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Crystallization mechanism of Cu-based supercooled liquid under ambient and high pressure
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Crystallization of a Cu60Zr20Hf10Ti10 bulk metallic glass in the entire supercooled liquid region~SLR! is
studied using anin situ x-ray diffraction with synchrotron radiation under high pressure and a differential
scanning calorimeter at ambient pressure. The temperature-time-transition diagrams under ambient and high
pressure are determined and compared, and the phase evolution of the crystallization with time isin situ
exhibited under high pressure. We find that the crystallization in the temperature regime near glass transition
temperature and near melting temperature in SLR cannot be described by a single crystallization mechanism in
the entire SLR under high pressure. The effects of pressure on the crystallization of the BMG are explored.

DOI: 10.1103/PhysRevB.69.092202 PACS number~s!: 61.10.2i, 61.43.Dq, 62.50.1p, 67.40.Kh
a
s
d

s
m
ca

lly
th
a

fo
e
le
et

a
f
lly

a
i
a

in
o

en
b
fo
e

re

d
-

ti

es-
LR
u-

g

er a
he
ith
ts
y an
a-
di-

ess

Al
near
tting
on-

ray
as

2

K,
al
t
e to
d

era-
, a
be

ing
wer
ea-
he
Crystallization studies of bulk metallic glasses~BMGs!
are of importance in understanding mechanisms of ph
transformations far form equilibrium, evaluating the gla
formation ability of the melts, and producing controlle
ultra-refined microstructure.1–3 Recently, Cu-based BMG
were developed, and they were found to have a high ther
stability against crystallization and excellent mechani
properties.4,5 The Cu60Zr20Hf10Ti10 alloy is a typical Cu-
based BMG which has a large supercooled region~SLR! and
high thermal stability which lead to a large experimenta
accessible time and temperature window to investigate
transformation from amorphous to crystal under isotherm
condition in SLR. The characterization of the time scale
isothermal condition is given by the temperature-tim
transition~TTT! diagram which can determine the time sca
to reach the onset of crystallization and confirm the theor
cally predicted nose shape and provide important inform
tion about glass forming ability, nucleation mechanism o
system.6,7 The TTT diagram for a metallic system is usua
determined by an electrostatic levitator8 or by inductively
heating the samples in a graphite crucible.9,10 With the de-
velopment of a high pressure technique, pressure to the
vancement of science and technology has become more
portant, similar to that of a temperature variable or
composition variable.11 However, there is little information
about the pressure-temperature-time-transition~PTTT! dia-
gram for metallic alloys, which could provide a deeper
sight into the crystallization and glass forming mechanism
a glass forming liquid. On the other hand, the time dep
dence of the entire crystallization process, which is given
the time to reach the onset of crystallization and the time
the actual crystallization process to complete, has not b
studied over the temperature and pressure ranges from
equilibrium liquid down to the glass transition temperatu
for glass forming alloys. In this letter, by usingin situ high
pressure and high temperature energy-dispersive x-ray
fraction ~XRD! with synchrotron radiation, the PTTT dia
grams of the Cu60Zr20Hf10Ti10 alloy was determined and
compared with that at ambient pressure. The phase evolu
of the crystallization process with time isin situ exhibited in
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the entire SLR under isothermal conditions under high pr
sure. The crystallization kinetics and mechanism in the S
and the effects of pressure on the crystallization of the C
based BMG are explored.

The Cu60Zr20Hf10Ti10 BMG was prepared by die castin
the melt in a water-cooling Cu mold.12–14Crystallization ex-
periments under ambient pressure were carried out und
purified argon atmosphere in a Perkin-Elmer DSC7. T
calorimeter was calibrated for temperature and energy w
high purity indium and zinc. The crystallization experimen
under high temperature and high pressure were studied b
in situ XRD at SPring8, the third-generation synchrotron f
cility in Japan. High-pressure and high-temperature con
tions were generated using a cubic-type multi-anvil pr
~SMAP 180! install on BL14B1 at SPring8.15 The sample
assembly was similar to that used in Ref. 16. A NiCr-Ni
thermocouple was brought into the pressurized zone and
the sample. NaCl powder was used as pressure transmi
medium. The pressure was calibrated from the lattice c
stant of NaCl. The accuracy was better than60.2 GPa. An
energy dispersive method was utilized using a white x
with an energy of 20–150 keV. The diffracted x ray w
detected by a solid state Ge detector; the diffraction angleu
was fixed to 3°.

The glass transition temperatureTg , onset crystallization
temperatureTx , and melting temperatureTm , of the Cu-
based BMG at ambient condition are 734, 782, and 1189
respectively.14 Figure 1 shows the isothermal differenti
scanning calorimeter~DSC! traces of the BMG at differen
temperatures. For an isothermal anneal at 748 K, the tim
reach the onset crystallization,tonset, takes 72 s, and the en
crystallization time,tend is 510 s.tonsetandtend for different
isothermal anneals are plotted as functions of the temp
ture and shown in the inset of Fig. 1. In the TTT diagram
part of the typical ‘‘nose’’ shape for the onset time can
seen. Bothtonset and the entire crystallization time,tend
2tonset, increase with decreasing temperature, indicat
that the crystallization process needs longer time at lo
temperature in the SRL. Assuming that the heat flow m
sured upon crystallization in the DSC is proportional to t
©2004 The American Physical Society02-1
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crystallization rate, and the crystallization enthalpy is prop
tional to the crystallized volume fraction. The crystallize
volume fraction,x with the isothermal time at different tem
peratures can be obtained and shown in Fig. 2. The shap
the x-t curves is typical ‘‘S’’ type. We tried to use th
Johnson-Mehl-Avrami-Kolmogorov~JMAK! equation,17–19

x512exp„2k(t2t)…n, which based on the steady sta
nucleation model, to simulate the crystallization. In the eq
tion k is the rate constant,t5tonset, the incubation time, and
n is a constant depending on the reaction mechanism.
inset is the linear fits between ln„2 ln(12x)… and ln(t2t) at
different temperatures. The fit values ofk andn are listed in
Table I. The satisfactory fit shown in Fig. 2 indicates that
crystallization at ambient condition meets the steady s
nucleation model, and the set of virtually parallel fit lin
shown in the inset indicates that the crystallization reactio
isokinetic over this temperature range in the BMG.

Figures 3~a! and 3~b! exhibit the in situ recorded XRD
patterns of the BMG at temperature regimes nearTg andTm

FIG. 1. The DSC curves for the Cu60Zr20Hf10Ti10 BMG at dif-
ferent isothermal temperatures. The inset shows the TTT diag
for the BMG. ~j! is the onset time of the crystallization, and~s!
the end time of crystallization.

FIG. 2. The crystallized volume fraction at different isotherm
temperatures and times of the Cu60Zr20Hf10Ti10 BMG. The inset is
the plot of the JMAK relationship at different isothermal tempe
tures of the BMG.
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in the SLR under 4.5 GPa respectively. When the melt al
was kept at 1193 K~nearTm , cooled from 1373 K with 7
K/s!, it almost fully crystallizes in 30 s, as shown in Fig
3~a!. The rapid crystallization makes difficult to study th
isothermal crystallization nearTm in the SLR. At tempera-
ture regime nearTg in SLR, such as at 843 K, however, th
supercooled liquid state is much stable, and it can be k
until iso-annealed for 500 s@see Fig. 3~b!#. The sluggish
crystallization kinetics make it possible for us to study t
isothermal crystallization nearTg . When there are some
very small crystalline peaks appear meaning of the beginn
of the crystallization, we defined the time when the cryst
line phase can be detected by XRD astonset. With increasing
time, the crystalline peaks become sharper and stron
meaning that the crystalline volume fraction increases w
increasing annealing time. The BMG mainly crystallizes in
Cu10Zr7- type andv-~Cu,Zr!-type crystalline phases whic
are much different from the crystallized phases from the m
in Fig. 3~a!. Our experimental results also show that t
product crystallized phases are identical at ambient pres
and high pressure, which will be published elsewhere. U
like the crystallization in other BMGs, no metastable cryst
line phases precipitate during the isotherm
crystallization.20,21Up to t52400 s, the sample is only abou

m

l

-
FIG. 3. The XRD patterns of the BMG at various isotherm

temperatures and times under 4.5 GPa.~a! at temperature regime
nearTm in SRL, and~b! at temperature regime nearTg . in SRL.

TABLE I. The values ofk and n of the Cu-based BMG at
different temperatures and pressures. The values ofk and n are
obtained by a linear fit between ln„2 ln(12x)… and ln(t2t).

Pressure Temperature~K! n k* 1023 (s21)

ambient 738 2.3460.04 2.5960.01
741 2.0860.02 3.2160.01
743 2.2260.02 3.8060.01
748 2.1760.02 4.7960.01
753 2.1360.02 6.6460.02

4.5 GPa 863
843

1.0360.14
0.8160.05

2.660.7
4.561.4
2-2
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90% crystallized. No contaminant material can be detec
by the in situ XRD during the isothermal crystallization pro
cess in the temperature regime nearTg in SLR as shown in
Fig. 3~b!. Isothermal experiments at 4.5 GPa were carr
out at different temperatures nearTg in the SLR, and the
results are summarized in the PTTT diagram and show
Fig. 4. It can be clearly seen that the entire crystallizat
time increases with decreasing isothermal temperat
Above results show that the onset crystallization time,
entire crystallization time and the crystalline products
isothermal annealed nearTg or nearTm in the SLR under
high pressure~HP! are obviously different as shown in Fig
3~a! and 3~b!. The phenomena imply that the nucleation a
growth mechanisms are different at the two temperature
gimes in SLR under HP. Similar results have been found
PdNiCuP and Vit1 BMGs at ambient pressure.8,22,23In those
BMGs, once crystallization takes place for the isotherm
annealing nearTm in the SLR, it will finish in a very short
time. While when they were isothermal annealed nearTg ,
the entire crystallization time,tend2tonset, becomes much
longer and increases with decreasing temperature. The c
tallization is considered as a nucleation-controlled proc
nearTm , and a growth-controlled process nearTg in these
BMGs.8,22,23 Our results show the similar characters of
growth-controlled process in the temperature regime neaTg
both at ambient pressure and 4.5 GPa. At temperature re
neat Tm , the crystallization of the Cu-based BMG und
high pressure is very sensitive to heterogeneous nuclea
sites, and could be regarded as a nucleation controlled
cess based on similarity with others results. Because
specimen was covered with a pressure transmitting med
which provides a high density of heterogeneous nuclea
sites, the crystallization then occurs with a very short in
bation time and an entire crystallization time. While nearTg
in the SLR, the crystallization is a growth-controlled proce
and the growth of crystals solely determines the time scal
the crystallization. The quenched-in preexisting nuclei a
the high density of heterogeneous nucleation sites from
pressure transmitting medium have no significant effect

FIG. 4. PTTT diagram of the Cu60Zr20Hf10Ti10 BMG under 4.5
GPa in a temperature regime nearTg . in SRL.~j! is the onset time
of the crystallization, and~s! the time of crystallized volume frac
tion 90%.
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the crystallization. The above results indicate that the en
crystallization in the SLR depends on the temperature sc
and the single concept of a steady-state nucleation me
nism cannot provide an adequate description of the nu
ation process in the whole SLR.

To determine the crystallized volume fraction,x during
the in situ isothermal crystallization process nearTg in the
SLR under high pressure, we calculatedx by assuming that
each XRD pattern is a linear combination of an amorpho
part I a (I a is the integrated intensities of the XRD pattern f
the full amorphous sample att50), recorded att50, and a
crystallized partI c (I a is the integrated intensities of the full
crystallized amorphous sample calculated by fitting the d
fraction peaks with a Gaussian function!, recorded attend.
Therefore, the whole intensity at timet is I (t)5(12x)I a
1xIc . x then can be determined from the expression. At
isothermal annealing temperature nearTg which is much low
thanTm . the estimation is not unreasonable because the
tensity of the crystalline phase is roughly proportional to t
volume of the phase and the effect of the contaminant m
rial can be neglected. However, in the isothermal annea
temperature nearTm , the method cannot be used to estima
x because of the possible effect of the contaminant mate
on the accuracy of the intensity determination. As an
ample, the calculatedx curve for isothermal annealing at 84
K at 4.5 GPa is shown in Fig. 5. The inset shows the lin
relationship between ln@2ln(12x)# and ln(t2t). The satis-
factory fits indicate that the crystallization under high pre
sure also meets the steady state nucleation model in the
based BMG. The activation energyEa can be estimated from
the temperature dependent incubation timet; roughly, we
think t5tonset5t0 exp(Ea /kBT), wheret0 is a constant. The
effective activation energy can be considered to be rela
mainly to the nucleation process, because during the in
crystallization stage, the incubation time period, nucleation
the dominant process. The obtained values ofEa deduced
from ln tonset vs 1/T are 5.7760.26 eV under ambient pres
sure and 2.5260.25 eV under 4.5 GPa, respectively. A larg
difference exists between the values ofEa under ambient and

FIG. 5. The crystallized volume fraction at different isotherm
times of the Cu60Zr20Hf10Ti10 BMG at 843 K under 4.5 GPa. The
inset shows the plots of the JMAK relationship.
2-3
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high pressures. The nucleation activation energy is much
creased under high pressure, which means a much lowe
ergy barrier for the nucleation. That is, high pressure p
moted nucleation in the BMG under high pressure. H
pressure promotes nucleation in the BMG by promoting
shot-range atomic rearrangement by reducing the free
ume due to compression and the restructuring of the ato
configuration.12

According to classical theory, forn.4, the nucleation
frequency increases with the crystallization time, while,
<n<4, the nucleation frequency decreases.24 In Cu-based
BMG, the average value ofn is about 2.1 at the isotherma
annealing temperature regime nearTg under ambient pres
sure~see Table I!. The experimentally determined values
n fall outside those expected by classical theory. These s
gest that the nucleation is not the dominant factor in crys
lization near Tg , and the crystallization is a growth
controlled process. The representative fitting values on
under high pressure annealing are also listed in Table I.
value ofn decreases significantly under high pressure, e
n51.03 at 863 K and 4.5 GPa. The small value ofn also
implies a small nucleation activation energy under h
pressure.25 On the other hand, at a temperature nearTg , a
high number density of the nuclei usually preexists in
alloy,26 the preexisting high number density of the nuc
may result from high heterogeneous nucleation ra
quenched-in nuclei, or phase separation in the superco
liquid prior to crystallization.26 The observed phenomenon
that the entire crystallization time during isothermal anne
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In conclusion, the PTTT diagram of the Cu60Zr20Hf10Ti10
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by different mechanisms on different temperature scales
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