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Pressure effects on glass transition temperature and supercooled liquid region of a
Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass have been investigated by performingin situ high-temperature
and high-pressure x-ray powder diffraction measurements using synchrotron radiation. The glass
transition was detected from the change of the slope of peak position as a function of temperature.
It is found that the glass transition temperature increases with pressure by 4.4 K/GPa for the
Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass, and the supercooled liquid range decreases with pressure by
2.9 K/GPa in a pressure range of 0–2.2 GPa. This method opens a possibility to study the pressure
effect of glass transition process in glassy systems under high pressures~.1 GPa!. © 2004
American Institute of Physics.@DOI: 10.1063/1.1675937#

Understanding the glass transition in a variety of glassy
systems such as polymers, silica, orientational glasses, spin
glasses, and metallic glasses is still a major scientific
challenge.1 The pressure dependence of the glass transition
temperature,Tg , is one of the key issues regarding the va-
lidity of existing various theories and establishing new
theories.2 Using free volume theory, it has been predicted
that the glass transition temperature will increase and then
level off with increasing pressure.3 So far, most experimental
results have been reported for pressures below 1 GPa and
indicate that the glass transition temperature increases with
pressure.2 For metallic systems, rare experimental data ofTg

vs pressure have been reported. Samweret al.4 reported an
increase of Tg with pressure of 3.6 K/GPa for a
Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk metallic glass by an indirect
enthalpy recovery method,5 in which ambient-pressure dif-
ferential scanning calorimetry~DSC! measurements of
samples annealed under pressure were carried out. In this
letter, we report a direct method, based onin situ high-
temperature and high-pressure x-ray powder diffraction
~XRD! measurements using synchrotron radiation, for study-
ing the glass transition temperature under high pressure
~above 1 GPa!. For comparison, we also study the
Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk metallic glass, one of the most
widely studied bulk metallic glasses.6 We found that the
glass transition temperature increases with pressure by 4.4
K/GPa, in good agreement with the data reported in Ref. 4,
and the supercooled liquid range decreases with pressure by
2.9 K/GPa in a pressure range of 0–2.2 GPa. The method
could be applied to other glassy systems.

Ingots of the Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass were
produced by alloying the pure components by induction
melting in a levitation device under purified Ar atmosphere

and quenching by contact with water-cooled copper surface.
This material was remelted in a fused silica crucible and
die-cast into a copper mold, to obtain 60-mm-long rods with
a diameter of 5 mm. The average cooling rate was estimated
to be .20 K/s. Samples from both ends of the rods were
mechanically polished and analyzed by optical microscopy
and scanning electron microscopy to ascertain the absence of
undesirable primary crystals, which cannot be detected by
XRD below a volume fraction of about 3%. The glass tran-
sition temperature of the glass at ambient pressure was esti-
mated by a Perkin-Elmers Pyris Diamond DSC at a heating
rate of 4 K/min under a flow of purified argon to beTg

5330 °C.
In situ high-temperature and high-pressure x-ray powder

diffraction patterns for the Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk
glass were recorded, using synchrotron radiation and the
white-beam energy-dispersive method, as shown in Fig. 1 at
a pressure of 0.84 GPa. High temperatures~up to 1500 °C!
and high pressures~up to 8 GPa! could be obtained in the
multi-anvil device MAX80 of HASYLAB in Hamburg,
Germany.7 Similar pressures~higher than 1 GPa! can be ac-
cessed in many laboratories. The central part of the sample
chamber consists of a cylindrical boron nitride container
with an internal diameter of 1 mm~Fig. 2!. The upper half of
the container is filled with the sample, and the lower half
with NaCl powder for pressure calibration purposes.8 Elec-
tric current is sent through a graphite heater via two appro-
priate anvils. The cubic chamber is compressed by six tung-
sten carbide anvils in a large hydraulic press. The
temperature is measured by means of thermocouple voltage
with a stability of 61 K. Each run consists of a room-
temperature compression followed by an isobaric heating to
high temperature in steps of 3 and 5 K with a recorded XRD
pattern for every 10 min. Pure Zr, Fe, and the bulk metallic
glass powders were used to examine the possible oxidation
of samples during the heat treatments using the sample as-
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sembly. It was found that only pure metallic phases in the
three systems were detected after heat treatments at tempera-
tures up to 550 °C. In addition, we have also carried out
room-temperature compression XRD measurements up to
about 50 GPa using a diamond-anvil cell. A pressure trans-
mitting medium of 4:1 methanol:ethanol solution was used.
The actual pressure was calculated from the wavelength shift
of the ruby line using the nonlinear pressure scale of Mao
et al.9

The peak position of the broad amorphous peak of the
Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass, estimated from the fit
using a Gaussian line profile, as a function of temperature, is
shown in Fig. 3. The slope of peak position versus tempera-
ture is clearly altered when the sample temperature rises
from the glassy state to the supercooled liquid state. It is well
known that at around glass transition temperature the slope
of thermal expansion of glasses changes. For metallic
glasses, most likely having a dense random packed structure,

the maximum position (1/dmax in Å 21) in an x-ray powder
diffraction pattern is proportional to 1/D, where D is the
average nearest neighbor distance in the metallic glass de-
duced from the position of the first peak in the radial distri-
bution function curve~in Å!.10 Thus, the peak position versus
temperature, as shown in Fig. 3, might link to the relation-
ship of the average nearest neighbor distance versus tempera-
ture in the metallic glass. To support this argument, we fur-
ther estimate bulk modulus of a similar bulk glass,
Zr41.2Ti13.8Cu12.5Ni10Be22.5, from high-pressure~up to 50
GPa! XRD measurements. Figure 4 shows compression data,
@dmax(P)/dmax(0)#3 versus pressure, of the bulk glass together
with a solid fitting curve obtained from the Birch equation of
state.11 The zero-pressure bulk modulus of the glass is found
to be 107610 GPa, which is in good agreement with 112
GPa for the alloy estimated by a resonant ultrasound
spectroscopy.12 This result strongly indicates that
@dmax(P)/dmax(0)#3 is proportional to the ratio of the volume
of the glass at a given pressure to that at zero pressure,
V(P)/V(0), of themetallic glass. Therefore, the glass tran-
sition temperature for the Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk
glass under pressure can be estimated by an interpolation

FIG. 1. In situ energy-dispersive x-ray powder diffraction patterns recorded
for the Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass at 0.84 GPa (Ed

5101.59 keV Å) with an exposure time of 10 min for a given temperature.
Steps of 5° and 3° were used for the temperature ranges of 250–300 and
300–420 °C, respectively. The broad amorphous peak, located at about 43
keV, and a few Bragg peaks from BN are detected.

FIG. 2. The sample chamber for high-pressure and high-temperature x-ray
powder diffraction studies.

FIG. 3. The peak position of the broad amorphous peak for the
Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass, estimated from the fit using a Gaussian
line profile, as a function of temperature. The glass transition temperature
was estimated by the interpolation technique shown.

FIG. 4. Compression data,@dmax(P)/dmax(0)#3 vs pressure, of a
Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk glass at room temperature. The solid curve
is calculated from the Birch equation of state.
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technique as shown in Fig. 3. Pressure dependencies of the
glass transition temperature and crystallization temperature
using a heating rate of about 0.3 K/min for the
Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass are depicted in Fig. 5.
The value of the glass transition temperature at ambient pres-
sure estimated here is similar to the value estimated by DSC
although the heating rate differs. It reveals that the glass
transition temperature increases with pressure by about 4.4
K/GPa for the metallic glass, which is in good agreement
with the reported data of 3.6 K/GPa estimated fromex situ
measurements of enthalpy change for the glass annealed un-
der pressure.4 The value compares well with known data of
the shift ofTg with pressure in other glass-forming systems.2

We further found that the supercooled liquid region, defined
by the crystallization temperature,Tx , minus the glass tran-
sition temperature,Tg , decreases with pressure by about 2.9
K/GPa. The pressure-dependence of the supercooled liquid
region has been measured for metallic glassy systems. The
slope ofTx versus pressure, 1.5 K/GPa, for a heating rate of
0.3 K/min used here is in good agreement with the reported
data, 1.7 K/GPa, for a heating rate of about 3 K/min for the
same glass, although the absolute crystallization temperature
shifts due to different heating rates.13

In conclusion, a technique, based onin situ high-
temperature and high-pressure x-ray powder diffraction mea-
surements using synchrotron radiation, was developed for
studying the glass transition temperature under pressures
above 1 GPa. The method can be applied to other glassy
systems with glass transition temperatures higher than ambi-
ent temperature. We believe that more experimental data for
pressure dependencies of the glass transition and supercooled
liquid region in the pressure range above 1 GPa in a variety
of glassy systems will be available. The results will no doubt
further deepen our understanding of the glass transition, one
of the most fascinating open questions in materials science
and condensed-matter physics.
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FIG. 5. The glass transition and crystallization temperature of the
Zr46.8Ti8.2Cu7.5Ni10Be27.5 bulk glass as a function of pressure. The data were
linearly fitted as solid lines.
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