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[ Abstract] Crystallization behavior of amorphous ZresCuzsAlyg alloy under isothermal annealing condition was

investigated by DSC and XRD. It is found that two exothermic peaks appear in the DSC curve of amorphous ZresCuzsAljg

alloy, indicating that the crystallization proceeds through double stage mode. The crystallization process of amorphous

ZresCupsAljp alloy under isothermal annealing condition is mainly controlled by nucleation and one dimensional growth

with the crystallized volume fraction smaller than 70% . With the crystallized volume fraction ranging from 70% to 90% ,

crystallization process is mainly dominated by the growth of three dimensional pre existing quenclrin nuclei. And when

the crystallized volume fraction reaches above 90% , transient nucleation becomes the master of the crystallization process.
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1 INTRODUCTION

The development of glass forming multicompo-
nent alloy systems with very low critical cooling rates
within 1~ 100K/s has offered firstly the possibility
to produce metallic glass sam ple with maximum sam-
ple thickness almost comparable to that of oxide glass
es by slow cooling from the melt, e. g. by copper
mould casting or water quenching of a melt into a
quartz tube' "', As a kind of advanced materials, the
thermal stability of amorphous alloys is an important
factor affecting their usage, especially under certain
high temperature working circumstances. Much at-
tention has been given to the crystallization process of
amorphous alloys for several years. However, their
crystallization mechanisms are still unclear as yet.
The investigation of crystallization kinetics is impor
tant in establishing the stability of metallic glasses.

Recently, the discoveries of a series of amor-
phous alloys with a large supercooled liquid region be-
fore crystallization and a high glass forming ability in
ZrAFTMIZ 1 ZeTe MY and La AFTMU 2 sys
tems enable the crystallization studies to attract more
interest. In this study, crystallization process of a
ternary amorphous ZresCuzsAljg alloy with a wide su-
percooled liquid region exceeding 60K under isother
mal annealing condition is investigated and the mech-
anisms are presented.

2 EXPERIMENTAL

An alloy ingot of composition ZresCursAlio( mole

fraction, %) was prepared by melting the nominal el-
emental constituents with an arc furnace in a water-
cooled copper boat under argon atmosphere of
99.999% purity. It was remelted several times to en-
sure homogeneity. The amorphous ribbon for experi-
ments was produced by a single roller melt-spinning
method in a partial argon atmosphere. The diameter
of the copper roller is 350 mm, with the quenching
temperature of 1200 C and the rotate speed of
18001/ min. The ribbon is about 2~ 3mm in width
and 30~ 40 Hm in thickness. The amorphicity of the
specimen was checked by XRD and the thermal prop-
erty of the melt-spun ribbon was examined by using a
high-temperature Netzsch DSC404 system.

3 RESULTS AND DISCUSSION

Fig. 1 shows the DSC scan of amorphous Zres
CuzsAljg alloy at a heating rate of 20 K/ min. It can
be seen that the glass transition temperature T, and
crystallization temperature T, of amorphous ZresCuos
Aljp alloy are about 375 C and 443 C, respectively,
and then the supercooled liquid region between them
is as large as 68 K, which indicates that amorphous
Zres Cuns Alip alloy has high glass forming ability
(GFA). It should be noted that two exothermic
peaks exist in the DSC trace of amorphous ZresCuzs
Aljp alloy, implying that the crystallization proceeds
via doublestage mode, which has not been reported
in the previously published references. The first peak
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is corresponding to the precipitation and growth of
Zr>Al phase, and the second peak mainly corresponds
to the growth of Zr,Cu phase. At lower Al content
(< 7.5% , mole fraction), the crystallization process
is performed through a single exothermic reaction' ',
which means the crystallization mode of amorphous
ZrCuAl alloy with the Al concentration below or

above 7. 5% (mole fraction) are quite different.
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Fig. 1 DSC curve for amorphous ZrgsCunsAlyg alloy
at heating rate of 20 K/ min

To obtain the information on crystallization ki
netics of amorphous Zrgs Cuns Aljo alloy, the ribbon
was annealed at different temperatures T,, ranging
from 390 C to 430 C and the annealed curves at dif-
ferent temperatures are shown in Fig. 2. The average
Avrami exponent n is shown as a function of anneal-
ing temperature T, in Fig. 3. It is clear that with in-
creasing T, from 390 Cto 430 C, the average Avra
mi exponent keeps constant in the vicinity of 1. 25,
which suggests the crystallization process of amor-
phous Zres Cups Alig alloy is mainly controlled by nu-
cleation and one-dimensional growth. It can be seen
from Fig. 3 that the crystallization behavior of amor-
phous Zrgs Cuzs Aljg alloy is independent on 6,. In
such case, there is no nucleation in the amorphous
matrix during isothermal annealing process.

In order to shed more light on the crystallization
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Fig. 2 Relationship between annealing
temperature and annealing time

2.0 T
1.5¢r
14 —-
1.0}
0.5585 395 405 415 425 435

6/TC

Fig. 3 Change in average Avrami exponent n
with isothermal annealing temperature for
amorphous ZresCuzsAljg alloy

kinetics of amorphous ZresCuosAlig alloy, local Avra-
mi exponent, which is very successful in interpreting
the crystallization process of amorphous alloys, e. g.,
PdSi, FeSrB and FeCrSrB alloys'', is used.
The definition of local Avrami exponent can be ex-
pressed as follows:
n(x)= Oln/-— In(1- x)]/0ln[t- T

where x is the crystallized volume fraction, Tis the
incubation time and ¢ the annealing time; n(x) is
the local Avrami exponent, n(x )= 1 for one dimen-
sional growth and n (x )= 3 for three dimensional
growth. The n values can be obtained from the plot
of Inln[ - (1- «x)] against In(¢z- T) at a specific
temperature (As shown in Fig. 4) . Theoretically, the
maximum value of n(x ) is 3 and minimum value is
1, respectively.
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Fig. 4 Plot of In[- In (1- x)] versus In(t— T
for amorphous ZrgsCuasAlyg alloy at

different temperatures

The relationship between local Avrami exponent
n(x ) and the crystallized volume fraction x at differ-
ent annealing temperatures is given in Fig. 5. Based
on the solid state phase transformation theory and the
fact that below x< 70%, n(x)< 2.0, we can con-
clude that the crystallization process of amorphous
ZresCuzsAlip alloy is mainly controlled by one-dimen-

sional nucleation with a constant nucleation rate.



. 464 - Trans. Nonferrous Met. Soc. China

Jun. 2002

However, when x is larger than 70%, n(x) in-
creases from 2.0 to 3.0, indicating that nucleation
and threedimensional growth occur in the specimen.
When x reaches above 90%, n(x)> 4.0, which
means nucleation rate increases with increasing the
annealing time, namely, so-called transient nucle
ation. These nuclei are supposed to be formed during
the melt spinning. Similar trends can also be observed
for amorphous Zres Cuzs Aljg alloy at other annealing
temperatures. At all annealing temperatures, n(x)
was found to increase from 2.0 to 4.0 when x in-
creases from 70% to 90%, suggesting that the het-
erogeneous distribution of quench-in nuclei. It is clear
that the heterogeneous distribution of nuclei can have
more influence on the value of local Avrami exponent.
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Fig. 5 Relationship between local Avrami
exponent n(«x ) and crystallized volume fraction x
for amorphous ZrgsCuasAlyg alloy at

different isothermal annealing temperatures

Fig. 6 is the X-ray diffraction patterns of amor-
phous ZresCuasAlyg alloy annealed at 390 C for differ
ent durations. It can be seen that at the initial stage,
Zr Al phase firstly precipitates from the amorphous
matrix because of the much stronger chemical affinity

between Zr and Al
[12]

atoms  than  that

between Zr and Cu atoms When annealing time

A_Zl'zAl
O—ZrzCu
0 0% 4 , A8 min
| ol Al 25 min
A
M
2 min

30 3G 40 50 60 10 R0
26/(%)

Fig. 6 XRD patterns of amorphous ZresCuzsAlig
alloy annealed at 390 C for different durations

reaches 13 min, no Zr,Cu particles can be observed
from the XRD results, implying that the crystalliza-
tion activation energy required for grain growth of
Zr,Cu is relatively larger than that of Zr,Al. With in-
creasing the annealing time longer than 25min,
Zr>Cu phase begins to precipitate and grow competing
with the previously formed Zr,Al phase. Thus, the
crystallized specimen is mainly consist of ZrAl and
Zr,Cu phases. Sequentially increasing the annealing
time, no distinct change can be found from the XRD
pattern.

Based on the above-mentioned facts, it is pre-
sumed that the crystallization of amorphous ZresCuos
Aljp alloy under isothermal annealing condition pro-
ceeds through three stages. The first stage corre
sponds to the precipitation and growth of Zr,Al phase
mainly from the surface of amorphous matrix, which
The second
stage is the growth of preexisting Zr,Cu quench-in

is one dimensionak controlled process.

nuclei in the matrix, which is mainly dominated by
three-dimensional nuclei with a constant growth rate.
The last one is a transient nucleation process, which
means that new nuclei precipitate directly from the
amorphous matrix. Thus, the crystallization process
es under isothermal annealing condition can be briefly
expressed as follows: Amorphous + Preexisting
Zr,Cu particles - Amorphous + Preexisting Zr,Cu
particles+ ZrAl phase ( Nucleation and one dimen-
sional growth) ~ ZrAl+ ZroCu phases ( Nucleation
and three-dimensional growth) - ZroAl+ new Zr,Cu
phases (Transient nucleation) .

4 CONCLUSION

The crystallization process of amorphous Zres
CuzsAljo alloy with a wide supercooled liquid region
under isothermal annealing condition was investigated
by using X-ray diffraction and DSC techniques. It can
be concluded that when the crystallized volume frac
tion is below 70%, the crystallization process is
mainly controlled by nucleation and one dimensional
growth. With the crystallized volume fraction ranging
from 70% to 90%, it is mainly dominated by nucle-
ation and three-dimensional growth. And the tran-
sient nucleation becomes the master of the crystalliza-
tion process with crystallized volume fraction exceed-
ing 90% at the last stage.
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