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Pressure effects on glass transition temperature and supercooled liquid region of a
Zr,6.8T1g CU; sNioBey7 5 bulk glass have been investigated by performimgitu 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
Zr,6.8T15 CU; sNijoBe,7 5 bulk glass, and the supercooled liquid range decreases with pressure by
2.9 K/IGPa 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 pressute§&Pa. © 2004
American Institute of Physics[DOI: 10.1063/1.1675937

Understanding the glass transition in a variety of glassyand quenching by contact with water-cooled copper surface.
systems such as polymers, silica, orientational glasses, spirhis material was remelted in a fused silica crucible and
glasses, and metallic glasses is still a major scientificdie-cast into a copper mold, to obtain 60-mm-long rods with
challengée: The pressure dependence of the glass transitioa diameter of 5 mm. The average cooling rate was estimated
temperatureT,, is one of the key issues regarding the va-to be >20 K/s. Samples from both ends of the rods were
lidity of existing various theories and establishing newmechanically polished and analyzed by optical microscopy
theories? Using free volume theory, it has been predictedand scanning electron microscopy to ascertain the absence of
that the glass transition temperature will increase and theandesirable primary crystals, which cannot be detected by
level off with increasing pressureSo far, most experimental XRD below a volume fraction of about 3%. The glass tran-
results have been reported for pressures below 1 GPa amition temperature of the glass at ambient pressure was esti-
indicate that the glass transition temperature increases witinated by a Perkin-Elmers Pyris Diamond DSC at a heating
pressuré.For metallic systems, rare experimental datdpf rate of 4 K/min under a flow of purified argon to b,
vs pressure have been reported. Sametal’ reported an =330°C.
increase of Ty with pressure of 3.6 K/GPa for a In situ high-temperature and high-pressure x-ray powder
Zr46.8T1g CWr NijgBey7 5 bulk metallic glass by an indirect diffraction patterns for the Zg glig ,Cu; sNijgBe,; 5 bulk
enthalpy recovery methatlin which ambient-pressure dif- glass were recorded, using synchrotron radiation and the
ferential scanning calorimetrDSC) measurements of white-beam energy-dispersive method, as shown in Fig. 1 at
samples annealed under pressure were carried out. In thispressure of 0.84 GPa. High temperatuigs to 1500 °Q
letter, we report a direct method, based ionsitu high-  and high pressure@ip to 8 GPa could be obtained in the
temperature and high-pressure x-ray powder diffractiormulti-anvil device MAX80 of HASYLAB in Hamburg,
(XRD) measurements using synchrotron radiation, for studyGermany. Similar pressureghigher than 1 GPacan be ac-
ing the glass transition temperature under high pressureessed in many laboratories. The central part of the sample
(above 1 GPm For comparison, we also study the chamber consists of a cylindrical boron nitride container
Zr46.8T1g CU; NijgBe,7 5 bulk metallic glass, one of the most with an internal diameter of 1 mitiig. 2). The upper half of
widely studied bulk metallic glasséswe found that the the container is filled with the sample, and the lower half
glass transition temperature increases with pressure by 4with NaCl powder for pressure calibration purpo&dslec-
K/GPa, in good agreement with the data reported in Ref. 4tric current is sent through a graphite heater via two appro-
and the supercooled liquid range decreases with pressure Ipyiate anvils. The cubic chamber is compressed by six tung-
2.9 K/GPa in a pressure range of 0—2.2 GPa. The methosten carbide anvils in a large hydraulic press. The
could be applied to other glassy systems. temperature is measured by means of thermocouple voltage

Ingots of the Zgg gTig ,CU; sNijgBe,; 5 bulk glass were  with a stability of +1 K. Each run consists of a room-
produced by alloying the pure components by inductiontemperature compression followed by an isobaric heating to
melting in a levitation device under purified Ar atmospherehigh temperature in steps of 3ci6 K with a recorded XRD
pattern for every 10 min. Pure Zr, Fe, and the bulk metallic
“Author to whom correspondence should be addressed:; electronic maif}lass powders were used to examine the possible oxidation
jiang@fysik.dtu.dk or jiangjz@zju.edu.cn of samples during the heat treatments using the sample as-
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FIG. 1. In situ energy-dispersive x-ray powder diffraction patterns recordedFIG. 3. The peak position of the broad amorphous peak for the
for the Zngglig CursNijgBeyys bulk glass at 0.84 GPa Eg Zr46.8Tig .CUr sNijoBey7 5 bulk glass, estimated from the fit using a Gaussian
=101.59 keV A) with an exposure time of 10 min for a given temperature.line profile, as a function of temperature. The glass transition temperature
Steps of 5° and 3° were used for the temperature ranges of 250—300 andas estimated by the interpolation technique shown.

300-420 °C, respectively. The broad amorphous peak, located at about 43

keV, and a few Bragg peaks from BN are detected.

the maximum position (&, in A1) in an x-ray powder

sembly. It was found that only pure metallic phases in thediffraction pattern is proportional to 0, whereD is the
three systems were detected after heat treatments at tempefy€rage nearest neighbor distance in the metallic glass de-
tures up to 550°C. In addition, we have also carried outduced from the position of the first peak in the radial distri-
room-temperature compression XRD measurements up teution function curvein A).*° Thus, the peak position versus
about 50 GPa using a diamond-anvil cell. A pressure trans€mperature, as shown in Fig. 3, might link to the relation-
mitting medium of 4:1 methanol:ethanol solution was usedShip of the average nearest neighbor distance versus tempera-
The actual pressure was calculated from the wavelength shiftre in the metallic glass. To support this argument, we fur-
of the ruby line using the nonlinear pressure scale of Magher estimate bulk modulus of a similar bulk glass,
et al® Zryq oTi13.8CUo NijgBer, 5, from high-pressure(up to 50

The peak position of the broad amorphous peak of th&3Pa XRD measurements. Figure 4 shows compression data,
Zr 46 6Tig CUy sNizgBesy 5 bulk glass, estimated from the fit [dmaXP)/dmadO)F° versus pressure, of the bulk glass together
using a Gaussian line profile, as a function of temperature, i¥ith ?130“d fitting curve obtained from the Birch equation of
shown in Fig. 3. The slope of peak position versus temperastate: The zero-pressure bylk_modulus of the glass is found
ture is clearly altered when the sample temperature risel® be 10710 GPa, which is in good agreement with 112
from the glassy state to the supercooled liquid state. It is wel?Pa for the alloy estimated by a resonant ultrasound
known that at around glass transition temperature the S|opg)ectroscop§7? This result strongly indicates that
of thermal expansion of glasses changes. For metalli€dmadP)/dma{0)F is proportional to the ratio of the volume
glasses, most likely having a dense random packed structur@f 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 £ggligsCu;sNijgBey;s bulk
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FIG. 4. Compression data]dm,(P)/dma(0)° vs pressure, of a
FIG. 2. The sample chamber for high-pressure and high-temperature x-ragr,; ,Ti13 §Cui, NiigBe,, 5 bulk glass at room temperature. The solid curve

powder diffraction studies. is calculated from the Birch equation of state.
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420 In conclusion, a technique, based am situ high-
N — I ! ! i temperature and high-pressure x-ray powder diffraction mea-
(&} 390 T surements using synchro_t_ron radiation, was developed for
:; i x studying the glass transition temperature under pressures
£ above 1 GPa. The method can be applied to other glassy
*@ 360+ systems with glass transition temperatures higher than ambi-
e ent temperature. We believe that more experimental data for
£ 330,{1’—;—/}——{—/’_*’ pressure dependencies of the glass transition and supercooled
ﬁ’ T liquid region in the pressure range above 1 GPa in a variety
300, ‘ ‘ gl ‘ . of glassy systems will be availgble. The results will no doubt
00 05 10 15 20 25 further deepen our understanding of the glass transition, one
Pressure (GPa) of the most fascinating open questions in materials science

and condensed-matter physics.
FIG. 5. The glass transition and crystallization temperature of the

Zrg6 8115 CUr NiroBey7 s bulk glass as a function of pressure. The datawere  The authors thank HASYLAB in Hamburg, MAX-lab in
linearly fitted as solid lines. Lund, ESRF in Grenoble, and Spring8 in Japan for use of the
synchrotron radiation facilities. Financial support from the

technique as shown in Fig. 3. Pressure dependencies of thtational Natural Science Foundation of ChinéNo.
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using a heating rate of about 0.3 K/min for the search Council, and the Danish Natural Sciences Research
Zr4s.8Tis.Cl; NijgBe,s 5 bulk glass are depicted in Fig. 5. Council is gratefully acknowledged.
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