)

Zr4; Ti4Cuyp sNisFesBey, s

606.28 6.63 636.32 17.31 649.92 17.15 693.15 13.44

617.27 5.39 646.83 13.81 659.00 14.76 697.74 13.08
(as-prepared)

Zry TijsCuyp sNiypBer 5
(annealed at 623K for 2 h)
Zry Ti|4Cuyz sNijgBey 5
(annealed at 623 K for 6 h)

610.00 7.00 630.04 19.11 664.25 15.31 699.94 13.74

593.87 13.13 641.20 17.02 662.27 16.74 702.65 14.14

3.2 Glass forming ability and crystallization kinetics

In the process of preparing the Zry; Tij4Cuy, sNijg_ ,Fe,Bey s(x =0,2,5) BAAs, the cool-
ing rate for the quenching is the same. The rate constant reflects GFA in some sense. According
to Arrehenius law, vy = vy exp( — E/kgT), where vy is crystallization rate constant at T, the
atoms participating in the crystallization reaction will acquire additional energy to form an activat-
ed cluster'®’ . This additional energy is captured through collisions. The activation energy E can
be interpreted as the additional energy acquired by an atom before it becomes a part of the activat-
ed cluster. The frequency factor, vy, is usually written as a product of two factors: atom collision
probability and steric factor. According to Kissinger equation (1), vq can be obtained from the

70 14  slope C and intercept D of Kisssinger plots; that is,
AT . vo = Cexp( = D). The crystallization rate constant at

651 crystallization peak temperature, v,;, can be calculat-
60 F 7, ed from the vy and E of the corresponding crystalliza-
é ::‘ tion peak. When the Fe content increases from 0 to
sr = 5%, v, are 0.007 17 s~", 0.009 17 s~' and 0.010
501 1s™', and v,y are 0.010 757!, 0.011 3 s~ ' and 0.
aslo v lge 012387 !. With the increasing Fe content, v,; gradu-

0 1 2 3 4 5

ally increases, while the AT gradually decreases. As
Fe content (%)

has been shown above, the GFA of the BAAs can be

Fig. 5. Comelation of rate constant with the glass represented by AT, so the v, has a correlation with

forming ability (represented by AT). the GFA, (fig. 5). The BAA with smaller Vpi has a
better GFA.

3.3 Effect of annealing-induced structural relaxation on glass transition and crystallization
Although BAAs is still in amorphous state after being annealed near T,, the local atomic
structure starts to change. The Zry Ti;4Cu;, sNijgBey; s BAA separates into two different amor-
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phous phases when annealed in the region near T, and the phase separation has a remarkable ef-

fect on subsequent crystallizationm

. In the process of annealing, structural relaxation, phase
separation and nucleation occur in the BAA, changing the glass transition behavior and crystal-
lization of the BAA. The as-prepared BAA must undergo a process of structure relaxation, phase
separation, nucleation and growth of nuclei in the continuous heating. The E, should include the
activation energy of phase separations, relaxation and “real” GT. When the alloy is pre-annealed
in the glass transition region, phase separations and relaxation have already occurred. So the E,
decreases, and it may reflect the pure glass transition process.

The crystallization process of an amorphous alloy comprises of the nucleation and growth of
nuclei, and the E,; derived from the Kissinger plots are the integration of the activation energy of
nucleation and growth. The nucleation and growth of nuclei are closely related to the component
diffusivity. The proceeding annealing near T, will induce relaxation, decomposition, and forma-
tion of crystalline nuclei in the BAAs, and then change the subsequent nucleation process in con-
tinuous heating rate. The nucleation of as-prepared Zry Tij;Cuyy 5NijgBey, s BAA are formed via a
composition fluctuation from the initial homogeneous alloy, while the nucleation in the annealing
BAA are formed in heterogeneous nucleation processes due to the heterogeneous structure and
composition caused by phase separation. Meanwhile, the diffusion mechanisms and diffusivity in
the conventional amorphous alloys is sensitive 1o the relaxation state of the samples, and the dif-

fusivity in the relaxed alloy is smaller than that of the as-prepared alloy[”]

. The apparent activa-
tion energy of crystallization in the Zry Tij4Cuyy sNijgBeyy s bulk amorphous alloy increases after
annealing in the region near T,, suggesting that the annealing sample may probably have smaller

diffusivity .
4 Conclusions

(1) Both the glass transition and crystallization of Zr-based bulk amorphous alloys have ki-
netic effect. This feature cannot be changed by pre-annealing at T,. The glass transition can be
regarded as a kinetically modified phase transformation process.

(2) The glass-forming ability of Zr-based bulk amorphous alloys is related to the crystalliza-
tion rate constant at crystallization peak temperature, v,;. The bulk amorphous alloy with smaller
v,; has a higher glass forming ability.

(3) The glass transition and crystallization of annealing samples are different from those of
the corresponding as-prepared bulk amorphous alloys. The annealing alloys have smaller values of
apparent activation energy of glass transition and greater values of apparent activation energy of
crystallization than the as-prepared alloys.
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