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Glass transition in Zr46.75Ti 8.25Cu7.5Ni10Be27.5 metallic glass under high pressure
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An approach is developed using differential scanning calorimetry with the characteristics of relaxation to
exhibit a glass transition under high pressure in metallic glass, specifically, the glass transition in
Zr46.75Ti8.25Cu7.5Ni10Be27.5 bulk glass-forming alloy with a very stable supercooled liquid state. Through the
approach, we obtain an averaged increase of the glass transition temperature with a pressure of 5.6 K/GPa.
Based on free volume theory, the formation volume (DVf) of 6.560.5 Å3 and migration volume (DVm) of
6.560.5 Å3 for defect diffusion, which is related to pressure-dependent free volume change, are derived. The
results contribute to the understanding of the nature of the calorimetric glass transition and diffusion in metallic
glasses.

DOI: 10.1103/PhysRevB.69.092201 PACS number~s!: 61.43.Dq, 62.40.1i, 63.50.1x, 64.70.Pf
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The nature of the glass transition~GT! in viscous liquids
and glasses is a field of current interest.1–5 Efforts in the past
to understand the puzzle of the glass transition that
mostly been connected with chainlike or network-formi
substances have experienced rejuvenation by the disco
of bulk metallic glasses~BMGs!.6 The BMGs are compa
rable to a hard-sphere system, rather easily describab
contrast to inorganic, nonmetallic glass formers or orga
polymers.7 The microscopic theories of the dynamics of t
GT, such as free-volume theories8 and Gibbs theories9 are
proposed to present understanding of relaxation and the
Nevertheless, the basic understanding of the GT is sti
matter of debate. Pressure, similar to temperature, is an
portant variable that affects the GT and structural relaxat
The pressure-dependent structural relaxation and GT i
importance for understanding the nature of the calorime
GT10 and for giving insight into the diffusion mechanism
glasses.11 However, because of the difficulty in obtaining d
rect access to the GT at high pressure and the long
needed to reach the equilibrium below the calorimetric gl
transition temperatureTg , few high-pressure experimen
above 1.5 GPa on the GT and structural relaxation have b
preformed.

The GT crossing from a nonergodic to an ergodic st
can exhibit the relaxation taken place under the annealin
an elevated temperature and high pressure, which is acc
panied by the change of height of the calorimetric GT pe
in a differential scanning calorimetry~DSC! trace.10,12 The
calorimetric GT, according to the free volume theory, is
process of approaching the free volume from a lower va
to higher equilibrium value.12 Based on the enthalpy recov
ery method Samweret al.11 and Ruitenberget al.10 devel-
oped a similar method to study the relaxation and GT un
high pressure. However, the method in Ref. 10 was base
extrapolation, which could lead to large error and can
directly exhibit the effect of high pressure on the GT. In th
work, we used the quenching method to freeze the relaxa
states in the glass transition region under high pressur
ambient conditions. Because the relaxation below the su
cooled liquid region can be restricted at the experimen
time scale, the high pressure and high temperature s
within the GT region could be frozen into ambient cond
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tions. Thus, the GT under high pressure in a metallic gl
can be studied at ambient conditions.

Compared with enthalpy recovery method11

this approach can exhibit objectively the GT und
high pressure. A Zr46.75Ti8.25Cu7.5Ni10Be27.5 BMG
@Zr46.75Ti8.25Cu7.5Ni10Be27.5 is named vit4; its critical
cooling rate for glass formation is;10 K/s ~Ref. 13!# was
chosen as a model system because it has a very high sta
of the supercooled liquid state that offers a large experim
tally accessible time and temperature window to investig
the relaxation and nature of the GT without the intervetion
deterioration such as phase separation or crystallizatio13

The alloy also has very sluggish kinetics in the supercoo
liquid state, the structural feature of which can be eas
frozen during quenching.13 Via this approach, we can mea
sure the changes in relaxation behavior and the GT un
high pressure, and the formation volume (DVf) and the mi-
gration volume (DVm) for defect diffusion11 of the glass can
also be determined.

The Zr46.75Ti8.25Cu7.5Ni10Be27.5 BMG was produced by
cooling the alloy from the melt into a glassy state in a cop
mold. The BMG sheets~1 mm in width, 0.8 mm depth, and
5 mm length! were annealed first at 568 K~62 K belowTg)
for 34.5 h in a furnace with vacuum of 2.031023 Pa. The
purpose of the preannealing was to achieve a relaxed gl
state with a pronounced endothermic ‘‘overshooting,’’ whi
was used as scale and exhibited the change of the free
ume with temperature and pressure in our method. No c
tallization was observed by x-ray diffraction, DSC, an
transmission electron microscopy in any sample after ann
ing. After preannealing each sample was heated to a temp
ture between 568 K and 703 K at a heating rate of 40 K/m
followed by quenching to room temperature. The quench
temperature-dependent change of the relaxed state unde
bient and high pressure conditions was determined by D
The quenching at ambient pressure is performed in a Per
Elmer DSC-7 calorimeter with the cooling rate of 12
K/min. Samples quenched at high pressure were carried
with a cooling rate of 1200 K/min~20 K/s! in a 1000-ton
cubic anvil-type high-pressure equilibrium. The samp
were put into a BN tube and then inserted into a graph
heater. A thermocouple touched with the specimen was u
to monitor the temperature of specimen. Pressure was
©2004 The American Physical Society01-1
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brated using the phase transition point of pure Bi~II-III at
2.7 G Pa!, Tl ~II-III at 3.6 GPa!, and Ba~I-II at 5.6 GPa!
metals. After each treatment DSC was performed to de
mine the glassy state in a Perkin-Elmer DSC-7 calorime
under flowing purified argon gas at a constant heating rat
40 K/min.

Figure 1~a! shows DSC curves, given here as the chan
in the apparent specific heatDC(T)5C(T)2C(373 K), for
the samples after each quench at various temperatures a
bient pressure.C(373 K) andC(T) are the apparent specifi
heat at 373 K and temperature (T), respectively. The quenc
below 633 K cannot change the relaxed state because o
change of the GT peak within the DSC sensitivity. Up to 6
K ~above the onsetTg , 630 K! the peak begins to decreas
From 633 to 658 K the GT peak decreases gradually as
quenching temperature increases, implying that the gla

FIG. 1. The DSC curves of the relaxed samples after the dif
ent temperature quenching~a! under ambient pressure and~b! at 3.5
GPa with the heating rate of 40 K/min. The simulated DSC cur
after the different temperature quenching~c! under ambient pres
sure and~d! at 3.5 GPa with the heating rate of 40 K/min.
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state of the preannealing samples is changed after e
quench. When the temperature is over 650 K~above the end
temperature of GT, 650 K! the peak of the GT remains un
changeable again, indicating that the glassy state is alm
independent of the quenching temperatures~from 650 K to
703 K!. Figure 1~b! shows the DSC curves of the BMG afte
a high-pressure quench at various temperatures at 3.5
The onset temperature of the decrease of the GT pea
about 653 K. Compared with that of Fig. 1~a!, the tempera-
ture, at which the peak of the GT begins to decrease, shift
higher temperature at 3.5 GPa. This indicates that pres
inhibits the change of the relaxed state. Figure 2 shows
spots of the relative change @DCpeak(T)5Cpeak
2Cpeak(T)# of the GT peak of the samples after differe
pressure quenches, whereCpeak(5698 mJ/g K) and
Cpeak(T) are the apparent specific heats at the GT peak
the sample after the preannealing and quenching from t
perature T under various pressures. The accuracy
Cpeak(T) is estimated to be 5%. The onset temperature of
change of the relaxed state corresponding toTg can be found
to increase with increasing pressure. The onset tempera
under ambient pressure, 3.5 GPa, and 5.0 GPa are 630,
and 658 K, respectively.

In order to clarify the quenching temperature and press
dependence of the glassy state the defect concentratiocD
related to the reduced free volumex in the system bycD
5exp(21/x) is introduced.14 The change incD due to struc-
tural relaxation during a DSC scan is governed by the diff
ential equation15

dcD

dt
52krcD@cD2cD

eq#, ~1!

wheret denotes time.kr , a temperature-dependent rate fa
tor for structural relaxation, has the form15

kr5k0 expS 2
Ef

kTDexpS 2
pDVm

kT D ,

whereEf is the relaxation activation energy,k the Boltzmann
constant,k0 a constant,p the pressure, andDVm the migra-

r-

s

FIG. 2. The quenching temperature dependence of the rela
change@DCpeak(T)5Cpeak2Cpeak(T)# of the peak of the glass
transition at different pressures, whereCpeak is the height of the
glass transition for the sample annealed at 568 K for 34.5 h.
1-2
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tion activation volume of the defect change necessary for
kr to take place with pressure.cD

eq is the defect concentratio
in thermodynamic equilibrium and has the form15

cD
eq5expS 2

B

T2T0
DexpS 2

pDVf

kT D ,

whereDVf is the formation activation volume of the defe
change necessary for thecD

eq to take place with pressure,T0

is the Vogel-Fulcher temperature,16 andB is a constant. For
the continuous heating process, Eq.~1! can be changed into
the form:

d~21/x!

dT
52

kr

u
@exp~21/x!2cD

eq#, ~2!

where u is heating rate. The calculated DSC signal is o
tained by assuming that the observed heat flow,DCp(T), to
be related tox by DCp(T)5Adx/dT, A is a constant. The
values of the parameters ofEf , k0 , andA used are 2.64 eV
3.7531034 s21, and 1.0 eV, respectively. The values ofB
and T0 obtained from Ref. 16 are 9.643103 K and 352 K,
respectively. With the known parameters ofEf , k0 , A, B, u,
andT0 , the only fit parameter used to simulated DSC tra
is the initial reduced free volumex0 .10 The calculated DSC
traces corresponding to Figs. 1~a! and 1~b! are shown in
Figs. 1~c! and 1~d!, respectively. The calculated DSC trac
are consistent with the experimental data in the change
dency of the height of the GT peak. The shape of the ca
lated traces is relatively narrower compared to the D
traces due to the ignorance of the chemical ordering eff
which cannot affect the height of the GT peak.10,12,14,15

Therefore, the change of the calorimetric GT peak is co
lated to the change ofx0 depending on the quenching tem
perature and pressure. The decrease of the calorimetric
peak is accompanied with the increase ofx0 .

Based on free volume theory12,15 for the continuous heat
ing process the calorimetric GT determined by DSC is
companied with the free volume increasing from a low va
to high equilibrium value in the system. The GT process c
be exhibited by the temperature-dependent free volumex,
which can be measured by quenching with rather a fast c
ing rate. The resulting values ofx0 after the different pres-
sure and temperature quenches are presented in Fig.~a!.
The quenching temperature dependence of thex0 corre-
sponds to the calorimetric GT.15 The onset temperatures fo
increasingx0 are 630, 650, and 658 K at ambient pressu
3.5 GPa, and 5.0 GPa, respectively. So the onset temper
of the calorimetric GT is 630, 650, and 658 K at ambie
pressure, 3.5 GPa, and 5.0 GPa, respectively.Tg increases
with the increase of pressure loaded. Compared with
3~b! it is found that the temperature-dependentx0 at 1 atm is
very consistent with the DSC trace, affirming that the GT c
be exhibited with the quenching-temperature-dependentx0 .
Therefore, with this approach, we obtain an averaged
crease ofTg with pressure of 5.6 K/GPa, which is larger tha
the 3.6 K/GPa determined by the enthalpy recov
method.11 The difference is due to the different applied me
ods. The enthalpy recovery method depends on
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assumptions.11 One is that the thermal equilibrium glass
state belowTg can be reached by annealing belowTg within
the experimental time scale. Another is that the value of
thalpy at high pressure can be determined by the para
shifting of the enthalpy line at ambient pressure. Compa
with the enthalpy recovery method, ours is objective a
more accurate in determination ofTg under high pressure.

The fits of x0 using Eq.~2! are shown in Fig. 3~a!. The
solid lines exhibit the calorimetric GT processes, which a
the temperature-dependentx at different pressures, and th
dashed lines, which are the temperature dependence o
equilibrium xeq at different pressures. From the fit the tw
important quantities are obtained:DVm56.560.5 Å3 and
DVf56.560.5 Å3 @less than 0.4V, whereV (519.3 Å3) is
the mean atomic volume of vit4#. The disagreements with th
data at high temperature, especially for the GT of ambi
pressure and 3.5 GPa, are due to the fact that the quenc
rate is not large enough to freeze the states at high temp
ture represented byx. The relaxation during the quenc
causes the difference betweenx andx0 . The effect of pres-
sure on the calorimetric GT is due to two factors. One is
decreasing rate factorkr with increasing pressure because t
value of DVm (6.560.5 Å3) is positive. The other is the
decrease in equilibrium free volume with increasing pr
sure, the temperature-dependentxeq shifting to lower value
with increasing pressure. The activation volume,DV*
5DVm1DVf , consisting of a migration part and a forma
tion part for thermal defect diffusion, is 1361 Å3.10 Com-
paring withDVm andDVf in common crystalline alloys, in
which DVm is small enough to be ignored andDVf is about

FIG. 3. ~a! The quenching temperature dependence of the in
free volume,x0 , for the BMG at different pressures, determine
from the fit of Fig. 2 with Eq.~1!. The solid lines exhibit the calo-
rimetric GT processes, which are the temperature-dependentx at
different pressures, and the 3 dashed lines from thin to thick are
temperature dependence of the equilibriumxeq at ambient pressure
3.5 GPa and 5 GPa, respectively.~b! The DSC trace for the as-cas
sample with a heating rate of 40 K/min.
1-3



i

-
he

a
o

y

-
e

By

n

t

n
s-

iq-

d

e
l

n in
ion

t-
not
a-
tive

tric
der
der

GT
ive

e
an

he

l a

tur

ur

Re

e

, A

os.

t.

pel,

er,

BRIEF REPORTS PHYSICAL REVIEW B69, 092201 ~2004!
(0.5;1.3) V,17 DVm is relatively larger while DVf is
smaller in vit4. This phenomenon can also be found
Pd40Ni40P20 BMG, whose DVf is about 5.960.5 Å3 and
DVm is about 560.5 Å3.10 It may be due to the characteris
tic of glass, in which the free volume connected with t
defect is distributed homogenously in the system and
much smaller than the value ofV.8

Our study can present information on diffusion mech
nism in the metallic glasses and supercooled liquids. Fr
the viewpoint of diffusion via thermal defects.18–20 the dif-
fusivity D in the real glass state is given b
D(p)5krcD .10,17Through Eq.~1!, in glassy states highercD

are always approaching lowercD
eq during isothermal anneal

ing. Therefore,D decreases with increasing annealing tim
The prediction is consistent with the results in Ref. 21.
using of Eqs.~1!, DV* can be given as

DV* 52kT
] ln D

]P
52kT

] ln kr

]p
2kT

] ln cD

]p

5DVm1DVf
D . ~3!

The formation part of DV* of a glass, DVf
D

52kT (] ln cD /]p) , is equal to 6.560.5 Å3 only whencD

approachescD
eq . The value of the formation volume in a

equilibrium glass state for vit4 is 6.5 Å3. Therefore, the ob-
tained DV* ~about 0.7V, V519.3 Å3 for vit4! can be re-
garded as the pressure-dependent defect diffusion in
equilibrium glass state.10 In vit4, a value ofDV* about 1.0V
was reported for Ni diffusion in supercooled liquids.22 The
difference reveals that diffusion via thermal defects does
hold for the Ni diffusion in supercooled liquids. It is consi
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tent with the recent result that diffusion in supercooled l
uids is a collective process involving several atoms.7,20

The diffusion mechanism involving point defects an
thermally activated jumps in glass is still under debate.17 For
example, Klugkistet al.23 reportedDV* of 57Co diffusion in
Co81Zr19 as (0.0860.1)V. The almost vanishing pressur
dependence of57Co diffusion rules out vacancylike therma
defects such as diffusion vehicles in the glass. Relaxatio
metallic glasses has been found to change the diffus
mechanism from single jump to collective motion.23 The
small value ofDVf (,0.4V) for thermal defects in vit4 and
Pd40Ni40P20 BMG reveals the conclusion that for larger a
oms vacancylike thermal defects as diffusion vehicles is
reasonable for BMGs. It is likely that the diffusion mech
nism for larger atoms in the relaxed glassy state is collec
diffusion.24

In conclusion, using the characteristics of the calorime
GT a method is developed to study the glass transition un
high pressure, and the calorimetric glass transition un
high pressure is exhibited. An increase ofTg with a pressure
of 5.6 K/GPa is derived. The effect of pressure on the
indicates that the GT is a dynamic process. A quantitat
interpretation of the effect yields the values of 6.560.5 Å3

for the formation volume and 6.560.5 Å3 for the migration
volume of defect diffusion in vit4. The results support th
conjecture that the diffusion mechanism of larger atoms in
equilibrium glassy state is collective diffusion.
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