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Pressure effect on crystallization kinetics in Zr 46.8Ti8.2Cu7.5Ni10Be27.5
bulk glass
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Bayrisches Geoinstitut, Universitaet Bayreuth, D-95440 Bayreuth, Germany

~Received 24 May 2002; accepted 10 October 2002!

Crystallization kinetics of a Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass in the supercooled liquid region
have been investigated by performingin situ high-temperature and high-pressure x-ray diffraction
measurements using synchrotron radiation. A pressure–time–temperature–transformation diagram,
describing the onset of crystallization as a function of time during isothermal annealing under
pressure, is presented. Different pressure dependences of crystallization kinetics in the temperature
range for the glass have been observed and further be explained by a model of competing processes
of the thermodynamic potential barrier of nucleation and the diffusion activation energy under
pressure. ©2002 American Institute of Physics.@DOI: 10.1063/1.1527227#
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Recently, after the discovery of several families of m
ticomponent alloys exhibiting a large supercooled liquid
gion before crystallization such as La-Al-Ni, Zr-Al-Cu-N
and Zr-Ti-Cu-Ni-Be systems,1–3 bulk metallic glass forma-
tion has become a common phenomenon. These novel m
rials possess an extremely high glass-forming ability a
high thermal stability against crystallization, exhibiting e
cellent mechanical properties and good workability.4,5 They
are potential engineering materials. For example, a coo
rate of only about 0.067 K/s is required to suppress crys
lization in a Pd42.5Ni7.5Cu30P20 alloy.6 The understanding o
crystallization process of such alloys is of very high inter
because it might shed light to the mechanism of high gla
forming ability of the alloys. Furthermore, crystallization
metallic glasses is accompanied by significant change
many properties.7 This imposes a strict limit on the operatin
times at elevated temperatures for such engineering ma
als. In this letter, we investigate the crystallization kinetics
a Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass, one of the mos
widely studied bulk metallic glasses,4 in the supercooled liq-
uid region by performingin situ high-temperature and high
pressure x-ray diffraction~XRD! measurements using syn
chrotron radiation. The pressure-time-temperatu
transformation~PTTT! diagram is presented, describing th
onset of crystallization as a function of time during isoth
mal annealing under pressure. The issue of the pressur
fect on crystallization of metallic glasses is of interest from
fundamental viewpoint, and also with respect to the appli
bility of these materials by deformation in the supercoo
liquid region.8

Ingots of the Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass were
produced by alloying the pure components by induct
melting in a levitation device under purified Ar atmosphe
and quenching by contact with water-cooled copper surfa
This material was remelted in a fused silica crucible and
cast into a copper mold, to obtain 60 mm long rods with
diameter of 5 mm. The average cooling rate was estimate

a!Author to whom correspondence should be addressed; electronic
jiang@fysik.dtu.dk
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be .20 K/s. Samples from both ends of the rods were m
chanically polished and analyzed by optical microscopy a
scanning electron microscopy to ascertain the absence o
desirable primary crystals, which cannot be detected by X
below a volume fraction of about 3%. The thermal behav
of the glass was studied by a Perkin Elmers-Pyris1 differ
tial scanning calorimetry~DSC! at a heating rate of 4 K/min
under a flow of purified argon.In situ high-temperature XRD
measurements in a vacuum were performed using sync
tron radiation at beamline I711 at the MAXLAB in Lund
Sweden, utilizing a Huber G670 imaging plate Guinier ca
era. Each XRD pattern was accumulated for 2 min. In or
to exclude oxygen from the sample, the alloy was moun
on the top of a quartz capillary, which was pumped down
1024 Pa and then sealed. The temperature stability of
sample was 61 K. In situ high-pressure and high
temperature energy-dispersive x-ray diffraction measu
ments were performed using synchrotron radiation at HAS
LAB in Hamburg, Germany.9 The cubic sample assembly
compressed by six truncation anvils of tungsten carbide
250 ton hydraulic press. Electric current is sent through
graphite heater via two appropriate anvils. The tempera
is measured by means of thermocouple voltage with a sta
ity of 61 K. Both isothermal and nonisothermal experimen
were performed. For isothermal experiments, the sample
first compressed to 2 GPa at ambient temperature, rap
heat up to a given temperature at a rate of 150 K/min with
overshoot,2 K, and then kept the temperature and record
XRD patterns for every 2 min. For nonisothermal expe
ments, each run consists of a room-temperature compres
followed by an isobaric heating to high temperature in ste
of 10 K. The average heating rate in the temperature ra
from 25 to 550 °C was roughly estimated to be 3 K/min. T
pressure of the sample is calculated from lattice constan
NaCl using the Decker equation of state.10 Pure Zr, Fe, and
the bulk metallic glass powders were used to examine
possible oxidation of samples during the heat treatments
ing the sample assembly. It was found that only pure meta
phases in the three systems were detected after heat
ments at temperatures up to 550 °C. For diffusion exp
il:
7 © 2002 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp



xe
h

ro
ed
t

t. %
h

e
ro
ed
se
pl
fa
on

t

e
4
ri

e

of
-

al
is
gs
n
ta

e
g
se
.
llin
0

th
se
d

d
an
n

ze,
le-
m

ans-
lly

r
hus,
nly
-

e
es.
g

The
to

-

ilar
as
6
ic
is

sm

ion

are a

the

4348 Appl. Phys. Lett., Vol. 81, No. 23, 2 December 2002 Jiang, Gerward, and Xu
ments, the measurements were carried out with rela
Zr46.7Ti8.3Cu7.5Ni10Be27.5 samples, annealed at 310 °C for 5
in a vacuum of 1026 Pa, cut from cylindrical glass into
slices of about 0.5 mm thickness and polished to a mir
finish on one side. The diffusing specie, Co, was implant
in which the dose and implantation time were adjusted
reach a maximum concentration of Co less than 1 a
within a range of around 150 Å. Heat treatments of t
samples at 380 °C under four high pressures~2, 4, 6, and 8
GPa! were performed in a multianvil press at the Bayerisch
Geoinstitute. The diffusing specie concentration depth p
files of the as-implanted samples and the samples anneal
380 °C under different pressures were measured using
ondary ion mass spectrometry. It was found that the sam
annealed under pressures were slightly oxidized in a sur
layer less than 10 Å, which does not affect the diffusi
process here because the implanted Co layer is far below
oxidation surface layer.

Figure 1 shows the DSC trace of th
Zr46.7Ti8.3Cu7.5Ni10Be27.5 bulk glass at a heating rate of
K/min. The glass exhibits an endothermic event characte
tic of the glass transition atTg5330 °C, followed by two
exothermic events atTx15452 °C ~the main heat releas
peak!, Tx25495 °C ~the small heat release peak!, and DT
5Tx12Tg5122 °C. Figure 2 shows the PTTT diagram
the Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass, indicating the acces
sible times in the supercooled liquid region without cryst
lization for the glass. In this region, the glass exhibits v
cous flow due to low viscosity. Applying pressure prolon
the time, i.e., enhances the operating time for deformatio
the engineering material. How could external pressure re
the crystallization process? In our previous study,11 in the
temperature region of 350–430 °C, the first transform
phase derived from the bulk glass by isothermal annealin
an icosahedral quasicrystal, i.e., the PTTT curves repre
an amorphous-to-quasicrystalline phase transformation
high temperatures, i.e., above 430 °C, the quasicrysta
phase is stable only for a short time period of less than 6
and transfers into intermetallic compounds.11 In the present
work, each XRD pattern is recorded for 120 s. Thus,
PTTT curves at high temperatures, shown in Fig. 2, repre
amorphous-to-quasicrystalline-to-intermetallic compoun
e.g, Zr2Cu, Be2Zr, etc.

The onset of these phase transformations is governe
the thermodynamic potential energy barrier of nucleation
the diffusion activation energy. According to crystallizatio
kinetics theory, the nucleation rate,I, can be written asI

FIG. 1. The DSC curve of the Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass at a
heating rate of 4 K/min under a flow of purified argon.
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5Io /exp@(DG*1Qn)/kBT#, whereI o is a constant,DG* is the
free energy required to form a nucleus of the critical si
i.e., the thermodynamic potential energy barrier of nuc
ation,Qn is the activation energy for the transport of an ato
across the interface of an embryo, andkB is Boltzmann’s
constant. For the amorphous-to-quasicrystalline phase tr
formation, the interfacial energy of quasicrystals is usua
small, e.g.,s;13 mJ/m2 for Zr69.5Al7.5Ni11Cu12 alloy12 and
s;2 – 15 mJ/m2 for Al75Cu15V10 alloy.13 DG* , which is
proportional tos3/(PDV1DG)2, could be negligible due to
small s value, whereDV andDG are the changes of mola
volume and free energy between the phases involved. T
the nucleation rate of the formation of quasicrystals mai
depends onQn . We further performed diffusion measure
ments of Co~which is similar to Ni and Cu elements in th
glass! in the bulk glass at 380 °C under various pressur
The diffusion coefficient was deduced from the diffusin
specie concentration depth profiles, as shown in Fig. 3.
diffusion coefficient at ambient pressure was extrapolated
be 1.660.2310218 m2/s at 380 °C, which is in good agree
ment with the data, 1.3310218 m2/s, reported in literature.14

The diffusion coefficient decreases with pressure. Sim
pressure dependence of Ni self-diffusion in the alloy w
also reported.15 The activation volume was found to be 1.2
Å3, which corresponds to about one tenth of the Co atom
volume. It is usually assumed that large activation volume
interpreted as being indicative of a diffusion mechani
analogous to the single-jump vacancy mechanism.16 How-
ever, a collective motion was suggested for the diffus

FIG. 2. The PTTT diagram of the Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass in the
supercooled liquid region at pressures of 0 and 2 GPa. The solid lines
guide for the eyes.

FIG. 3. Pressure dependence of the Co diffusion coefficient at 380 °C in
supercooled liquid region of the Zr46.7Ti8.3Cu7.5Ni10Be27.5 bulk glass. The
data were linearly fitted as a solid line.
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mechanism in the supercooled liquid region for the bulk m
tallic glasses.14,17The small activation volume observed he
confirms a collective motion governing the diffusion proce
in the supercooled liquid region of the glass. Therefore,Qn is
expected to be enhanced with pressure. Consequently
nucleation rate decreases with pressure so that a longer
is required for the onset of crystallization, in agreement w
the observation in Fig. 2.

In the high-temperature region above 430 °C, the cr
tallization becomes faster~Fig. 2!. The pressure has a negl
gible effect, which is also confirmed by the pressure dep
dence of the onset crystallization temperature in Fig
obtained byin situ high-temperature and high-pressure XR
measurements in steps of 10 K with an average heating
of 3 K/min.18–23 The pressure effect on crystallization tem
perature is very small with a slope of 1.7 K/GPa in the pr
sure range used. This is much smaller than the values
ported in literature for metallic glasses, e.g., 30 K/GPa
the Fe72P11C6Al5B4Ga2 glass9 in the pressure range of 0–2.
GPa, 19 K/GPa for the Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk
glass18 in the pressure range of 0–4 GPa, 11 K/GPa for
Pd40Cu30Ni10P20 bulk glass20 in the pressure range of 0–
GPa, 22 K/GPa for Zr66.7Pd33.3 glass in the pressure range
0–4 GPa,21 9.5 K/GPa for the Zr48Nb8Cu14Ni12Be18 bulk
glass22 in the range of 0–4.4 GPa, and 16 K/GPa for t
Mg60Cu30Y10 bulk glass in the pressure range 0–4 GPa23

This might be explained as follows. For the amorphous-
quasicrystalline-to-intermetallic compound transformatio
DG* for nucleation involves the interfacial energies betwe
the intermetallic compounds and the supercooled liq
phase ~and possibly crystalline/quasicrystalline interface!
andDG, the free energy difference between the supercoo
liquid phase and the intermetallic compounds.DG* for this
new situation may be substantially greater than the activa
energy for atomic diffusion,Qn , due to larger interfacia
energies for intermetallic compounds.24 On the other hand
DG of the glass in the supercooled liquid region, about
kJ/mol,25 is much larger than thePDV term, about 0.1 kJ/
mol, for the pressure range used here assuming 0.5% vo
contraction during the amorphous-to-polycrystalline ph
transformation.26 Thus,DG* is insensitive to pressure. Thi
implies a weak pressure dependence ofTx , as observed ex
perimentally in Fig. 4.

In conclusion, we present PTTT diagram in the sup

FIG. 4. The onset crystallization temperature of the bulk glass as a func
of pressure, deduced fromin situ high-temperature and high-pressure XR
measurements in steps of 10 K with an average heating rate of 3 K/min.
data were linearly fitted as a solid line with a slope of 1.7 K/GPa.
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cooled liquid region for the Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk
glass, which is unknown in any other bulk metallic glas
forming systems. Different pressure dependences of crys
lization kinetics in the temperature range for the glass h
been observed and further been explained by a mode
competing processes of the thermodynamic potential ba
of nucleation and the diffusion activation energy under pr
sure.
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