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The supercooled liquid Zr41Ti14Cu12..5Ni10Be22.5 is studied using a high-pressure(HP) and high-temperature
x-ray diffraction technique with synchrotron radiation, which allows us for the first time toin situ monitor the
crystallization kinetics of metallic supercooled liquid in both cooling and heating processes under HP. We find
that more than 6 GPa can completely suppress the crystallization in the melt at low cooling rate, and distinct
crystallization from glassy to melt states during fast heating can be bypassed at 8.3 GPa. HP suppresses the
crystallization in the supercooled liquid through increasing its viscosity.
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The supercooled liquid(SL) with a metastable thermody-
namic stability has remained one of the most inquisitive but
obscure subjects of recent scientific interest.1–3 Metallic liq-
uid have often been regarded as ideal model systems of
dense random packing, but it is unfortunate that rare metallic
SLs are found to exist easily by a change in pressure and/or
temperature. The recent developed bulk metallic glass
(BMG) forming alloys are found to have particular stable SL
state against crystallization, which offers a large experimen-
tally accessible time and temperature windows for investigat-
ing the nature of the SL(Refs. 4 and 5) and for understand-
ing the longstanding issues of nucleation, which is the key to
control over crystallization and to develop new glassy and
nanocrystalline materials with a unique combination of prop-
erties and manufacturability for applications.6–8

The BMG-forming liquid Zr41Ti14Cu12.5Ni10Be22.5 (vit1)
is a relative strong liquid and exhibits a large viscosity(about
2.5 Pa s) around the melting point and large activation en-
ergy for flow.9,10 This contrasts with most pure metals and
alloys which are considered fragile liquids with much lower
viscosities at melting point of 10−3 Pa s and activation en-
ergy of 0.5 eV.11 The stability of the SLs is found strongly
depends on the treatment process and a pronounced asym-
metry exists in crystallization behavior during constant heat-
ing and cooling of BMGs.8,12,13 Differential scanning calo-
rimetry (DSC) results shows that its crystallization
temperature of vit1,Tx shifts to higher temperature with in-
creasing heating rate,f and follows a linear relationship:
Tx=664.9+20.7 lnf.14 Assuming that the melting tempera-
ture of the alloy is independent off and Tx continues to
scale withf, the corresponding value off for vit1 heated
through the entire SL region into the equilibrium melt state
without intervening of crystallization is about 107 K/s. In
contrast, a rate of about 10 K/s is sufficient to suppress crys-
tallization in the SL of vit1 and get full amorphous phase in
cooling process.10 These nucleation features lead to the ex-
cellent glass-forming ability, high thermal stability of the SL,
controllable nanocrystallization and some interesting crystal-
lization behaviors in the alloy.4–8,12

High pressure(HP) has been found to be a powerful tool
for affecting and controlling the crystallization in the metal-

lic glasses.15,16Because both the nucleation and growth rates
of crystalline phases in the glass-forming alloys strongly de-
pend on the kinetics which is susceptible to pressure, the
information on pressure affect on the crystallization is criti-
cal for gaining insight into the mechanism of the nucleation
and glass formation in the BMG-forming SLs. However,
little work on in situ HP crystallization has been conducted
perhaps due to the experimental condition restrictions. This
leaves many unresolved questions in this field. In this paper,
we chose the representative SL, vit1, to study the effects of
HP on crystallization during rapid cooling and heating pro-
cess using a HP energy-dispersive x-ray diffraction(XRD)
technique with synchrotron radiation, at a third-generation
synchrotron radiation facility at Spring-8 in Japan.15 The
technique allows us for the first time toin situ monitor the
crystallization kinetics of SL in both cooling and heating
processes under HP. We show that HP can further stabilize
the SL state and effectively suppress the crystallization of SL
in cooling and even heating processes. The pronounced
asymmetry behavior in crystallization during constant heat-
ing and cooling at ambient condition can be constricted un-
der HP. Our results are likely to be important for understand-
ing the nucleation mechanism of the BMGs.

Vit1 alloy was prepared by cast the melting alloy in a
water-cooling Cu mould.13,14 The Tg, Tx, and liquidus tem-
perature,Tl determined by DSC at a heating rate of 0.33 K/s
at ambient pressure are 623, 693, and 1026 K, respectively.14

The cooling and heating of the alloy were investigated by an
in situ XRD technique at Spring-8 in Japan.17 High-pressure
and high-temperature conditions were generated using a
cubic-type multi-anvil press(SMAP 180), and the sample
assembly was similar to that used in Ref. 17. NiCr-NiAl
thermocouple was brought into the pressurized zone and near
the sample. NaCl powder was used as pressure transmitting
medium, and the pressure was calibrated from its lattice con-
stant with the accuracy about ±0.2 GPa. The apparatus was
designed to permit maximum heating rates of 150 K/s which
cannot be realized in conventional thermal analyzers.17 The
pressure in the heating process was calibrated; pressure
change is about 0.2–1 GPa during the heating process.17 For

PHYSICAL REVIEW B 70, 092203(2004)

1098-0121/2004/70(9)/092203(4)/$22.50 ©2004 The American Physical Society70 092203-1



the HP rapid heating, the sample was rapidly heated from
693 K to aboveTm with a heating rate of 40 K/s. The dif-
fraction pattern wasin situ recorded during the whole rapid
heating process. For the cooling, the sample was first pres-
surized to high pressure, and then heated to 1373 K and kept
for about 2 min. Then the heating electrical current was
switched off and the sample was naturally cooled under HP.
An energy dispersive method was utilized using white x-ray
with energies of 20–150 keV. The diffracted x-ray was de-
tected by a solid state Ge detector, at a diffraction angle 2u
=5°.

Figure 1 shows XRD patterns of vit1 measuredin situ at
various temperatures under 9.4 GPa. The patterns were re-
corded every 5 K to determine theTx andTl. The time that
the sample was kept at each temperature is about 30 s. Up to
783 K, the amorphous state is retained without a clear indi-
cation of crystallization within the limit of XRD measure-
ment. The BMG starts to crystallize at about 803 K, 110 K
aboveTx at ambient pressure, indicating thatTx is increased
to about 803 K under 9.4 GPa. The alloy is melted at about
1050 K and its value ofTl is not significantly changed under
HP. The crystallization of vit1 is studied under various pres-
sures, and theTx shows significantly increase with increasing
pressure as shown in the inset of Fig. 1. ThedTx/dP is about
11.8 K/GPa. The result implies that theTx is susceptible to
HP, and HP could be used to suppress crystallization when
vit1 is heated. The increased activation energy barrier under
pressure for diffusion makes the atomic redistribution on a
large-range scale more difficult and the subsequent growth of
the nuclei is inhabited. This results in the higher thermal
stability of the SL under HP.16,18,19

Figure 2(a) shows in situ XRD patterns of vit1 in the
rapid heating process at 8.3 GPa. In the HP rapid heating, the

sample was firstly increased to 693 K which is much lower
than Tx (Tx=783 K at 8.3 GPa), and then, the sample was
rapidly heated from 693 to 1223 K with a heating rate of
40 K/s. The diffracted x-ray pattern which wasin situ re-
corded during the whole heating process shows that the alloy
almost keeps in glassy state. Two weak broad peaks marked
in Fig. 2(a) are from the precipitation of little fraction of
nanocrystalline phase. The results indicate that no distinct
crystallization is observed upon heating for glassy vit1 with a
rate of 40 K/s, and the most amorphous phase is heated
through the entire SL regime into the equilibrium melt with-
out crystallization. In contrast, the crystallization event will
occur when vit1 is heated with lower heating rates as shown
in Fig. 1. To check if there is heating hysteresis effect in the
rapid heating process, the sample was kept at 1223 K for 2
min. The XRD pattern shown in Fig. 1(a) is similar with that
of the rapid heating alloy demonstrating no obvious heating
hysteresis. We also rapid heated the fully crystallized vit1
from 973 to 1223 K with the same heating rate of 40 K/s,
the XRD pattern in Fig. 2(b) shows that the crystallized
phases can be mostly kept to 1223 K. This result means that
if there is crystalline phases form during the rapid heating
process, they cannot be melted during so rapid heating pro-
cess, and confirms that rapid HP heating inhibits mostly the
crystallization events when the BMG goes through SL to
melt state.

The HP cooling process of vit1 is shown in Fig. 3(a).
After vit1 is quenched from 1373 K to 300 K at 8.5 GPa with
a estimated cooling rate of about 1 K/s, the samples show a
broad scattering peak indicating the formation of full amor-
phous phase. The XRD traces for the alloy cooled at the
same cooling rate under different pressures are presented in
Fig. 3(b). The samples quenched with higher applied pres-
suresù6 GPad show a full amorphous phase. When quench-

FIG. 1. In situ synchrotron XRD patterns of the
Zr41Ti14Cu14.5Ni10Be22.5 BMG at elevating temperature under 9.4
GPa. TheTx increases from 693 K at ambient pressure to 803 K at
9.4 GPa. The inset shows the onset crystallization temperature of
the vit1 upon pressure.Tx increases with increasing pressure with
dTx/dP=11.8 K/GPa.

FIG. 2. (a) XRD patterns of vit1 alloy heated from supercooled
liquid state to melt state with different heating rates.(P) marked the
little nanocrystalline precipitation.(b) XRD patterns of crystalline
vit1 (after full crystallization) heated to melt state with a heating
rate of 40 K/s.
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ing pressure is lower than 4.5 GPa, there are few weak sharp
crystalline peaks superimposing on the broad peak meaning
that fully amorphization cannot be reached. The sample
cooled with a similar cooling rate at ambient pressure con-
sists of mostly the crystalline phases,20 because the sample in
the HP setup was covered with thick pyrophyllite and ZrO2
which have low thermal conductivity and solidified with
much low cooling rate compared with that of cast in water-
cooling Cu-mould. Furthermore, the covering materials also
provide frequent abundance of sites that catalyze the nucle-
ation of crystalline phase. The HP quenching result indicates
that HP is effective to enhance glass formation by suppress-
ing the crystallization in SL state of vit1.

To discuss above results, we use approach of classical
nucleation serving as a simplified model. The steady state
nucleation rate:21

I = AD expF−
DG*

kT
G ,

whereA is constant,k is Boltzmann constant,T the absolute
temperature, andD is effective diffusivity which is assumed
to follow Arrhenius form,

D = D0 expF−
Q

kT
G ,

here,D0 is pre-exponential factor,Q is diffusion activation
energy,DG*, the activation energy for formation of stable
nuclei is21

DG * =
16ps3

3sDGd2 ,

wheres andDG are interfacial energy and free energy dif-
ference between the nuclei and liquid phase, respectively. We
estimatedDG based on the DSC results in Ref. 22. Assuming

diffusion-limited growth, the crystalline growth rate can be
expressed by:23

U =
D

a
F1 − expS−

DG

kT
DG

with the interatomic spacinga. Becauses is not sensitive to
pressure compared to that ofDG, and the pressure effect on
DG* and diffusion can be respectively expressed as

S ] sDG * d
] P

D = −
32ps3

3

DV

sDGd3 ,

S ] sln Dd
] P

D
T

= −
DV*

kT
,

hereDV is the molar volume difference between the liquid
and crystalline phases.DV* is activation volume. Therefore,
under HP the steady state nucleation rate is

IHP = AD0 expF−
Q + PDV * + DGP*

kT
G s1d

here,

DGP * =
16ps3

3sDG + PDVd2 .

The growth velocity under HP,

UHP =
D0

a
expS−

Q + PDV*

kT
DF1 − expS−

DG + PDV

kT
DG .

s2d

For vit1, s=0.04 J/m andA=10,23 DV* <13.0 Å3,25 and
the volume per molar is about 1% decreased after crystalli-
zation from amorphous phase.24 The data of D,
Qs,1.0 eVd are obtained from Ref. 26. The nucleation and
growth rates at ambient and HP were estimated from the
above equations and parameters and are shown in Fig. 4. At
ambient pressure, theUmax (at 985 K) is at a much higherT

FIG. 3. (a) XRD patterns of the vit 1 melt cooled from equilib-
rium melt state to solid state at room temperature under 8.3 GPa.(b)
XRD patterns of vit1 alloy cooled from equilibrium melt state to
solid state at room temperature with the same cooling rate under
various pressures.

FIG. 4. The calculated temperature-dependent nucleation rate
and growth rate of vit1 under ambient(a) and high pressure of 8.3
GPa(b).

BRIEF REPORTS PHYSICAL REVIEW B70, 092203(2004)

092203-3



than that of Imax (840 K) [see Fig. 4(a)]. If the effect of
quenched in nuclei is taken into account, the difference is
even larger. Upon heating, the alloy at first reaches the tem-
perature where the nucleation rate has a maximum, and the
formed nuclei are exposed to the maximum growth rate, re-
sulting in a high crystallization rate during further heating. In
contrast, upon cooling the alloy from melt, at the temperature
where the melt has the maximum growth rate, the alloy has
few nucleus sites and low nucleation rate, and the maximum
number of nuclei formed at the same temperature experience
low growth rate during further cooling, and lead to low crys-
tallization rate. So the pronounced asymmetry in the crystal-
lization results from the different growth rates during cooling
and heating. The different crystallization mechanism in the
differentT regimes in SL can also be understood from Fig. 4.
At high-T scale in SL region, the liquid has large growth rate
but very low nucleation rate. So the formation of nuclei
mainly determines the crystallization. At low temperature
scale, however, the liquid has large nucleation rate but very
low growth rate. The growth of the crystals dominates the
crystallization process.

Upon HP heating and cooling, the maximumT for both
growth (1180 K) and nucleation(1050 K) rates shift to much
high T [Fig. 4(b)]. Meanwhile, both theI andU are signifi-
cantly decreased as shown in Fig. 4(b). D decreases with
increasing pressure[DV* .0, and]sln Dd /]P,0]. At ambi-
ent pressure the pressure effect,pDV* s,10−6 eVd is negli-
gible compared to temperature effect,kBT=0.1 eV/atom
when temperature is increased to 800 K from room tempera-
ture. However, when pressure reaches GPa level, theQ is
about 0.05 eV/GPa in vit1 and the pressure effect cannot be
ignored anymore. Therefore, the nucleation and growth in
SL, which is much lower than the maximum temperature of
growth and nucleation rates, are very small under HP, and
then the crystallization is much easier to be suppressed under
HP. HP reduces the asymmetry in crystallization behavior
and suppresses crystallization in the SL by shifting the maxi-
mum temperatures of growth and nucleation rates to much
high temperatures and increasing viscosity of the liquid.
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