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Equation of state of Zr,;Ti14Cu, NijoBey, 5 bulk metallic glass
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The pressure-volumePtV) relation of Zp,Tiq4Cuy, NijgBey, 5 bulk metallic glassBMG) at room tem-
perature has been studied using a piston-cylinder high-pressure apparatus up to 4.5 GPa. The equation of state
of the BMG is determined. As the first equation of state of the BMG, it is compared with other crystalline
solids, and the differences are phenomenologically explained. The experimental results indicate the BMG
contains a large amount of vacancylike free volume.

The equation of state(EOS of compressed solids surface, any remaining oxide materials from the quartz con-
(pressure-volume relatigrplays an important role in many tainer were removed. ThE-V relation of the sample was
fields, such as condensed-matter physics and geophysics, baeasured by a piston-displacement technique developed by
cause the knowledge of the EOS and the compressibility of 8ridgmarf at room temperature up to 4.5 GPa. The volume
solid is of central importance for the general understandinghange of the sample under high pressure was determined by
of the behavior and the application of a condensed métterthe linear compressibility of the solid, and from this the
The EOS and the compressibility of crystalline solids havechange of the volume was calculated. The linear change of
been long standing and deeply investigated, and a lot of indimension of the BMG was measured by a digital displace-
teresting and important phenomena have been obsérged. ment meter, and the pressure was monitored by a pressure
However, up to now, no EOS is obtained for the metallicmeter. The volume change of the sample as well as the pis-
glasses, because the measurements of the volume-presstor and pressure cell, and the pressure measurements were
(P-V) relation of the metallic glasses have been impededalibrated by the knowrP-V relation of pure Bi and Fe
mainly by the inability to prepare bulk specimens. A funda-metals. The corrections were applied to remove the frictional
mental understanding of microstructural configuration undeeffects and the distortion of the vessel in which the sample
high pressure in amorphous solids is not as developed as thas contained according to Refs. 10 and 11. The sample was
in crystalline solids. Recently, multicomponent glass form-first precompressed at room temperature to 4.5 GPa to elimi-
ing systems with a larger three-dimension size have beenate the gap between the sample and the pressure cell. The
developed by the conventional casting process at a low cooprecompression has no obvious effect on the volume change
ing rate3~’ The obtained bulk metallic glasséBMG’s) are  of the sample. Thé®>-V measurements were performed on
suitable for measurements of tReV relation. In this paper, several samples cut from the same amorphous rod. For each
we present the first volume compression measurements onsample, four to six pressure load-unload cycles were per-
metallic glass. A Zj;Ti14Cuy, NijgBey, s BMG which ex-  formed to examine the reproducibility and minimize errors.
hibits excellent glass forming abilityGFA) and properties’  The diagram of thé>-V measuring system and the details of
is chosen as a representative BMG for investigations. Théhe measurement procedure can be seen in Ref. 10. X-ray-
P-V isotherm of the BMG is obtained, and tReV relation  diffraction experiments indicate that no crystallization of any
is markedly affected by the structural relaxation induced bykind was observed for the sample after pressuring. The as-
pressure. The EOS of the BMG is determined from the fit ofprepared BMG samples were annealed or pressure annealed
the P-V relation and compared with other crystalline solids.at various temperatures and pressui@mealing time 2 h
The differences are phenomenologically explained. for density (p) measurements. The high pressure was per-

Zr,,Ti1,Cuyp NijgBe,, 5 ingots were prepared by induc- formed in an apparatus with six anvil tops. The accuracy for
tive levitation melting under a Ti-gettered Ar atmospheremeasuring the temperature of the sample itself under applied
with oxygen partial pressure of 18Pa. The ingots were pressure was aboutl.5 K. After the annealing or pressure
remelted together in a silica tube and quenched in water tannealing, the density of the samples was measured by the
get cylindrical rods 12 mm in diameter and several cm longArchimedian principle, and the accuracy was evaluated to be
The details of the experimental procedure are given in Ref0.005 g/cm.

7. The amorphous nature as well as the homogeneity of the Figure 1 shows the relative volume chany¥/V, upon
BMG was ascertained by x-ray diffractidiXRD), differen-  pressure at room temperature of the BMG after precompres-
tial scanning calorimetrfDSC), transmission electron mi- sion. The dotted line in Fig. 1 is thR-V relation of the first
croscopy (TEM), and small-angle neutron scattering compression run after precompression under high pressure,
(SANS).”® The amorphous rods were machined down toand the solid curve is thB-V relation of the second com-
4.13 mm in diameter and cut to a length of 7 mm which fit pression run. There is a remarkable difference between the
the tungsten carbide pressure cells. By grinding off the outetwo curves. No obvious difference for tiie V curves can be
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FIG. 1. The relative volume changeAV/V, of the Pressure (GPa)

Zr41Ti14Cuy» NijgBey, s BMG for the first(dashed curveand sec-
ond (solid curve compression run(after precompression A
marked difference between the t#RV curves can be seen.

FIG. 2. A comparison of theP-V relations for the
Zr,1Ti14Cu» NijgBers, s BMG and other solids. The volume com-
pression of the BMG is much larger than that of crystalline alloy

observed for more than two times comoression. Fha/ and metals. ThAV/V, of the BMG increases more drastically
P ) ulpon pressure in the low pressure range of 0 to 1.5 GPa.

data are reproducible under pressure and show no measu

able hysteresis effects after two pressure load and unloafihe AVIV, change of the BMG can be divided into two
cycles. This kind of phenomenon has been generally ob: 0

served in porous materials, resulting from the disappearancfﬁz/irts’ and Eq(1) can be applied to the two parts, respec-
of the pores under pressureThe difference between the ely. In the first parf0—1.5 GPathe compression changes

! N drastically with increasing pressure and can be expressed as
P-V curves of the first and second compression indicates y gp P

that a large amount of free volume exists in the as-prepared AV
BMG, and the free volume is removed through the structural — —=0.034—-0.02382+0.0068°°. (2)
relaxation under high pressure. The result provides direct Vo

evidence for pressure-induced structural relaxation in the . change in the second pétt5—4.5 GPais smaller and

BMG.
Bridgman presented the EOS as follofs: can be expressed as

—AV/Vo=ag+aP+bP?+cP?, oy - fl—v=o.0145+o.02425>—5.87¢< 10°5P2. (3
whereAV=V—-V,, V, is the volume at zero pressure, and 0
ag, &, b, andc are constants. Equatiqi) has been applied 30
successfully to the isothermal compression of a lot of classes
of solids in the nonphase transitional ca8¢dowever, Eq.
(1) cannot be successfully applied to fit the compression 251
curve of the BMG at least in the range of 0 to 4.5 GPa.
Figure 2 shows a comparison of tfeV relations of Cu, 2ol » amorphous carbon

Ni,? stainless steel (GNi;gTig), and the BMG. It can be 9
clearly seen that the change AiV/V, of the BMG with e
increasing pressure is markedly different from those of Cu, 2 15}
Ni, and stainless steel. On one hand, the volume compression 2

of the BMG is much larger than that of crystalline alloy and " 10
metals, indicating that a microstructural difference exists

among them. On the other hand\V/V, increases much

faster with pressure in the low-pressure range of 0—1.5 GPa, St BMG

which indicating the compression is more sensitive to low-

pressure. This phenomenon has also been found in amor- 0 . . . .
phous carbot? as shown in Fig. 3. Figure 3 presents a com- 0 1 2 3 4 5
parison of theP-V relation of the BMG and amorphous Pressure (GPa)

carbon. Similar change tendency &¥%/V, can be seen for

the BMG and amorphous carbon, but the volume compres- FIG. 3. A comparison of th@-V relation between amorphous
sion of the amorphous carbon is much larger than that of thgarbon and the BMG. ThaV/V, of the BMG and amorphous
BMG, confirming that the BMG has a dense packed atomicarbon shows similar change tendency, but the volume compression
configuration compared to other amorphous matefigfs. of the amorphous carbon is much larger than that of the BMG.
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TABLE I. The constants, a, b, ¢ of the Bridgman equation for the BMG and other solids.

Range a b c
Solid (GPa ag (GPa'}) (GPa?) (GPa®)
BMG 0-1.5 0.034 —0.0238 0.006 76
BMG 1.5-45 0.0145 0.024 25 —5.874<10°°
Cu 0-4.5 6.62x10°4 1.098x 1078
Ni 0-4.5 554K 1074 2.704< 1078
Stainless steel 0-4.5 4.3880°° —1.603<10°*

The constantsy, a, b, andc of the Bridgman equation for ous pressures and temperatures were measured. Figure 4
the BMG and other solids are listed in Table I. As shown incontrasts the density change of the BMG treated at various
Table |, the EOS of the second part of the BMG is similar totemperature with or without applied pressure. The densities
that of metals and crystalline alloys, but markedly differentof the Zr,;Ti,,Cu;, Ni;gB€y, s BMG in the as-prepared state
from that of the first part, indicating that low pressure has aand Compressed statafter exposure of the Samp|e to 4.5
larger effect on the glassy state. GPa for 2 h at room temperature were measured to be 6.162
Pressure is expected to be sensitively related to the eveyqg 6.180 g/crhrespectively. The increase in density due to
lution of free volume, reducing voids through compressingapplied pressure is about 0.31%. This result further confirms
the glassy structure during relaxation. Experimental studieg,5; the high pressure does remove the free volume to some
and numerical modeling demonstrate that low pressure prosyieny and induces structural relaxation in the BMG. When

motes a short-range rearrangement of the atoms in the SUP§fie BMG is annealed near glass transition tempera628

. . . . 5 _
cooled I|qU|c_i region of the .”?et"?‘""’ glassés.® The struc K) and in supercooled liquid region, 653[khe supercooled
tural relaxation causes annihilation of the free volume. Low,

pressure results in the collapse of the free volume and recor|1'-qUId region is from 623 to 683 KRef. 7] the applied

struction of the atomic configuration in the BM&The ef- low-pressure induced larger change of density compared
fects of pressure on metallic glass during static relaxationV/th that of sample annealed at the same temperature without
have also been comput&t:7 An explicit feature is the no- 2PPlied pressureas shown in Fig. # Even if the BMG is in
ticeable shrinkage of volume at low pressure, implying acrystallization proceseannealed at 723 Klow-pressure re-
significant degradation of the free volume during pressurizaSults in larger change of density. TReV relation and den-
tion. Similar changes of parameters of magnetic Curie temsity measuremelr;ts as well as others’ theoretical and experi-
perature and electrical resistivity of metallic glasses upormental result§'~* concerning the strong change of physical
low-pressure relaxation have also been observed, theg@rameters upon low-pressure relaxation indicates that the
changes are related to the contraction of the free volum@s-quenched BMG, which has more packed atomic configu-
under pressur&: rations compared to conventional binary metallic gladsés,
To confirm the existence of vacancylike free volume in@lso contains a distinct amount of vacancylike free volume.
the BMG, the density change of the BMG treated under vari- In conclusion, the equation of state obtained for the
Zr4qTi14,Cu» NijgBess 5 BMG in the non-phase-transitional
case is
15} 3 GPa
[ without pressure
L7} with pressure

AV
— . —0.034P- 0.023%2+0.00683(0<P<1.5 GPa
0

1.0F 2.5 GPa

AV
— ——=0.0145+0.0242%
Vo

(pg-P)p, (%0)

05} 3 GPa

o
S

—5.874x 10 °P?(1.5<P<4.5 GPa

The volume change under pressure is much larger than

- that of the crystalline materials which indicates that the
BMG contains a large amount of vacancylike free volume.
300 623 653 723 Low pressure induces the collapse of the free volume and

reconstruction of the atomic configuration in the BMG.
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