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Abstract

The formation of nano-quasicrystals on isothermal annealing of melt-spun ribbons of Zrgg sAl; sNi;;Cuy,
metallic glass has been investigated using transmission electron microscopy (TEM). The crystallization
study of this metallic glass has been carried out using differential scanning calorimetry (DSC) in
non-isothermal (linear heating) mode. It exhibits two-stage crystallization where the first stage corre-
sponds to the precipitation of icosohedral nano-quasicrystalline phase. This has been confirmed with the
help of TEM investigations. The crystallization parameters like the activation energy (E.) and frequency
factor (ko) have been derived using the Kissinger peak shift analysis. The activation energies for the first
and second crystallization peak are found to be 278 and 295 kJ mol ™, respectively. The frequency fac-
tors obtained for the two peaks are respectively 7.16:10" and 1.42-10% s'. E., ky and the Avrami expo-
nent (n) have also been derived by fitting the Johnson-Mehl-Avrami—Kolmogorov (JMAK) equation
for the transformed volume fraction (x) to the crystallization data. JIMAK results of £, for the first and
second crystallization peak turn out to be 270 and 290 kJ mol ' respectively. However, k, and n are
found to be heating rate dependent as reported in similar studies. The values of # for the first crystalliza-
tion stage ranges between 1.66 and 2.57 indicating diffusion-controlled transformation in agreement
with earlier reports.
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Introduction

Zr-Al-Ni—Cu is among the families of best glass-forming alloys. It possesses an
undercooled liquid region ~100 K [1] and shows high thermal stability with respect to
crystallization. Isothermal annealing of these alloys produces a metastable icosahedral
phase increasing the stability of glassy state [2—4]. The precipitation of nano-quasi-
crystalline phase on crystallization of these alloys increases their mechanical strength
combined with ductility [5]. Therefore, the knowledge of the crystallization behaviour
is useful for the production of more stable glasses or design of definite microstructures
by crystallization e.g. the formation of nanocrystalline materials.
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Various attempts have been made to understand the kinetics of crystallization of
Zr—Al-Ni—Cu alloys in isothermal and linear heating conditions [6—8]. The kinetic
parameters can be derived using the Johnson—Mehl-Avrami—Kolmogorov (JMAK)
equation for the transformed volume (x) during the phase transformation in the iso-
thermal conditions [9]. Though JIMAK equation has been proposed for isothermal ex-
periments, its use can also be extended to the non-isothermal (linear heating) experi-
ments. Henderson [10, 11] has discussed the conditions under which the IMAK
equation can be applicable to the linear heating experiments. This preposition has
been exploited to evaluate the JMAK parameters from non-isothermal experiments
for an iron based multicomponent glass [12]. Ruitenberg et al. [13] have shown that,
(7) the linear heating JMAK equation can be derived analytically for the same cases
and under the same conditions as the isothermal JIMAK equation, and (i7) within the
JMAK framework; the non-isothermal method such as the Kissinger peak shift
method can be used to analyze experimental data. Recently, in a non-isothermal
study of crystallization of a ZrssAl1(NisCusg glass, it has been demonstrated that the
crystallization kinetic function can be described by the IMAK equation,

Se)=(1=0)[-In(1-x)] """ (1)
with n=1.75 [6]. This has guided us to investigate the non-isothermal crystallization
of Zrgg 5Al75N1;1Cuy, glass in the JMAK formalism. The crystallization study has
been carried out using differential scanning calorimetry (DSC). Further, the forma-
tion of the nano-quasicrystals on crystallization during isothermal annealing of the
present metallic glass has been investigated with the help of transmission electron
microscopy (TEM).

Experimental

Ribbons of Zrg 5Cui,Nij Al 5 glass were prepared by a single roller melt-spinning
technique in argon atmosphere. The amorphous nature of the specimen was con-
firmed by X-ray diffraction (XRD) and transmission electron microscopy (TEM).
Koster et al. [4] have reported the temperature dependence of the nucleation fre-
quency in present quaternary glass annealed for 30 min. They have pointed out that
the nucleation frequency is maximum at 673 K. Knowing this, the as-quenched sam-
ple of the ZrgsCui,NijjAlys glass was annealed at 673 K for 30 min. A TEM
(Jeol, JEM-2000FX operated at 160 kV) was used for observing the microstructure.
The specimen was thinned electrochemically at —35°C by jet polishing using an elec-
trolyte with 20 % perchloric acid in ethanol. The linear heating experiments were car-
ried out on the as-quenched samples at four different linear heating rates (2, 4, 8
and 16 K min") in a DSC (Shimadzu, Japan) from room temperature to 793 K. The
experiments were done in the air atmosphere. The DSC has a minimum detection
sensitivity of 10 pW.
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Results and discussion

The bright-field TEM image of the sample, annealed at 673 K for 30 min, is shown in
Fig. 1a. Isothermal annealing by suddenly introducing the sample to the furnace at a
constant temperature (673 K) for 30 min promotes nucleation and suppresses growth.
This leads to the formation of quasicrystals of nanometric size ranging from 35
to ~100 nm. These nanometric scale quasicrystals, of icosahedral phase precipitated
in the amorphous matrix, are evident in Fig. la. The micro-diffraction pattern of the
annealed sample (Fig. 1b) reveals the icosahedral structure. Similar results for the
formation of the icosahedral phase and nano-quasicrystals have been reported previ-
ously [2—4]. These studies reveal that the grain size of the quasicrystalline structure is
dependent on the annealing time and the Al content in the glass. They have found out
that the diameter d of the quasicrystal varies as square root of annealing time.
Koster et al. have also observed that annealing Zrg;Cu;NijoAl;, for 30 min at 420°C
leads to a nano-quasicrystalline structure with a mean quasicrystal diameter of about
30 nm or less [5]. Besides, quasicrystal diameters increase at a faster rate if the an-
nealing is performed at a higher temperature. But, growth has been observed to start
only after an incubation time.

Fig. 1 a — Bright-field TEM image of a sample annealed at 673 K for 30 min;
b — Micro-diffraction pattern of a sample annealed at 673 K for 30 min
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The DSC curves of as-quenched samples of Zrg sCui,Ni1Al; s glass at four lin-
ear heating rates are shown in Fig. 2. It exhibits a two-stage crystallization process.
The first stage corresponds to the formation of the quasicrystals whereas the second
stage is due to the decomposition of the quasicrystals precipitated during the first
stage and the transformation of the remaining amorphous phase into crystalline
phase [4]. The results are in agreement with the earlier reports [3, 4]. It can be ob-
served from Fig. 2 that the area under the first crystallization peak, and hence the
crystallization enthalpy, increases with heating rate. In fact, the signal is proportional
to the scan rate. For the same heat to come out in half the time, the power has to dou-
ble. Since the signal is power vs. temperature, the area under the curve doubles as the
heating rate is doubled.
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Fig. 2 DSC curves of Zrg sAl; 5Ni;Cuy, at four linear heating rates

Further, it can be seen from the Fig. 2 that the crystallization peak shifts to the
higher temperature with the increase in the linear heating rate. This indicates dynami-
cal nature of the crystallization. The Kissinger peak shift method can be utilized to
analyze the DSC data. The activation energy for crystallization (£.) can be evaluated
using the Kissinger equation [14] given by

T’ E E
In| 2 |=ln| —— [+ —¢ (2)
o kyk, ) kyT,
where kg is the Boltzmann constant, k is the frequency factor, 7}, is the peak tempera-
ture for crystallization and a is the linear heating rate. The plot of InT' p2 lavs. 1/Tyis a
straight line as shown in Figs. 3a and 3b for the first and second crystallization peaks

respectively. The slope of the plot gives the activation energy (E.) and the intercept
yields the frequency factor (k). The so-obtained values of E. and k; are given in Ta-

J. Therm. Anal. Cal., 78, 2004



SAVALIA et al.: Zr-Al-Ni-Cu METALLIC GLASS 749

14.0 T T T T T
148 149 150 151 152 153 154 155

UT, 103K

16.5 A

16.0

/o)

T,

2
P

15.5 4

In(

15.0 A

14.5 A

U T T T T

T T
141 142 143 144 145 146 147 148
1T, 10° K

Fig. 3 a — Kissinger plot for 1* crystallization peak; b — Kissinger plot for 2™ crystallization peak

ble 1. The value of E, equal to 278 kJ mol ™" for the first crystallization peak corre-
sponding to the formation of quasicrystal formation is in close agreement with the
value, 256 kJ mol ', reported for the same metallic glass [4]. The activation energy
for the second crystallization is found to be 296 kJ mol '. Galwey [15] has considered
the activation energy to be a physico-chemical parameter determined by the magni-
tude of the interatomic interactions that are activated and modified during a reaction
or phase transformation. For each transformation, it should have a characteristic and
constant value. Further, Kaloshkin and Tomilin [16] have given a plausible definition

Table 1 Activation energy (E.) and frequency factor (ky) obtained from Kissinger analysis

Crystallizaotn peak EJ/kJ mol™ kols™
First 278 7.16-10"
Second 295 1.42:10%
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of activation energy with particular reference to crystallization of metallic glasses.
The activation energy is interpreted as a threshold value which if overcome assures
the start of the transformation mechanisms. The &, represents the atom collision prob-
ability and is usually taken as a measure of the probability that an atom having energy
E. will participate in a crystallization process [17]. The value of k)=7.16-10" s " is of
the same order of magnitude for other metallic glasses like TissNijgCuysSnsZrs
(k0=1~1020 s"l) and ZrgCuyoPd pAlj (k0=1~1022 s"l) [18]. However, it is greater than
the value 4.2-10'? s! for ZrssAl;oNisCuso bulk metallic glass [6]. It is because the for-
mer are the conventional melt-spun rapidly quenched metallic glasses while the later
is a bulk metallic glass and the atomic mobility in bulk metallic glasses is more slug-
gish with respect to conventional amorphous alloys [6], leading to lower values of k.
Apart from the Kissinger analysis, the experimental crystallization data can also
be analyzed using the kinetic function of Eq. (1) in the JMAK framework. It is based
on the isokinetic model. Recently, the isokinetic effect on the Kissinger law has been
discussed [19]. The equation for the transformed volume fraction (x) can be written as,

k¢ E '
x=l-exp| ——2 |exp| —— |dT 3
p| -] p( RTJ (3)

To

where T is the onset crystallization temperature and 7 is the Avrami exponent. E., &,
and n can be determined by fitting the experimental data for x to Eq. (3). The analysis
of the first and second crystallization peak at four different heating rates yields E. to
be 270 and 290 kJ mol ' respectively. Thus, the results are in agreement with the
Kissinger analysis. The results for z and k are found to be heating rate dependent and
are summarized in Tables 2a and 2b for the first and second peaks respectively. The
values in the tables suggest that no definite heating rate dependence of either n or &
could be established at this stage. However, it should be noticed that the value of n

Table 2a E., ko, n and T, for the first crystallization peak at different heating rates

Heating rate /K min"! T,/K n E./kJ mol™ ko/10" §7!1
2 648 1.95 270 442
4 656 2.26 270 3.71
8 665 2.57 270 3.52
16 674 1.66 270 3.89

Table 2b E., ko, n and T, for the second crystallization peak at different heating rates

Heating rate /K min" /K n E/kJ mol™ ko/10% s7!
2 680 1.29 280 5.11
4 688 3.31 290 1.13
8 697 2.54 290 1.36
16 707 1.78 290 1.25
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ranges between 1.29 and 2.57 (except n=3.31 for a=4 K min"' for the second peak). It
indicates diffusion-controlled transformation as in this case 1.5<7n<2.5[20]. It is also
in agreement with earlier reports by Koster et al. [2, 4-5].

Conclusions

TEM investigations of Zrgy sCupNij Al; s metallic glass annealed at 673 K for 30 min
display the formation of nano-quasicrystals in agreement with earlier similar reports.
The linear heating experiments in DSC reveal a two-stage crystallization process.
The nano-quasicrystalline phase is formed during the first stage. The study of the ki-
netics of crystallization implies that the IMAK equation for the transformed volume
fraction (x), which is originally proposed for isothermal conditions, can be utilized to
analyze the data from the non-isothermal experiments as well. The Kissinger analysis
yields the activation energies for the first and second crystallization peaks to be 278
and 296 kJ mol ' respectively. The values of E, from the IMAK analysis are 270
and 290 kJ mol'. The value of the Avrami exponent n ranges between 1.29 and 2.57
and indicates a diffusion-controlled transformation.

References

1 T. Zhang, A. Inoue and T. Masumoto, Mater. Trans. JIM, 32 (1991) 1005.
2 U. Késter, J. Meinhardt, S. Roos and H. Liebertz, Appl. Phys. Lett., 69 (1996) 179.
3 J. Saida, M. Matsushita and A. Inoue, J. Non-Cryst. Solids, 312-314 (2002) 617.
4 U. Késter, J. Meinhardt, S. Roos and R. Busch, Mater. Sci. Eng., A226-228 (1997) 995.
5 U. Késter, D. Zander and R. Janlewing, Mater. Sci. Forum, 386-388 (2002) 89.
6 L. Liu, Z. Wu and L. Chen, Chin. Phys. Lett., 10 (2002) 1483.
7 M. Qi and H. J. Fecht, Mater. Char., 47 (2001) 215.
8 W. N. Myung, M. Baricco, P. Rizzi and L. Battezzati, J. Mater. Sci. Lett., 15 (1996) 909.
9 J. W. Christian, ‘The Theory of Transformations in Metals and Alloys’, 2" Edition, Pergamon,
Oxford 1975.
10 D. W. Henderson, J. Non-Cryst. Solids, 30 (1979) 301.
11 D. W. Henderson, J. Therm. Anal. Cal., 15 (1979) 325.
12 K. Chrissafis, J. Therm. Anal. Cal., 73 (2003) 745.
13 G. Ruitenberg, E. Woldt and A. K. Petford-Long, Thermochim. Acta, 378 (2001) 97.
14 H. E. Kissinger, Annal. Chem., 29 (1957) 1702.
15 A. K. Galwey, Thermochim. Acta, 399 (2003) 1.
16 S. D. Kaloshkin and I. A. Tomilin, Thermochim. Acta, 239 (1996) 303.
17 H. E. Kissinger, J. Res. Natl. Bur. Stand., 57 (1956) 217.
18 V. Khonik, K. Kitagawa and H. Morii, J. Appl. Phys., 87 (2000) 8440.
19 A. Mianowski and R. Bigda, J. Therm. Anal. Cal., 75 (2004) 355.
20 H. Hermann, N. Mattern, S. Roth and P. Uebele, Phys. Rev. B, 56 (1997) 13888.

J. Therm. Anal. Cal., 78, 2004



