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Formation of quasicrystals and amorphous-to-quasicrystalline phase transformation kinetics
in Zr 65Al7.5Ni10Cu7.5Ag10 metallic glass under pressure
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The effect of pressure on the formation of quasicrystals and the amorphous-to-quasicrystalline phase trans-
formation kinetics in the supercooled liquid region for a Zr65Al7.5Ni10Cu7.5Ag10 metallic glass have been
investigated byin situ high-pressure and high-temperaturenonisothermalandisothermalx-ray powder diffrac-
tion measurements using synchrotron radiation, respectively. It is found that with increasing pressure, the onset
temperature for the formation of quasicrystals increases with a slope of 9.4 K/GPa while the temperature
interval of the stability and the average grain size of quasicrystals decrease. Atomic mobility is important for
the formation of quasicrystals from the metallic glass whereas the relationship of the crystallization tempera-
ture vs pressure for the transition from the quasicrystalline state to intermetallic compounds may mainly
depend on the thermodynamic potential energy barrier. To study the amorphous-to-quasicrystalline phase
transformation kinetics in the metallic glass, relative volume fractions of the transferred quasicrystalline phase
as a function of annealing time, obtained at 663, 673, 683, and 693 K, have been analyzed in details using 14
nucleation and growth models together with the Johnson-Mehl-Avrami model. The Avrami exponent was found
to be near 1 at all four temperatures, also indicating that atomic diffusion might involve in the amorphous-to-
quasicrystalline phase transformation for the Zr65Cu7.5Al7.5Ni10Ag10 metallic glass. It is found that the time-
dependent transient nucleation is essential for the transformation and different nucleation and growth models
have been critically assessed.

DOI: 10.1103/PhysRevB.64.094208 PACS number~s!: 61.44.Br, 61.43.Dq, 64.70.Kb, 61.50.Ks
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I. INTRODUCTION

In a variety of systems it has been demonstrated
icosahedral quasicrystals can be synthesized by crystal
tion of amorphous alloys. In 1996, Kosteret al. reported the
formation of icosahedral quasicrystals in a Zr-Al-Ni-C
amorphous alloy with a wide supercooled liquid regio1

Since then, there has been considerable interest in
amorphous-to-quasicrystalline phase transformation in
based alloys,2–17 such as ZrM ~M5Pd and Pt!,2,3 ZrNiM ~
M5Pd, Au, Pt, and Ti!,4,5 ZrCuM ~Al and Pd!,6,7

ZrAlCuPd,7 ZrCuNiPd,7 ZrAlNi M ~M5Cu, Pd, Au, and
Pt!,1,8–10 ZrAlNiCuM ~M5Ti, Au, Pt, Pd, and Ag!,7,11–16

and ZrTiCuNiBe,17 but the transformation mechanism is n
completely understood. Inoue and his co-workers12–15 found
that the ability of quasicrystal formation from Zr-base
amorphous alloys can be largely enhanced by adding n
elements~e.g., Ag and Pd! and bulk nanoquasicrystalline Zr
based materials prepared exhibit enhanced strength and
tility as compared with those for the corresponding am
phous alloys. They suggested a polymorphous reaction
the transformation for the Ag-containing alloys, while Le
et al.16 reported that formation of quasicrystal in th
ZrAlNiCuAg system may involve in partitioning of solute.
has been demonstrated in many metallic glasses that ap
pressure can change crystallization processes, e.g., enh
ment of crystallization temperature where atomic diffusi
0163-1829/2001/64~9!/094208~10!/$20.00 64 0942
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process is a dominant factor for crystallization.18–21 The
pressure dependence of the crystallization temperature
tained in the system might shed light to the nature of
amorphous-to-quasicrystal transformation. In this work,
report the pressure effect on the quasicrystal formation
the amorphous-to-quasicrystalline phase transformation
netics in the supercooled liquid region for th
Zr65Al7.5Ni10Cu7.5Ag10 metallic glass, obtained fromin situ
high-pressure and high-temperaturenonisothermaland iso-
thermal x-ray powder diffraction measurements using sy
chrotron radiation, respectively.

II. EXPERIMENT

A ribbon sample of the Zr65Al7.5Ni10Cu7.5Ag10 metallic
glass with a cross section of 0.0331 mm was prepared by
the melt-spinning technique from a master alloy ingot p
pared by arc melting in an Ar atmosphere. The amorph
nature of the as-quenched ribbon was confirmed by x-
powder diffraction and transmission electron microsco
Thermal analysis was performed in a differential scann
calorimeter~DSC! at a heating rate of 40 K/min under a flo
of purified argon. The alloy exhibits an endothermic eve
characteristic of the glass transition, followed by two ch
acteristic exothermic events indicating a two-stage ph
transformation process. It was found that the glass transi
temperature (Tg) and the onset temperatures of the first a
©2001 The American Physical Society08-1
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FIG. 1. In situ energy dispersive x-
ray powder diffraction patterns recorde
for the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass at
0 GPa (Ed5124.669 keV Å), 1.64 GPa
(Ed5124.677 keV Å), and 4.14 GPa (Ed
5124.592 keV Å) and various temperatures.
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second crystallization events~Tx1 andTx2! are 657, 706, and
763 K, respectively.

In situ high-pressure and high-temperature nonisother
and isothermal energy-dispersive x-ray powder diffract
~EDXRD! measurements were performed using synchrot
radiation at the MAX80 station, HASYLAB in Hamburg
Germany.22 The cubic sample assembly is compressed by
truncation anvils of tungsten carbide in a 250-ton hydrau
press. Electric current is sent through a graphite heater
two appropriate anvils. The temperature is measured
means of a thermocouple voltage with a stability of61 K.
Each nonisothermal run consists of an isothermal roo
temperature compression followed by an isobaric heatin
high temperature in steps of 10 K. The average heating
in the temperature range from 298 to 873 K was roug
estimated to be 3 K/min. Each isothermal kinetic run cons
of an isothermal room-temperature compression to 0.86 G
followed by an isobaric heating to a given temperature r
idly and an isothermal annealing. The heating rate is e
mated to be around 40 K/min. The EDXRD patterns we
automatically recorded every 5 min. The pressure of
sample is calculated from the lattice constant of NaCl us
the Decker equation of state.23 Pure Zr, Fe, and the metalli
glass were used to examine the possible oxidation of sam
during the heat treatments using the sample assembly. It
found that only pure metallic phases in the three syste
were detected after heat treatments at temperatures u
873 K.

III. RESULTS AND DISCUSSION

A. Nonisothermal measurements

In situ high-temperature EDXRD measurements of t
Zr65Al7.5Ni10Cu7.5Ag10 metallic glass were performed in
pressure range of 0–4.2 GPa. EDXRD patterns were
corded every 10 K in order to observe the onset tempera
of crystallization within an uncertainty of 10 K. The crysta
line phases determined from the EDXRD patterns recor
are identical in the pressure range used. Figure 1 exemp
EDXRD patterns recorded for the sample at 0, 1.64, and 4
GPa and various temperatures. A broad amorphous peak
cated atE'51 keV, together with a few Bragg peaks fro
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BN are observed in the EDXRD patterns recorded at 298
and three pressures. AtP50 GPa, the EDXRD pattern re
corded at 683 K is similar with that at 298 K while change
shape is detected in the pattern recorded at 693 K. At 703
two new Bragg peaks atE'49 and 51.5 keV appear and ca
be indexed to~100 000! and ~110 000! peaks for a primitive
icosahedral structure.17 The third strongest peak~101 000! of
the primitive icosahedral phase locates at approximately 8
keV, above the range that we measured. For clarification
the formation of quasicrystal in the annealed samples, c
ventional XRD measurements of one sample annealed
GPa and 673 K for 60 min using a CuKa radiation was
performed as shown in Fig. 2. A primitive icosahedral stru
ture was indeed found to be the most promising index
scheme. No intermetallic crystalline compounds are
tected, indicating that only an amorphous-to-quasicrys
transition occurs at aroundTx15698610 K in the metallic
glass at ambient pressure. With further increasing temp
ture, linewidths of the Bragg peaks for the quasicrystal
main almost unchanged up to 753 K, at which a tiny n
peak atE'46 keV appears. At 763 K, more new Brag
peaks are observed and they remain in position up to t
peratures at 823 K while the relative intensities vary w
temperature. These new peaks can be attributed to thre
termetallic compounds: CuZr2-like, NiZr2-like, and

FIG. 2. The x-ray powder diffraction pattern recorded for t
Zr65Al7.5Ni10Cu7.5Ag10 metallic glass annealed at 0 GPa and 673
for 60 min using a CuKa radiation.
8-2
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FORMATION OF QUASICRYSTALS AND . . . PHYSICAL REVIEW B64 094208
Zr2Al3-like phases. These results reveal that the quasicrys
formed are metastable~698–753 K! and decompose into
three intermetallic compounds at aroundTx25758 K. With
increasing pressure, the two-stage crystallization proces
also observed as shown in Fig. 1 at 1.64 GPa. Figure 3 sh
both crystallization temperatures as a function of pressur
is clear thatTx1 increases with pressure having a slope of
K/GPa whileTx2 remains almost unchanged in the press
range used. At 4.14 GPa, due to broadened linewidths a
small difference betweenTx1 andTx2 , it is difficult to esti-
mate the value ofTx1 . One striking feature observed from
the EDXRD patterns in Fig. 4 is that the linewidths of th
quasicrystals formed increase with pressure. The higher
pressure, the smaller the average grain size~and/or the higher
degree the disorder! of the quasicrystal, indicating that th
growth of quasicrystals is suppressed under pressure.
same is true of the intermetallic compounds.

FIG. 3. Crystallization temperatures of th
Zr65Al7.5Ni10Cu7.5Ag10 metallic glass as a function of pressure. T
data were linearly fitted as solid lines.

FIG. 4. In situ energy dispersive x-ray powder diffraction pa
terns recorded for the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass at 723
K under various pressures.
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Crystallization of a metallic glass is normally regard
as a process proceeding by nucleation and subseq
growth of crystals. The onset crystallization temperatu
of an A-to-B phase transformation may be governed
the thermodynamic potential energy barrier of nucleat
and diffusion activation energy. According to crystallizatio
kinetics theory, the nucleation rateI can be written as
I 5I 0 /exp@(DG*1Qn)/kBT#, where I 0 is a constant,DG*
is the free energy required to form a nucleus of the criti
size, i.e., the thermodynamic potential energy barrier
nucleation,Qn is the activation energy for the transport
an atom across the interface of an embryo, andkB is the
Boltzmann’s constant. For the first crystallization reactio
from amorphous-to-quasicrystal, the interfacial energy
quasicrystals is usually small, e.g.,s;13 mJ/m2 for
Zr69.5Al7.5Ni11Cu12 alloy8 and s;2 – 15 mJ/m2 for
Al75Cu15V10 alloy24 DG* , which is proportional tos3 and
1/(PDV1DG)2, could be negligible, whereDV andDG are
the changes of molar volume and free energy betweenA and
B phases. Thus the nucleation rate of the formation of q
sicrystals mainly depends onQn , which is usually enhanced
with pressure. Consequently, the enhancement ofTx1 with
pressure observed here indicates that the atomic mobilit
involved in the formation and the growth of quasicrysta
from the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass. Isotherma
kinetic measurements could gain further information of t
amorphous-to-quasicrystalline phase transformation repo
in the literature,24,25 which will be discussed in the next sec
tion. For the relationship ofTx2 vs P, it could be tentatively
explained as follows. For the second reaction, fro
quasicrystalline-to-intermetallic crystalline compounds, t
interfacial energies for intermetallic Zr2M ~M5Cu and Ni!
compounds are large26 andDG* , rather thanQn , could be-
come the deciding factor for the nucleation rate. If the te
PDV is much smaller thanDG, DG* is then insensitive to
pressure. This implies thatTx2 is almost constant with re
spect to pressure although for the second reaction ato
rearrangements in a larger scale than for the first reac
may be required. This is the case for the second crystall
tion reaction in the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass.

B. Isothermal measurements

To monitor the amorphous-to-quasicrystalline phase tra
formation kinetics of the Zr65Al7.5Ni10Cu7.5Ag10 metallic
glass,in situ isothermal EDXRD measurements were carri
out at pressure of 0.86 GPa and temperatures of 663 K
596 min, 673 K for 627 min, 683 K for 376 min, 693 K fo
214 min and 698 K for 7.5 min. The quasicrystalline pha
determined from EDXRD patterns is identical at all tempe
tures. At 698 K, the quasicrystalline phase was detected a
just 2 min, at which the kinetic is faster than the experime
tal setup here. At other four temperatures, the kinetic proc
becomes slower and can be clearly revealed from EDX
measurements. Figure 5 exemplifies EDXRD patterns
corded for the sample at 673 K for various annealing tim
A broad amorphous peak, located atE'51 keV together
with a few Bragg peaks from BN, are observed in EDXR
patterns recorded at the beginning, while a change in sh
8-3
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for the amorphous peak is detected in the pattern reco
for 57 min. With increasing time, the quasicrystalline pea
increase in intensity, indicating the volume fraction of t
quasicrystalline phase increases. No intermetallic co
pounds were detected from EDXRD patterns recorded du
the measurements, meaning that only an amorphous
quasicrystalline phase transition occurs in the tempera
and annealing time ranges used here.

In order to determine the quasicrystalline volume fract
as a function of time, EDXRD patterns recorded were fit
under the assumption that each EDXRD pattern is descr
as a linear combination of the EDXRD patternsI (0) and
I (t max) recorded att50 and t max, respectively. Thus th
relative volume fractionf (t) of the quasicrystalline phase a
a given timet is estimated from the expression27

I ~ t !5@12 f ~ t !#I ~0!1 f ~ t !I ~ t max!, ~1!

whereI (t) is the EDXRD pattern at timet. The assumption
made here is not unreasonable since the scattering inte
of the quasicrystalline phase is proportional to the volume
the phase. Figure 6 exemplifies an EDXRD pattern recor
at 673 K for 333 min, together with the fitting curve an
patterns recorded att50 andt5627 min. Figure 7 shows the
relative volume fractions estimated from Eq.~1! as a func-
tion of time at four annealing temperatures. The shape of
f (t) curves is typical ‘‘S’’ type.

Usually the fraction of the quasicrystalline component
a function of time is calculated in order to determine t
kinetic law of the amorphous-to-quasicrystalline phase tra
formation. In this section, we discuss several models
ported to analyze the experimental kinetic data obtai
here. In many cases, the time evolution of the fraction o
phase is often represented by a phenomenological mode
scribing the kinetics of isothermal phase transformati

FIG. 5. In situ energy dispersive x-ray powder diffraction pa
terns recorded at pressure of 0.86 GPa and 673 K as a f
tion of time for the Zr65Cu7.5Al7.5Ni10Ag10 metallic glass.Ed
5124.507 keV Å.
09420
ed
s

-
g

to-
re

d
ed

ity
f
d

e

s

s-
-
d
a
e-
,

known as the Johnson-Mehl-Avrami~JMA! model.28–30The
essence of the model can be written as a very simple fom
commonly referred to as the JMA equation:

x~ t !512exp$2@k~ t2t!#n%, ~2!

wherex(t) is the volume fraction of the transformed phaset
the annealing time,n a constant related to the dimensionali
of nucleation and growth,k a kinetic constant of the proces
which depends on temperature and effective activation
ergyEa by k5k0 exp(2Ea /RT), wherek0 is a constant andR
is the gas constant, andt the incubation time which can b
expressed ast5t0 exp(Ea /RT), where t0 is a constant.
Equation~2! can fit the experimental results well, as show
in Fig. 7 by solid curves, for annealing times longer thant.
The values ofk, t, andn obtained from the fitting are listed
in Table I. Bothk and n are good experimental paramete
for kinetic studies and are usually estimated from the int

c-

FIG. 6. In situ energy dispersive x-ray powder diffractio
~EDXRD! patterns~dotted lines! recorded at 673 K for 0, 333, an
627 min together with the fitting curve~solid line! using Eq.~1! for
the EDXRD pattern recorded for 333 min.Ed5124.507 keV Å.

FIG. 7. Relative volume fractions of the quasicrystallin
phase as a function of time during isothermal annealing treatm
at pressure of 0.86 GPa and four temperatures for
Zr65Cu7.5Al7.5Ni10Ag10 metallic glass. The solid lines are the fittin
curves by the JMA equation.
8-4
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TABLE I. Values ofk, t, andn were deduced from the JMA equation at four temperatures.

Parameters 663 K 673 K 683 K 693 K

From Fig. 7
t min 7563 5563 3763 1063
k ~min21! 0.008160.0005 0.01260.0005 0.01560.0005 0.04960.002
N 1.0460.05 0.8560.05 0.8260.05 0.7960.05

From Fig. 8
k ~min21!
N

0.008460.0005
1.1060.02

0.012360.0005
0.9960.02

0.015960.0005
0.9760.02

0.048660.0005
1.0160.02
e

ar
s

-
lic
2

th
iv
ch
d
y
n
ep
e
e
r

ay
fo

m
till
y in

s
ion

than
ed
d
nd

pro-
rma-

ing
re-

ing

ant
-

tant
te

to-
cept and slope, respectively, of a ln@2ln(12x)# versus ln(t
2t) plot for a limited experimental data, providing the valu
of t. Figure 8 shows the plot of ln@2ln(12x)# versus ln(t
2t) at four temperatures for the data ofx50.2– 0.8, in
which the values oft obtained from Eq.~2! are used. The
values ofk andn deduced from the slopes and intercepts
also listed in Table I, which are in accordance with tho
obtained directly from Eq.~2!. The effective activation en
ergy for the formation of quasicrystals from the metal
glass under the pressure of 0.86 GPa is found to be
640 or 247645 kJ/mol, deduced from the plots of lnk vs
1/T or lnt vs 1/T as displayed in Fig. 9, respectively. Bo
methods give almost the same value for the effective act
tion energy within experimental uncertainty, which is mu
smaller than 366 kJ/mol at the ambient pressure reporte
the literature.14 The smaller the effective activation energ
the lower the effective energy barrier for the nucleation a
growth process. One plausible explanation for this discr
ancy in activation energy might be the different techniqu
used to estimate the fraction data versus time, DSC in R
14 and XRD for the present study. Further studies are
quired to clarify the discrepancy. The prefactorsk0 and t0
are calculated as 6.6031012s21 and 4.98310220s, respec-
tively. One striking feature observed from both fitting~Figs.
7 and 8! is that the Avrami exponentn is about 1, which is
much smaller than 4 reported in the literature.12–14,16The low
value ofn obtained here indicates that atomic diffusion m
involve in the amorphous-to-quasicrystalline phase trans
mation in the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass. This is

FIG. 8. JMA plots, ln@2ln(12x)# versus ln(t2t), at four tem-
peratures for the Zr65Cu7.5Al7.5Ni10Ag10 metallic glass, in which the
data for 0.2,x,0.8 are used.
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consistent with the conclusion derived in Ref. 16 and fro
our nonisothermal XRD measurements. Further work is s
required to understand the mechanism for the discrepanc
the Avrami exponentn.

It is clear from Fig. 7 that~i! detectable volume fraction
of the quasicrystalline phase by EDXRD require incubat
times at all four temperatures used here and~ii ! the JMA
model cannot describe the data for annealing times less
the incubation times. Relative volume fractions obtain
from the fitting @Eq. ~1!# in the incubation time are aroun
2–3%, which could be due to experimental uncertainty a
the contribution of quenched-in nuclei~details given later!.
These results infer an existence of transient nucleation
cess for the amorphous-to-quasicrystalline phase transfo
tion in the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass. Further-
more, it was reported that quasicrystals, formed dur
isothermal annealing treatments in the supercooled liquid
gion for the Zr65Al7.5Ni10Cu7.5Ag10 metallic alloy, rapidly
grow and then saturate to approximately 30 nm.12–14 Thus
we attempt to analyze the kinetic data obtained here us
various nucleation and growth models. They are~i! model 1:
quenched-in nucleation with three-dimensional const
growth rate;~ii ! model 2: quenched-in nucleation with con
stant grain sizeVo ; ~iii ! model 3: steady-state nucleationI st
with three-dimensional constant growth rate;~iv! model 4:
steady-state nucleation with constant grain size;~v! model 5:
quenched-in and steady-state nucleation with cons
growth rate; ~vi! model 6: quenched-in and steady-sta

FIG. 9. Arrehnius plots of induction timet and effective rate
constantk as a function of temperature for the amorphous-
quasicrystalline phase transformation in the Zr65Cu7.5Al7.5Ni10Ag10

metallic glass, in whicht andk, listed in Table I, are used.
8-5
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nucleation with constant grain size;~vii ! model 7: time-
dependent Kashchiev’s nucleation31 with three-dimensiona
constant growth rate;~viii ! model 8: time-dependent Kash
chiev’s nucleation with constant grain size;~ix! model 9:
time-dependent Zeldovich’s nucleation32 with three-
dimensional constant growth rate;~x! model 10: time-
dependent Zeldovich’s nucleation with constant grain s
~xi! model 11: time-dependent Kashchiev’s nucleation w
three-dimensional constant growth rate att,to and zero
growth rate att.to ; ~xii ! model 12: time-dependent Zeldov
ich’s nucleation with three-dimensional constant growth r
at t,to and zero growth rate att.to ; ~xiii ! model 13:
quenched-in and time-dependent Zeldovich’s nucleation w
three-dimensional constant growth rate; and~xiv! model 14:
quenched-in and time-dependent Zeldovich’s nucleation w
constant grain size. The relative volume fraction formulas
various models are listed in the Appendix. It was found t
models 1–6, cannot fit the data at all. Due to fast nuclea
processes in amorphous alloys, steady-state nucleation
been considered in most cases. Very few comprehensi
experimental investigations of time-dependent nucleation
metallic glasses have been reported.27,33 However, there is
extensive literature on time-dependent nucleation in n
metallic glasses, where the nucleation processes could
much slower than those in amorphous alloys. The role of
transient nucleation in devitrification of oxide glasses h
been discussed in detail by Gutzow.34 In classic transient
nucleation theory, two analyses, based on the Zeldov
Frenkel equation,32 were proposed. One is Zeldovich’s equ
tion. Zeldovich32 assumed that the formation work of
nucleus with size ofd is proportional tod2 and the rate of
monomer addition to a nucleus with size of d,kd

1'kd*
1 , and

found a time-dependent nucleation rateI d* (t) at the critical
sized* as

I d* 5I st2Z exp~2tZ /t !, ~3!

where tZ is the transient nucleation time. The other is t
Kashchiev’s equation.31 Kashchiev further studied the tran
sient nucleation process and performed the most thoro
analytical treatment of the Zeldovich-Frenkel equatio
Based on two assumptions:~i! the formation work of a
nucleus with size ofd is approximated by the first two non
zero terms in a Taylor expansion aboutd* , and ~ii ! kd

1

'kd*
1 , he derived the time-dependent nucleation rate as
09420
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I d* 5I st2KF112 (
m51

`

~21!m expS 2
m2t

tK
D G , ~4!

where tK is the transient nucleation time. We found th
models 8, 10, or 14 give better fit than models 7, 9, and
respectively. This is consistent with experimental obser
tion of grain growth behavior in the Zr65Al7.5Ni10Cu7.5Ag10
metallic glass, in which grains reach saturated values~about
a few tens of nanometers! in a short time. Both Kashchiev’s
and Zeldovich’s nucleation models~8 and 10! can fit well the
experimental kinetic data. Furthermore, models 11 and
introducing a small time periodto in which grain grows to
the saturated value, give similar fitting results as model
and 10. Figure 10 exemplifies the fitting curves with mod
8, showing how well such simple models~8 and 10–12!
work at four temperatures in the annealing time range ox
,0.7. The derivations of the fits for relative volume fractio
above 0.7 might be due to too simple growth models u
here. The values oftK or tZ andVoI st2K or VoI st2Z obtained
from the fitting using models 8 and 10 are listed in Table
It is clearly seen that the incubation times deduced fr
Zeldovich’s equation are nearly twice more than those
tained from the Kashchiev’s equation, which is consist
with our previous observation in an Al-based amorpho
alloy.35 Assuming an average grain size of 30 nm, the ste
state nucleation rateI st can be estimated, e.g.,I st2K'1.6

FIG. 10. Relative volume fractions of the quasicrystalline pha
as a function of time during isothermal annealing treatments at p
sure of 0.86 GPa and four temperatures for t
Zr65Cu7.5Al7.5Ni10Ag10 metallic glass. The solid lines are the fittin
curves using model 8~details given in text!.
TABLE II. Parameters obtained from models 8 and 10.

Models 663 K 673 K 683 K 693 K

Model 8
tK ~min! 8065 5865 3863 1065
V0I st2K ~min21! 0.01460.002 0.02260.002 0.02560.005 0.07560.005

Ek ~kJ/mol! 253645

Model 10
tZ ~min! 15565 10065 8065 2065
V0I st2Z ~min21! 0.02760.003 0.03560.005 0.05860.005 0.1560.01
Ez ~kJ/mol! 242650
8-6
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31019m23 s21 at 663 K, 2.631019m23 s21 at 673 K, 2.9
31019m23 s21 at 683 K, and 8.831019m23 s21 at 693 K. It
seems thatI st increases with annealing temperature althou
the average grain sizes of quasicrystals might be slightly
ferent at four temperatures. The steady-state nucleation
obtained here are consistent with 3.831020m23 s21 at 700 K
reported in the literature.13 The activation energy of nucle
ation for the amorphous-to-quasicrystalline phase trans
mation can be deduced from the plot of lnt with 1/T and is
also listed in Table II. It is found that the nucleation activ
tion energy is similar to the effective activation energy d
duced from the JMA model. The effective activation ener
deduced from the plot of lnk vs 1/T in the JMA model, may
correspond to both nucleation and growth processes, whi
deduced from the plot of lnt vs 1/T, is most likely linked
with the nucleation process because during the initial st
of the crystallization~i.e., in the incubation time period!, the
nucleation process is dominant. This indicates that
amorphous-to-quasicrystalline phase transformation in
supercooled liquid region for the Zr65Cu7.5Al7.5Ni10Ag10 me-
tallic glass may be mainly governed by the nucleation p
cess, which is supported by the observation of high den
of nucleation rateI st and nanometer-sized quasicrystalli
grains in the Zr65Cu7.5Al7.5Ni10Ag10 alloys annealed in the
supercooled liquid region.

In the study of the amorphous-to-quasicrystalline ph
transformation, different mechanisms of the transformat
were suggested. Knapp and Follstaedt36 explained the forma-
tion of quasicrystalline phase from amorphous alloys us
the Stephens-Goldman model,37 in which the formation of
the quasicrystalline phase is considered as packing s
quasiunits while maintaining an orientational order. Lilie
feld et al.38 proposed that the transformation was due to
ther a nucleation and growth process or continuous trans
mation. A polymorphous transformation via a nucleation a
growth process was suggested by Shenet al.39 in Pd-U-Si
alloys and Holzer and Kelton24 in Al-Cu-V alloys while
Chenet al.25 showed that the transformation in Al-Mn alloy
occurs by a continuous growth process from quenche
microquasicrystalline units with no nucleation step. In t
amorphous-to-quasicrystalline phase transformation in
Zr65Al7.5Ni10Cu7.5Ag10 metallic glass, it is clear that the ki
netic data at four temperatures obtained here cannot be
scribed by models 1 and 2, ruling out a quenched-in ‘‘m
roquasicrystalline’’ unit model of the glass in the syste
studied. The transformation proceeds by time-depend
transient nucleation and growth. To further examine the c
tribution of the quenched-in nucleation to the transformati
models 13 and 14 were used to fit the experimental kin
data. Good fits, as comparable to the models 8 and 10
can be achieved. It is noticed in Fig. 11 that in the region
low relative volume fractions, the fit introducing 2% (NV0)
quenched-in nuclei is even better than models 8 and 10–
Assuming the average grain size of 30 nm, the quenche
nuclei number in the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass is
about 1.4231021m23.

IV. CONCLUSIONS

The pressure effect on the formation of quasicryst
and the amorphous-to-quasicrystalline phase transforma
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kinetics in the supercooled liquid region for th
Zr65Cu7.5Al7.5Ni10Ag10 metallic glass have been investigate
by in situ high-pressure and high-temperature nonisother
and isothermal energy-dispersive x-ray powder diffract
measurements using synchrotron radiation, respectively.
found that the external pressure enhances the onset tem
ture for the formation of quasicrystals with a rate of 9
K/GPa while the temperature interval for the stability and t
average grain size of quasicrystals decrease. The res
which could be explained by the suppression of atomic m
bility under pressure, reveal that the formation of quasicr
tals from the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass may in-
volve in atomic diffusion. To study the amorphous-t
quasicrystalline phase transformation kinetics relat
volume fractions of the quasicrystalline phase as a func
of annealing time, obtained at 663, 673, 683, and 693
have been analyzed in detail using 14 nucleation and gro
models together with the JMA model. The Avrami expone
was found to be near 1 at all four temperatures, which a
indicates an existence of atomic diffusion during t
amorphous-to-quasicrystalline phase transformation in
metallic glass. The time-dependent transient nucleat
based on the Kashchiev’s or Zeldovich’s transient nuclea
process, together with constant grain size can describe
experimental data obtained at four temperatures in the r
tive volume fraction of the quasicrystalline phase less th
70%. The effective energy barrier for the amorphous-
quasicrystalline phase transformation was found to be
proximately 230660 kJ/mol. The steady-state nucleatio
rates are very high up to 1019m23 s21 and increases with
temperature. Quenched-in nucleation may exist in the g
with a relative volume fraction of 2%.

FIG. 11. Relative volume fractions of the quasicrystalline pha
as a function of time during isothermal annealing treatments at
K and pressure of 0.86 GPa with the fitting curves given by mo
10 ~solid line! and model 14~dash line!. The data~0–200 min! were
selected to illustrate the differences in the fits for the incubat
time and the fitting curves given by models 10 and 14 are alm
the same after 200 min.
8-7
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APPENDIX

The relative volume fractionx(t) of the quasicrystalline
phase during the amorphous-to-quasicrystalline phase tr
formation in the Zr65Cu7.5Al7.5Ni10Ag10 metallic glass as a
function of time can be expressed asx(t)512exp@2Y(t)#,
where the expressions ofY(t) for various nucleation and
growth models are given as follows:
Model 1: quenched-in nucleation with three-dimensions c
stant growth rateu:

Y~ t !5 4
3 Npu3t3,

whereN is the quenched-in nuclei number per unit volum
and t is the annealing time.
Model 2: quenched-in nucleation with constant grain s
V0 :

Y~ t !5N* V0 .

Model 3: steady-state nucleation with three-dimensional c
stant growth rate:

Y~ t !5E
0

t

I st

4

3
pu3~ t2x!3dx5

1

3
pI stu

3t4,

whereI st is the steady-state nucleation rate.
Model 4: steady-state nucleation with constant grain size

Y~ t !5E
0

t

I stV0dx5I stV0t.

Model 5: quenched-in and steady-state nucleation with th
dimensional constant growth rate:

Y~ t !5
4

3
pNu3t31E

0

t

I st

4

3
pu3~ t2x!3dx

5
4

3
pNu3t31

p

3
I stu

3t4.

Model 6: quenched-in and steady-state nucleation with c
stant grain size:
09420
d

-
ch

s-

-

,

e

-

e-

n-

Y~ t !5NV01E
0

t

I stV0dx5NV01I stV0t.

Model 7: time-dependent Kashchiev’s nucleationI (x) with
three-dimensional constant growth rate:

Y~ t !5E
0

t 4

3
pu3~ t2x!3I ~x!dx

5
4

3
pI st2Ku3F t4

4
12 (

m51

`

~21!mE
0

t

expS 2
m2x

tK
D

3~ t2x!3dxG ,

wheretK and I st2K are the incubation time and the stead
state nucleation rate for the Kashchiev’s nucleation, resp
tively.
Model 8: time-dependent Kashchiev’s nucleation with co
stant grain size:

Y~ t !5E
0

t

I ~x!V0dx5I st2KV0

3H t12 (
m51

`
~21!mtK@12exp~2m2t/tK!#

m2 J .

Model 9: time-dependent Zeldovich’s nucleation with thre
dimensional constant growth rate:

Y~ t !5E
0

t 4

3
pu3~ t2x!3I ~x!dx

5
4

3
pI st2Zu3E

0

t

exp~2tZ /x!~ t2x!3dx,

wheretZ and I st2Z are the incubation time and the stead
state nucleation rate for the Zeldovich’s nucleation, resp
tively.
Model 10: time-dependent Zeldovich’s nucleation with co
stant grain size:

Y~ t !5E
0

t

I ~x!V0dx5I st2ZV0E
0

t

exp~2tZ /x!dx.

Model 11: time-dependent Kashchiev’s nucleation w
three-dimensional constant growth rate att,t0 and zero
growth rate att.t0 :
Y~ t !5
4

3
pI st2Ku3F t4

4
12 (

m51

`

~21!mE
0

t

expS 2
m2x

tK
D ~ t2x!3dxG ,

when t<t0 and
8-8
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Y~ t !5
4

3
pI st2Ku3H t0

3F t2t012 (
m51

`
~21!mtK$12exp@2m2~ t2t0!#/tK%

m2 G
1F t0

4

4
12 (

m51

`

~21!mE
t2t0

t

expS 2
m2x

tK
D ~ t2x!3dxG J

5
4

3
pI st2Ku3H t0

3t2
3t0

4

4
12 (

m51

`

~21!mF tKt0
3F12expS 2m2~ t2t0!

tK
D G

m2 1E
t2t0

t

expS 2
m2x

tK
D ~ t2x!3dxD G ,
ith
h’s

h’s

ys
.

tt.

ng
.

ns

r.

tt.

pl
.

T

a,

T.

os.
.

M.

t.

N.
, J.

and

rd,

ue,
when t.t0
Model 12: time-dependent Zeldovich’s nucleation w
three-dimensional constant growth rate att,t0 and zero
growth rate att.t0 :

Y~ t !5
4

3
pI st2Zu3E

0

t

exp~2tZ /x!~ t2x!3dx,

when t<t0 and

Y~ t !5
4

3
pu3I st2ZF t0

3E
0

t2t0
exp~2tZ /x!dx

1E
t2t0

t

exp~tZ /x!~ t2x!3dxG , when t.t0 .
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