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Comparative study of grain growth behavior from
a supercooled liquid region of ZrgsCus; 5Al; 5 and
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The grain growth behavior of a Zr,Cu crystalline phase from a supercooled liquid region of
ZresCuy75Al7 5 and ZrgsCuss metallic glasses was examined as a function of annealing time,
t, at various temperatures. Since no distinct change of constitution and strain in Zr,Cu
phase is seen, the grain size calculated from a line-broadening of X-ray diffraction peak by
Scherrer’s formula can be used. The calculated grain size is in agreement with that
obtained by transmission electron microscopy observation. The curve of grain size with t,
is parabolic. The grain growth in Zrg5Cuss takes place at lower temperature and its rate is
extremely larger as compared with those of Zrg5sCu,;7 5Al; 5. These differences are originated
from the suppression of growth of Zr,Cu by Al atom, which retards the diffusion of Cu
owing to the primary precipitation of ZrAl in ZrgsCuy7 5Al7 5. The formation of ZrAl may be
attributed to the strong chemical affinity between Al and Zr. The activation energies for
grain growth of 115 kJ mol~" for ZregsCus75Al; 5 and 363 kJ mol~" for ZrgsCuss are obtained
by the Arrhenius plot of grain growth rate against a reciprocal of temperature. These
activation energies reflect the kind and/or magnitude of diffusion atoms during the grain
growth. © 2000 Kluwer Academic Publishers

1. Introduction long-range redistribution of Al at the solid-liquid in-
Since new metallic glasses with a wide supercooled ligterface [13]. The authors reported that metastable ZrAl
uid region before crystallization were found in the Mg- and unknown phases are observed at the initial crys-
[1, 2], La- [3], Pd- [4], Ti- [5] and Zr-based [6] sys- tallization stage, in addition to a main phase of b.c.t.
tems, great attention has been paid to the mechanis#r,(Cu, Al) [14]. The lattice spacing and grain size of
for the high stability of supercooled liquid in their spe- Zr,Cu changed significantly with disappearing ZrAl,
cial alloy systems. Among these metallic glasses, thémplying that Al has an important role in the growth
Zr-TM-Al (TM is a transition metal) alloys are partic- reaction of ZsCu. However, little is known about the
ularly interesting because they have an extremely widgrain growth behavior of a main crystalline phase at the
supercooled liquid region exceeding 100 K [7]. The su-initial crystallization process where is closely related
percooled liquid region is defined by the temperaturewith the stabilization of the glassy state. This study is
interval between the glass transition temperaly@nd  intended to examine the grain growth behavior of the
crystallization temperatur€,. In the Zr-based ternary Zr,Cu phase in the glassygCu7sAl7 5 alloy in com-
alloy system ATy (ATy = Tx — Ty) shows a maximum parison with those in ZgCugs in order to clarify the
value of about 90 K for the ZeCu75Al 5 alloy [8].  effect of Al on the grain growth of crystalline phase,
Structural analysis [9], thermal stability [10] and crys- and to investigate the reason for the high stability of the
tallization kinetics [11, 12] in supercooled liquid and supercooled liquid against crystallization.

amorphous states of thegZ€uw75Al75 metallic glass

have already been reported and the appearance of the

wide supercooled liquid region has been attributed t®. Experimental procedure

the difficulty of precipitation of crystalline phases re- A ternary ZgsCuy75Al 75 alloy and a binary ZgCuss
sulting from the large solid-liquid interfacial energy alloy were examined in the present study. The preal-
and the suppression of growth due to the necessity dbyed ingots were prepared by arc-melting a mixture
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of pure metals in a purified Ar atmosphere. The com-3. Results

position is given in nominal atomic percent. The amor-Fig. 1 shows DSC curves of the g€u75Al75
phous alloy ribbon was prepared by a single roller melt-and ZgsCuss metallic glasses. The glass has a
spinning technique in an Ar atmosphere. The structurevide supercooled liquid region with T, =85 K for
and thermal properties of the as-quenched sample we@gsCly7sAl 75 and 54 K for ZgsCuss, respectively.

examined by X-ray diffractometry with Cu Kradia-

The Ty and Ty are determined to be 646 K and 731 K,

tion and differential scanning calorimetry (DSC) with respectively, for the former alloy and 624 K and 678 K,
a heating rate of 0.67 K3, respectively. The amor- respectively, for the latter alloy. Fig. 2 shows the change
phous ribbon was annealed with various times in a temin X-ray diffraction patterns of the ZéCu7sAl75 al-

perature range of 700 K to 730 K for gCu75Al 75
and 640 K to 660 K for ZgsCugs, respectively. The

loy with annealing timet, at 700 K. A ZrAl phase
is seen in addition to the main ZZu phase. The au-

grain size was measured by X-ray line-broadening usthors have previously reported that the ZrAl phase is
ing Scherrer's formula [15] and transmission electronmetastable and the grain growth obZu is enhanced
microscopy (TEM) observation for the isothermal an-with a deconvolution of ZrAl phase [14]. In this study,

nealed samples.
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Figure 1 Differential scanning calorimetry (DSC) curves of an as-

prepared ZgsCup75Al 75 and ZgsCugs metallic glasses.
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the grain growth in the ZeCuw,75Al75 alloy was ex-
amined under the coexistence obZu and ZrAl. On

the other hand, it is well known that theg€€uzs alloy
crystallizes through the precipitation of a singleCu
phase. The intensity of the X-ray diffraction peaks of
Zr,Cu phase increases with increasing annealing time,
while the width of line-broadening appears to decrease,
suggesting that the grain growth takes place. As the
line-broadening consists of three factors of grain size,
constituent and strain, the influence of constituent and
strain of the ZgCu phase should be considered to eval-
uate a grain size. The change in the lattice spacing of
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Figure 2 X-ray diffraction patterns of the annealed samples with various Figure 3 Change in the lattice spacing of 8u (103) with annealing
times at 700 K for the ZCu75Al 75 metallic glass.
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Zr,Cu (103) with annealing time, at various temper- 2z ' ' ' '

atures for the ZgsCup75Al75 and ZgsCugs alloys are & ZresCuarsAlys

shown in Fig. 3. The lattice spacing for the formeral- 5 2 o ]
loy is larger than that for the latter alloy because Al g o*

dissolves in ZgCu substituting with Cu. No significant & 45| . b N o0 ) n
change in the lattice spacing with annealing time and= . a0 m O "
temperature is seen for these metallic glasses, indicat§ ole 8 6 6O% i
ing thatthe Al content ofthe ZCu phaseremainsunder £ -

the annealing conditions in thegCp7sAl7s alloy. In -~ & 5" Ao O , ,

order to evaluate the strain factor for line-broadening, 0 100 200 300 400 500

Hall's formula [16] is applied for the annealed samples.
It is described by
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t
where B is the line-broadening width obtained from
half-value width of ZgCu peakg is Bragg angular,
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Figure 4 Bcosfg versus sig with various annealing timeg, for
ZrgsClr75Al 75 annealed at 715 K and &gCuss annealed at 645 K.
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Figure 5 Change in the grain size of ZLu with annealing timet,
at various temperatures for thegZ€uw75Al75 and ZisCugs metallic
glasses.

true grain size. Théy is obtained by eliminating the
second strain term in Equation 1 and by extrapolating
the curve ofB cosfg versus sirg to 95 =0 [17]. Ex-
amples of this exercise for various planes are shown
in Fig. 4. The line-broadening data were obtained for
ZresClh7sAl75 annealed at 715 K for 120 s to 240 s
and for ZgsCugs annealed at 645 K for 540 s to 720 s.
The linearity is observed for all curves with a slope
of approximately 0, indicating that the strain term can
be ignored. Therefore, the grain size calculated from
the line-broadening of (103) plane can be regarded as a
true grain size of ZiCu. Fig. 5 shows the change in the
grain size of the ZECuwy75Al75 and ZigsCugs alloys
with annealing timet,. The results obtained by TEM
observation are in agreement with those calculated by
Scherrer’s formula. The change of the grain size with
ta is parabolic, indicating the existence of an exponen-
tial functional relation between them. Bright-field TEM
images and selected-area electron diffraction patterns
of the ZisCw75Al 75 alloy annealed at 710 K for 150 s
(a), (b),270s(c), (d) and of the g&Cuzs alloy annealed

at 640 K for 720 s (e), (f), 1020 s (g), (h) are shown
in Fig. 6. Very fine crystalline particles in the diameter
range from 7 to 18 nm are seen over the whole area
of the ZisCwy75Al7 5 sample annealed for 150 s. The
selected-area electron diffraction pattern corresponds
to a ZrCu phase. The ZrAl phase cannot be identified
in the limited area because of its small volume fraction.
The ZrpCu grains grow in the diameter range of ap-
proximately 20 nm for the sample annealed for 270 s.
The precipitates are also identified agQu. Similarly,

it is seen that the grain of the gCuss alloy increases
from 10 nm after 720 s to 20 nm after 1020 s.
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Considering the incubation time for grain growth, the shown in Fig. 8, the grain size decreases with increas-

growth time,ty is defined as follows: ing growth time. The grain growth rateDy dty yields
a linear relation with logarithm df; as follows:
tg=ta—T1o, (2)

? 3TD =a— blogtg, 3
wheretp is the time identified from the peak first in g
the X-ray diffraction pattern during isothermal anneal-wherea andb are constant.
ing. Figs 7 and 8 show the change in the grain size The Avrami exponent is approximately 3.7 in the su-
and grain growth rate of 2€u with grain growth time,  percooled liquid region, implying a constant nucleation
ty at various temperatures in thegd€wy7sAl75 and  rate through an interfacial reaction-controlling process
ZrgsCugs alloys, respectively. The grain size increasesduring crystallization in the ZgCw7sAl7s glassy
monotonously with increasing grain growth time andalloy [13]. The decrease of grain growth rate is
their size increases with an increase of annealing teneriginated from the collision among grown crystalline
perature at the same growth time. For an example, thgrains, owing to a constant increase in the number of
grain size is approximately 10 nm at 705 K and 18nuclei with increasing annealing time. We can estimate
nm at 720 K fortg of 100 s. It is due to the difference the change in the growth rate with annealing tem-
in the diffusivity among the constituent elements. Asperature by extrapolating the linear relation between
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Figure 6 Bright-field electron images and selected area diffraction patternse€ns; sAl 75 annealed at 710 K for 150 s (a), (b), 270 s (c), (d) and
ZresCugs annealed at 640 K for 720 s (e), (f), 1020 s (g), (h), respectivE€lgn{inued
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Figure 6 (Continued.

dD/dty and logty. Fig. 9 shows the change in the formation of primary compound between Al and Zr
calculated grain growth rate gf=1 s (i.e. logg=0)  due to their strong chemical affinity. Therefore, the
with annealing temperature in theggd€w7sAl75 and  low growth rate of ZgCu in the ZgsCuw75Al 75 alloy
ZrgsCugs alloys. Ty and Ty of each metallic glass are is dominated by a necessity of deconvolution of Zr-Al
also shown in this figure. In the ggCuss metallic glass, pair. Also the low diffusivity of Al into ZpCu phase
the growth of ZgCu phase begins at the annealingsubstituting with Cu may lead to the low growth rate.
temperature just ovely and the growth rate increases

suddenly with increasing annealing temperature. On

the other hand, the growth rate of,fiu phase in 4. Discussion

the ZisCwp7s5Al7 5 alloy is extremely low even at the It has previously been reported [13] that the
temperature nedk,. Since the difference in the growth ZrgsCuwy75Al7 5 alloy crystallizes through the polymor-
behavior between two metallic glasses is attributedohic reaction in which a single crystallineZCu, Al)

to the difference in the mobility of the constitutional phase precipitates from the amorphous matrix. How-
elements, these results indicate that Al restrains thever, the authors have pointed out that at the initial
grain growth and nucleation of crystalline phase.crystallization stage, the ZrAl has precipitated as a
While Zr and Cu in the ZiCuss alloy can move metastable phase [14]. The formation of the metastable
at the temperature abovg, the mobility of Cu in  ZrAl phase may be attributed to the difficulty of diffu-
the ZrksCuw7sAl75 alloy decreases, leading to the sion of Al to Zr,Cu resulting from the strong chemical
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Figure 7 Change in the grain size and grain growth rate gfCir with
grain growth timety at various temperatures for thegg€up75Al75
metallic glass.
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Figure 8 Change in the grain size and grain growth rate ofCir with

affinity between Zr and Al [18], which retards the grain growth timefy at various temperatures for thesg€uss metallic
’ glass

nucleation of the crystalline phases. From the compar-
ison of grain growth rate in the &Cu,75Al75 and
ZrgsCugs alloys shown in Fig. 9 it is concluded that
the rearrangement of Al restrains the grain growth of
crystalline phases. Based on previous works, Inoue ha:
pointed out the importance of two factors of the ap-
pearance of such a stable supercooled liquid regior
[13]. That is, it is presumably due to the suppression
of growth reaction resulting from the necessity of long-
range redistribution of Al and the difficulty of precip-
itation of Zr,(Cu, Al) caused by the high solid-liquid
interfacial energy. In the present study, it has been clar-
ified that the rearrangement of Al controls the whole
crystallization reaction including the grain growth. The
effect of Al on the grain growth is subsequently inves-
tigated in comparison with the &gCuss glassy alloy.

The calculated growth ratestgt=1 s at all tempera-
tures are shown in Fig. 10 in the form of Arrhenius plot,
assuming the linearity of growth rate withat the ini-  Figure 9 Change in the calculated grain growth ratet@& 1 s with
tial stage. The linearity of the Arrhenius plots indicatesannealing temperature for the &€p75Al7.5 and ZesCugs metallic
that the growth rate is given by Equation 4, glasses.
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dty = Uo exp(R—?_). (4)  calculated from the slope of Arrhenius plots are 115

kJ mol?! for ZrgsClp7sAl75 and 363 kJ mol! for
Here,ug is the pre-factorR is gas constant an@ is  ZrgsCugs, respectively. This tendency is also seen for
the activation energy for grain growth. Tlg values the activation energy for crystallization analyzed by
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energy [19]. Moreover, the order of magnitude for
diffusion in the metallic glasses during grain growth
and crystallization reflects the activation energy.
Since the precipitation and growth of the crystalline
Zr,Cu phase by diffusing many atoms simultaneously
are observed in the &Cugs alloy, the magnitude

I for diffusion at the initial stage of crystallization
101 2 3 is larger than that in the 2Cu7sAl;5 alloy. The

i ] formation of ZrAl also plays a role in the barrier for
[ o ] the rearrangement of constitutional elements on a large
100 | * - scale. Thus, the reason for the formation of ZrAl at the

E ] initial crystallization stage is presumed to result from
i ] the difference in the heat of mixing among the consti-
101 L | tutional elements. The calculated heat of mixing of Al

E and Cu with Zr are-164 kJ mot* and—78 kJ mot,
F Activation energy, Q=363 kI'molL ] respectively [20]. At the initial crystallization stage,
I T ZrAl as well as ZgCu is formed. The mobility of Al
102 —_— increases with increasing annealing temperature or

1.50 1.55 160  time, and Al can diffuse into ZCu by substituting Cu.

7,71/ x103 k1

102 ——————

Growth rate at tg=1 s, dD/dt g (tg=1) /nm.s1
[ J

5. Conclusions
Figure 10 Arrhenius plots of the gain growth rate against reciprocal of With the aim of investigating the grain growth behavior
annealing temperature for theeg€up75Al7s and ZesCus metallic  of g crystalline phase from the supercooled liquid region
glasses. of the ZissClp75Al75 and ZgsCugs metallic glasses,
the change in the grain size was examined as a function
of annealing time at various temperatures. The results
Kissinger plot shown in Fig. 11. The plot of Iff/a) ~ obtained are summarized as follows:
versus reciprocal ofp, whereT,, is the peak temper-
ature of crystallization and is the heating rate, yields (1) At the initial stage of crystallization, Z€u and
a linear relation, from which the activation energy ZrAl phases are identified in the ggCu,75Al 75 alloy,
for crystallization is 195 kJ mot for ZrgsCup75Al 75 in contrast to a single 2€u phase in the Z5Cugs al-
and 269 kJ mol® for ZresCugs. The difference in the loy. The line-broadening of the X-ray diffraction peak
activation energies is explained by the mechanisnis attributed to only a grain size, resulting from the un-
of grain growth. In the ZECu7sAl;s alloy, the changed lattice spacing during the isothermal annealing
grain growth seems to depend on the diffusion orand Hall's analysis for various diffraction peaks. The
rearrangement of Al. The smaller activation energiegyrain size of ZgCu calculated by Scherrer’'s equation
of grain growth and crystallization are correspondingagrees with that obtained by TEM observation.
to the rearrangement of only Al. In contrast, as the (2) The relationship between the grain growth rate
crystallization depends on the rearrangement of both Zand logarithm of grain growth timey yields a linear
and Cu, much larger activation energies are necessarglation, from which the growth rate =1 s is ob-
for crystallization and grain growth in the gCugs  tained at all temperatures. The grain growth ofGn
alloy. The large Zr atom needs much larger activationphase is extremely slow beloW in the ternary alloy,
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while the grain in the binary alloy grows rapidly just s.
aboveTy and its growth rate is much larger.

(3) The activation energy for the grain growth of
ZroCu is 115 kJ mot?! for ZresClh7sAl75 and 363
kJ mol! for ZrgsCugs. The same tendency is recog-

nized in the activation energy for crystallization evalu- 11.

ated by Kissinger plot. The small activation energy for

ZresClo75Al 7 5 is attributed to the mechanism of which 12

the crystallization and grain growth are dominated by
the redistribution of only Al. It is concluded that the 13
strong chemical affinity between Al and Zr retards the

formation and growth of ZCu phase, which is an im- 14.

portant factor of stabilizing the glassy state.

16.
17.
18.
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