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Glass transition in Zr 45 75T1 g 25CU7 sNijoBe,7 s 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
Zr 46 75T 2:CU; sNijoBey7 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 volurdeV¢) of 6.5+0.5 A% and migration volume £V,,) of
6.5+ 0.5 A3 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.
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The nature of the glass transitid@T) in viscous liquids tions. Thus, the GT under high pressure in a metallic glass
and glasses is a field of current inter&stEfforts in the past  can be studied at ambient conditions.
to understand the puzzle of the glass transition that had Compared — with  enthalpy  recovery — methdd,
mostly been connected with chainlike or network-formingthis approach can exhibit objectively the GT under
substances have experienced rejuvenation by the discoveJdn _pressure. A Zg 7Tig ::CUr sNiyoBey7 5 BMG

of bulk metallic glasse¢BMGs).® The BMGs are compa- LZf46.751is.25CUrsNi1Be;75 IS named vitd; its _critical

rable to a hard-sphere system, rather easily describable ﬁﬂollng rate fordglrljlss ftorm%tlon IS 12 ﬁ/s (Ref. 1?]] ‘a’a‘;‘ bl
contrast to inorganic, nonmetallic glass formers or organicc OS€en as a modet system because 1t has a very nign stability

7 ; : : : of the supercooled liquid state that offers a large experimen-
polymers. The microscopic theories of t_he dynaml_cs of thetally accessible time and temperature window to investigate
GT, such as free-volume theorfeand Gibbs theori€sare

dt t understandi f relaxati dthe G e relaxation and nature of the GT without the intervetion of
proposed 1o present understanding of relaxation and the © ketarigration such as phase separation or crystallization.

Nevertheless, the basic understanding of the GT is still & gjioy also has very sluggish kinetics in the supercooled
matter of debate. Pressure, similar to temperature, is an infquid state, the structural feature of which can be easily
portant variable that affects the GT and structural relaxationgozen during quenching Via this approach, we can mea-
The pressure-dependent structural relaxation and GT is Qfure the changes in relaxation behavior and the GT under
importance for understanding the nature of the calorimetrigyigh pressure, and the formation volumg\(;) and the mi-
GT* and for giving insight into the diffusion mechanism in gration volume AV,,) for defect diffusion! of the glass can
glasses! However, because of the difficulty in obtaining di- also be determined.
rect access to the GT at high pressure and the long time The Zr 12Tig ,2CU; NijoBe,; s BMG was produced by
needed to reach the equilibrium below the calorimetric glasgooling the alloy from the melt into a glassy state in a copper
transition temperaturdy, few high-pressure experiments mold. The BMG sheet§él mm in width, 0.8 mm depth, and
above 1.5 GPa on the GT and structural relaxation have beegmnmm length were annealed first at 568 €62 K belowT)
preformed. for 34.5 h in a furnace with vacuum of 203 Pa. The

The GT crossing from a nonergodic to an ergodic statgurpose of the preannealing was to achieve a relaxed glassy
can exhibit the relaxation taken place under the annealing dftate with a pronounced endothermic “overshooting,” which
an elevated temperature and high pressure, which is accomvas used as scale and exhibited the change of the free vol-
panied by the change of height of the calorimetric GT peakume with temperature and pressure in our method. No crys-
in a differential scanning calorimet§fDSC) trace!®*? The  tallization was observed by x-ray diffraction, DSC, and
calorimetric GT, according to the free volume theory, is atransmission electron microscopy in any sample after anneal-
process of approaching the free volume from a lower valuéng. After preannealing each sample was heated to a tempera-
to higher equilibrium valué? Based on the enthalpy recov- ture between 568 K and 703 K at a heating rate of 40 K/min
ery method Samweet al!! and Ruitenbercet all® devel-  followed by quenching to room temperature. The quenching
oped a similar method to study the relaxation and GT undetemperature-dependent change of the relaxed state under am-
high pressure. However, the method in Ref. 10 was based dsient and high pressure conditions was determined by DSC.
extrapolation, which could lead to large error and cannofThe quenching at ambient pressure is performed in a Perkin-
directly exhibit the effect of high pressure on the GT. In thisElmer DSC-7 calorimeter with the cooling rate of 120
work, we used the quenching method to freeze the relaxatiok/min. Samples quenched at high pressure were carried out
states in the glass transition region under high pressure twith a cooling rate of 1200 K/mirf20 K/ in a 1000-ton
ambient conditions. Because the relaxation below the supecubic anvil-type high-pressure equilibrium. The samples
cooled liquid region can be restricted at the experimentalvere put into a BN tube and then inserted into a graphite
time scale, the high pressure and high temperature statégater. A thermocouple touched with the specimen was used
within the GT region could be frozen into ambient condi- to monitor the temperature of specimen. Pressure was cali-
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FIG. 2. The quenching temperature dependence of the relative
change[ACcad T) =Cpeak— Cpea T)] Of the peak of the glass

YT Y transition at different pressures, wheBgeay is the height of the
600 620 640 660 680 glass transition for the sample annealed at 568 K for 34.5 h.

state of the preannealing samples is changed after each
quench. When the temperature is over 650akove the end

600 |- —e628K AN () temperature of GT, 650 Kthe peak of the GT remains un-
P ek R changeable again, indicating that the glassy state is almost
__ 400 | - ea3k l 2N independent of the quenching temperatufiesm 650 K to
X 200 i _gggﬁ N 703 K). Figure 1b) shows the DSC curves of the BMG after
2 _'- - 663K T T T T = a high-pressure quench at various temperatures at 3.5 GPa.
E 0 The onset temperature of the decrease of the GT peak is
=~ about 653 K. Compared with that of Fig(dl, the tempera-
2 600 ture, at which the peak of the GT begins to decrease, shifts to

higher temperature at 3.5 GPa. This indicates that pressure
inhibits the change of the relaxed state. Figure 2 shows the
spots of the relative change[ACpeadT)=Cpeax
CpealT)] of the GT peak of the samples after different
pressure quenches, whereC (=698 mJ/gK) and
- ) ) CpealT) are the apparent specific heats at the GT peak for
630 640 650 660 the sample after the preannealing and quenching from tem-
perature T under various pressures. The accuracy of
CpealT) is estimated to be 5%. The onset temperature of the

FIG. 1. The DSC curves of the relaxed samples after the differchange of the relaxed state corresponding¢ean be found
ent temperature quenchirtg under ambient pressure afigj at 3.5  t0 increase with increasing pressure. The onset temperatures
GPa with the heating rate of 40 K/min. The simulated DSC curvedinder ambient pressure, 3.5 GPa, and 5.0 GPa are 630, 650,
after the different temperature quenchif@ under ambient pres- and 658 K, respectively.
sure and(d) at 3.5 GPa with the heating rate of 40 K/min. In order to clarify the quenching temperature and pressure

dependence of the glassy state the defect concentragon
brated using the phase transition point of pure(IBill at related to the reduced free volumxein the system bycp
2.7 G Pa, Tl (Il-ll at 3.6 GPa, and Ba(l-ll at 5.6 GPa  =exp(—1/x) is introduced* The change ircy due to struc-
metals. After each treatment DSC was performed to detetural relaxation during a DSC scan is governed by the differ-
mine the glassy state in a Perkin-Elmer DSC-7 calorimetegntial equatioi‘?
under flowing purified argon gas at a constant heating rate of
40 K/min. decp .
) . - _ ced

Figure Xa) shows DSC curves, given here as the change a9t~ kcColco—Col, €y

in the apparent specific heAlC(T)=C(T)—C(373 K), for

400

200

Temperature (K)

the samples after each quench at various temperatures at amheret denotes timek, , a temperature-dependent rate fac-
bient pressureC(373 K) andC(T) are the apparent specific tor for structural relaxation, has the fotn
heat at 373 K and temperatur€)( respectively. The quench

below 633 K cannot change the relaxed state because of no E¢ pPAV,,

change of the GT peak within the DSC sensitivity. Up to 633 K =ko exp( kT ex% T kT )

K (above the onsel,, 630 K) the peak begins to decrease.

From 633 to 658 K the GT peak decreases gradually as thehereE; is the relaxation activation enerdythe Boltzmann
guenching temperature increases, implying that the glassgonstantky a constantp the pressure, andV,, the migra-
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tion activation volume of the defect change necessary for the 300
k, to take place with pressureg’is the defect concentration
in thermodynamic equilibrium and has the fdfm

cpl=exp — 5 ex _pave
D T-To kT )

whereAV; is the formation activation volume of the defect (b)
change necessary for tiog? to take place with pressur&, Y= YHSTVRRTTY FITTIT FYREET PETETYE FPTPIE PYPETY FPRTN
is the Vogel-Fulcher temperatutandB is a constant. For
the continuous heating process, Et). can be changed into
the form:

100 =

AC (mJ/K.g)

0.030

d(—1x)

k ° 0.028
= plex— 15~ 8, @ %

0.026 |-

where 6 is heating rate. The calculated DSC signal is ob-
tained by assuming that the observed heat fib®,(T), to
be related tax by AC,(T)=Adx/dT, A is a constant. The

580 600 620 640 660 680 700 720

values of the parameters Bf , ko, andA used are 2.64 eV, Temperature (K)
3.75x10* s, and 1.0 eV, respectively. The values Bf . o
and T, obtained from Ref. 16 are 9.6410° K and 352 K, FIG. 3. (a) The quenching temperature dependence of the initial

free volume,xq, for the BMG at different pressures, determined
grom the fit of Fig. 2 with Eq.(1). The solid lines exhibit the calo-
rimetric GT processes, which are the temperature-dependant

respectively. With the known parameterskf, kg, A, B, 6,
andT,, the only fit parameter used to simulated DSC trace

is the initial reduced free volume,.™ The calculated DSC different pressures, and the 3 dashed lines from thin to thick are the

”?‘CGS corresponding to Flgs(al and 1b) are shown in temperature dependence of the equilibriktfhat ambient pressure,
Figs. :I(c)_ and Id), respectlvel-y. The Calcu",'ﬂed bSC races 3 5 Gpa and 5 GPa, respectively) The DSC trace for the as-cast
are consistent with the experimental data in the change terg—amme with a heating rate of 40 K/min.

dency of the height of the GT peak. The shape of the calcu-
lated traces is relatively narrower compared to the DSGssumptiond! One is that the thermal equilibrium glassy
traces due to the ignorance of the chemical ordering effecstate belowrl'y can be reached by annealing beldywithin
which cannot affect the height of the GT pedKk?!41>  the experimental time scale. Another is that the value of en-
Therefore, the change of the calorimetric GT peak is correthalpy at high pressure can be determined by the parallel
lated to the change of, depending on the quenching tem- shifting of the enthalpy line at ambient pressure. Compared
perature and pressure. The decrease of the calorimetric GFith the enthalpy recovery method, ours is objective and
peak is accompanied with the increasexgf more accurate in determination @f under high pressure.
Based on free volume thed®**for the continuous heat- The fits ofxq using Eq.(2) are shown in Fig. &). The
ing process the calorimetric GT determined by DSC is acsolid lines exhibit the calorimetric GT processes, which are
companied with the free volume increasing from a low valuethe temperature-dependextat different pressures, and the
to high equilibrium value in the system. The GT process cardashed lines, which are the temperature dependence of the
be exhibited by the temperature-dependent free voldme equilibrium x®% at different pressures. From the fit the two
which can be measured by quenching with rather a fast coolmportant quantities are obtainedV,,=6.5+0.5 A®> and
ing rate. The resulting values af, after the different pres- AV;=6.5+0.5 A3 [less than 0.2, whereQ (=19.3 A%) is
sure and temperature quenches are presented in f@Ep. 3 the mean atomic volume of vit4The disagreements with the
The quenching temperature dependence of xhecorre- data at high temperature, especially for the GT of ambient
sponds to the calorimetric Gtf.The onset temperatures for pressure and 3.5 GPa, are due to the fact that the quenching
increasingx, are 630, 650, and 658 K at ambient pressureyate is not large enough to freeze the states at high tempera-
3.5 GPa, and 5.0 GPa, respectively. So the onset temperaturge represented bx. The relaxation during the quench
of the calorimetric GT is 630, 650, and 658 K at ambientcauses the difference betwerrandx,. The effect of pres-
pressure, 3.5 GPa, and 5.0 GPa, respectivijyincreases sure on the calorimetric GT is due to two factors. One is the
with the increase of pressure loaded. Compared with Figdecreasing rate factég with increasing pressure because the
3(b) it is found that the temperature-dependepat 1 atm is  value of AV,, (6.5+0.5 A% is positive. The other is the
very consistent with the DSC trace, affirming that the GT cardecrease in equilibrium free volume with increasing pres-
be exhibited with the quenching-temperature-depenggnt sure, the temperature-dependefit shifting to lower value
Therefore, with this approach, we obtain an averaged inwith increasing pressure. The activation volumgy*
crease off ; with pressure of 5.6 K/GPa, which is larger than =AV,,+AV;, consisting of a migration part and a forma-
the 3.6 K/GPa determined by the enthalpy recovention part for thermal defect diffusion, is #31 A%.1° Com-
method"! The difference is due to the different applied meth-paring with AV,, and AV, in common crystalline alloys, in
ods. The enthalpy recovery method depends on twavhich AV, is small enough to be ignored add/; is about
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(0.5~1.3) Q,Y AV,, is relatively larger whileAV; is  tent with the recent result that diffusion in supercooled lig-
smaller in vit4. This phenomenon can also be found inuids is a collective process involving several atdrfis.
Pd,oNisP,0 BMG, whose AV is about 5.90.5 A® and The diffusion mechanism involving point defects and
AV,, is about 5+ 0.5 A3.1° |t may be due to the characteris- thermally activated jumps in glass is still under deb3teor
tic of glass, in which the free volume connected with theexample, Klugkiset al?® reportedAV* of >’Co diffusion in
defect is distributed homogenously in the system and ifCongrlg as (0.08:0.1)Q). The almost vanishing pressure
much smaller than the value of.° _ o dependence of’Co diffusion rules out vacancylike thermal
_Our study can present information on diffusion mecha-gefects such as diffusion vehicles in the glass. Relaxation in
nism in the metallic glasses and supercooled liquids. Fromyetajlic glasses has been found to change the diffusion
the_ v_|ewp0|nt_of diffusion via thermal defec]tg. the dit-  mechanism from single jump to collective motithThe
fusivity D in_the real glass state is gven by small value ofAV; (<0.4Q) for thermal defects in vit4 and

Z 10,17 ; :
D(p)l_erD' Thrﬁ.Uth Eq.(lg,(;n glagsy fr;[ates T'gheb | Pd,oNi,oPoo BMG reveals the conclusion that for larger at-
are always approaching lowep' during isothermal anneal- oms vacancylike thermal defects as diffusion vehicles is not

ing. ThereforeD decreases with increasing annealing t'me‘reasonable for BMGs. It is likely that the diffusion mecha-

The prediction is consistent with the results in Ref. 21. By . : . i
: * . nism for larger atoms in the relaxed glassy state is collective
using of Egs(1), AV* can be given as

diffusion 4
JInD alnk, dlncp In conclusion, using the characteristics of the calorimetric
AV*=—kT op - KT o KT D GT a method is developed to study the glass transition under
high pressure, and the calorimetric glass transition under
=AV,+AV?P. (3)  high pressure is exhibited. An increaseTgfwith a pressure

of 5.6 K/GPa is derived. The effect of pressure on the GT
indicates that the GT is a dynamic process. A quantitative
e . . interpretation of the effect yields the values of 8.5 A3
approachesp’. The value of the formation volume in an for the formation volume and 6:50.5 A® for the migration
equilibrium glass state for vit4 is 6.5% Therefore, the ob- ' 9

! * - 3 : ~volume of defect diffusion in vit4. The results support the
t;‘?;g dAZs iﬁgog:eggj}egdggsﬁfjéntfcc)iref\gtc? (;;i?fﬂsti)gn r?n thconjecture that the diffusion mechanism of larger atoms in an

equilibrium glass stat® In vit4, a value ofAV* about 1.@) €quilibrium glassy state is collective diffusion.
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The formation part of AV* of a glass, AV?
=—kT(dIncp/dp), is equal to 6.5 0.5 A3 only whencp

* Author to whom correspondence should be addressed. Email ad?P. A. Duine, J. Sietsma, and A. van den Beukel, Phys. Rel8 B

dress: whw@aphy.iphy.ac.cn 6957(1993.
'W. Kauzmann, Chem. Re@Washington, D.Q.43, 219 (1948. 15F, Spaepen, Acta Metall. Mate?5, 407 (1997: A. van den Beu-
2s. Brawer,Relaxation in Viscous Liquids and Glasgésnerican kel and J. Sietsmabid. 38, 383(1990.

Ceramics Society, Columbus, OH, 1985 18E. Bakkle, R. Busch, and W. L. Johnson, Appl. Phys. L6&f.
3C. A. Angell, J. Phys. Chem. Solidt9, 863 (1988. 3260(1995.

4
J. Jaeckle, Rep. Prog. Phy, 171(1986. 173. L. Bocquet, G. Brebec, and Y. Limoge, Rinysical Metallurgy

5 .

M. D. Ediger, C. A. Angell, and S. R. Nagel, J. Phys. Chaon edited by R. W. Cahn and P. Haas@orth-Holland, Amster-
13200(1996. dam, 1996,

SFor a review, see P. G. Debenedetti and F. H. Stillinger, Nature_sp A. Duine, S. K. Wonnell, and J. Sietsma, Mater. Sci. Eng., A

. (London 410, 259 (2001). 179180, 2%9 (1994, ' ' ’
X.P.Tang, U. Geyer, R. Busch, W. L. Johnson, and Y. Wu, NaturelgH. J. Hoefler, R. S. Averbck, G. Rummel, and H. Mehrer, Philos.
(London 402 160(1999. Mag. Lett. 66, 301 (1992

8G. S. Grest and M. H. Cohen, Adv. Chem. Ph§8, 455 (1981); 200 G ) di ' lP Banch ld 4y L Phvs. R "
M. H. Cohen and D. Turnbull, J. Chem. Phy4, 1164(1959. - Grandjean, P. Banchard, and Y. Limoge, Phys. Rev. [/&t

9. H. Gibbs and E. A. DiMarizio, J. Chem. Phys, 373(1959. ,, 698(1997.

10G. Ruitenberg, P. D. Hey, F. Sommer, and J. Sietsma, Phys. Rev. K- Raetzke, P. W. Hueppe, and F. Faupel, Phys. Rev. Bét.
Lett. 79, 4830(1997. 2347(1992.

11K, Samwer, R. Busch, and W. L. Johnson, Phys. Rev. 18. 22K Knorr, M.-P. Macht, K. Freitag, and H. Mehrer, J. Non-Cryst.
580 (1999. Solids250-252, 669 (1999.

12G. W. Koebrugge, J. Sietsma, and A. van den Beukel, Acta Met>3P. Klugkist, K. Raetzke, S. Rehders, P. Troche, and F. Faupel,
all. Mater.40, 753(1992. Phys. Rev. Lett80, 3288(1998.

13y, L. Johnson, MRS Bull42, 24 (1999 A. L. Greer, Science 2*V. Zoellmer, K. Raetzke, F. Faupel, A. Rehmet, and U. Geyer,
267, 1947(1995. Phys. Rev. B85, 022020(2002.

092201-4



