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Reversible phase transition between amorphous and crystalline
N Zr 41 5 Ti138CU12 5NigBe5s 5 under high pressure at room temperature
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A reversible phase transition between amorphous and crystalline in bulk metallic (Blsl<3)

Zryq 5Ti13.CU» NijgBess 5 has been investigated under high pressure at room temperature. The
BMG displayed a structure memory under high pressure as detectadiby synchrotron radiation

of x-ray diffraction and resistance measurement in a diamond anvil cell. Direct experimental
observations found that the crystallization of the BMG occurred at 24 GPa on uploading and the
crystalline phase reverted back to the amorphous state during downloading. This unusual
phenomenon was discussed thermodynamically.2@0 American Institute of Physics.
[S0003-695(00)04220-7

The structure and property of materials are profoundlywith a thickness of 20Qum. The measurements were per-
altered under high pressure due to a large change of atoformed at high pressure and at room temperature. A mixture
spacing, chemical bonding, and Gibbs free enéfdMate-  of ethyl alcohol and water was used as a liquid pressure
rials with novel properties can be createth a process medium, and pure platinuniPt) was used as a pressure
known as pressure-induced phase transition, such asThigh marker. For the resistance measurements, a diamond anvil
superconductot, diamond crystal with semiconductor cell (DAC) was employed. The details of the experiment can
property® and special intermetallic compoufdRecently, be found in Ref. 13.
multicomponent bulk metallic glasé€BMG) based on the Figure 1 shows the patterns iof situ (SR-XRD) for the
Zr1 5Ti138CU» NijgBey, s system has been discoverf®l, ZraoTiisdCuio NijgBey, s glass under various pressures.
which exhibits excellent glass forming ability and thermal The inset is an XRD pattern of the starting BMG, showing a
stability against crystallization at ambient condition. Consid-typical amorphous character of this type of BMGRe-
erable investigations have been concentrated on atomftected on the SR-XRD pattern, the amorphous state of the
diffusion® isothermal transition from supercooled liquid BMG is represented by the dashed lifairve A in Fig. 1.
into crystalline!* and liquid separatiof? However, there is The two strong peaks in the patterns were the signals origi-
no investigation on high-pressure behavior of this BMG tonated from the pressure marker rather from the bulk glass.
date. Here we report the observation of a reversible phasEhe broad amorphous peak centered at13.3 corresponds
transition between amorphous and crystalline in thel® @d value of 2.358 nicalculated using the relation &

Zr41 5Ti12 Cls, NiygB€,, s under high pressure at room tem- =hc/2d sin#), which is very cIose_ to thgd value
perature. This finding may provide us an insight into the(d=2.361nm, calculated using=2dsin6) obtained from
phase transition kinetics of metal glass under high pressur€onventional XRiinset of Fig. 1.

It also may extend the application of this new kind of BMG. ~ From Fig. 1, itis seen that the SR-XRD patterns remain
The ingots of the glass with nominal compositions unchanged below 21 GPa. When the pressure reached 24

214 3Tizs CUip NigoBey, s Were prepared from a mixture of GPa, there were new diffraction lines which appeared on the

pure elements in an arc-melting furnace under Ti-gettered Apat.terr?(curve F in Fig. 1, |nd|c_at|ng the occurrence of crys-
atmosphere. The ingots were remelted in a quartz tube ar%é”'za“"” at this pressure. W'.th the further increase of pres-
then were water quenched with a cooling rate of about 1ge t0~27.5 GPa, the intensity of the new peaks increased

K/s to form a bulk glass of 10 mm in diameter. The bulk Wasd'StInCtIy (curve G in Fig. 3, which implies that the crystal-

. . e . ._line fraction in the BMG increased with the pressure in-
cut and the cross section was identified by x-ray diffraction : . ; . o
crease. The relative weak intensity of the diffraction lines of

shown to be fu_lly_ glass pha_se. In the experiments of th‘?he crystallized phase may be due to the crystalline phases
synchrotron radiation x-ray dlffractlo(SR—XRD) measure- ¢ o4 between these pressuf@4—27.5 GPRIS in a nano-
ment, the mongchhromat||c x-r@/ with a sp(;]t bearln Ofsize scal®® or due to partial crystallization in the matrix of
80x80m and with wavelength =6.119nm, 2 theta value yic MG, wWhen the pressure was released gradually from

20=22.8", and energf=40keV went through a diamond »7 5 Gpa; the diffraction lines corresponding to the crystal-
window into a sample chamber. Specimens for the measurgy,o phase became weaker in intensigurve H in Fig. 1

ments were the disks that were cut from the rod of the BMGand completely vanished below 15.5 Gfearve | in Fig. 2,

suggesting that the transformation from crystalline to amor-
dElectronic mail: llsun@nirim.go.jp phous took place. To ensure the final product being an amor-

0003-6951/2000/76(20)/2874/3/$17.00 2874 © 2000 American Institute of Physics



Appl. Phys. Lett., Vol. 76, No. 20, 15 May 2000 Sun et al. 2875

8.5
i
Pt(111) oo e A
z 0k +
/ ™ taty g
/A = c ey, +, +t
j!,.w; 26730 40 5060 70 80 g 75F o"lp,.q‘;:H Ttr bty tepy
Mg PE(200) 2 K \'0': .
e o 70} /
g\ At \\_‘ § n . B
S J I “?”"”“‘ :,é, 6.5 1-/
& 2 ~r -
. , / ‘\’“-« J:0GPa o _ e "
i \'p*)h;‘trl ' QO‘“Q/'
,Am( i v, 1155GPa 60 L ]
o @ [ .m’" ‘/\' WM.,\W’NW | J
N' {1 o \n,m, H: 25 GPa 55 ‘.J N ] " 1 RS . 1 N 1
[ a */ /\ WN"’*W"'” 9\ N:’;\?M"‘“‘M ’ 0 5 10 15 20 25 30
e (o :27.5 GP;
z ““’,Wl \, / ‘*"‘mewl Pressure (GPa)
2 Fis f : \“ "'N,‘“ ; \ e
5-=‘ L N LA F:24 GPa FIG. 2. Resistance changes of the BMG with pressure during compressing
= P 1\ AT i S and decompressing, demonstrating the reversible phase transition between
/ et o amorphous and crystallin@rror of resistance*5%).
N A t E:21GPa
A A D: 19.6 GPa
A ,\ . . . .
’f" ‘\“m\ /\ peaks A and B of the uploading resistance curve, respec-
e ‘\ Yvery . Cil45GPa tively. This result supports the occurrence of the transition
o . .
,,/"'} { u""’*w ,.,f’l\ i N ] from crystalline to amorphous upon downloading as detected
4 e . " . .
u ﬂf\‘ Y Mgy B 12.1 GPa by SR-XRD. Four runs of experiments of resistance mea-
%, S—— .
¥ gy M’% A surements were performed under the same conditions, and
ing o, ¥ A0 CP2 we were able to reproduce the above results. It is noted that
| B .. . . .
K . the pressure of the transition from crystalline to amorphous
" 7 0 W on downloading is lower than that of uploading. The reduced

transition pressure on downloading relative to that of upload-
Energy ( kve) ing might be attributed to a kinetic retardation of the phase
FG. 1 I sit hrot diati diffracti " . transition. In addition, after downloading to ambient condi-
. . In situ synchrotron radiation X-ray Iffraction patterns o . . .
2041 T2y NisgBEss BMG under the applied pressures, showing the tion, the resistance valu@.36 ()) was found to be higher

reversible phase transitions of amorphous—crystalline—amorphous. Inséfan its initial value(5.5 (2) for the starting BMG. The dif-
shows x-ray diffraction pattern of the starting BMG identified byiCu  ference is probably assigned to a geometric change between

radiation. the starting amorphous solid and the final amorphous product
after the high pressure processing. The possibility of con-

phous phase, the value for the amorphous product was taminating from external sources is precluded, because no
calculated to be 2.359 nm, which is close to that of the startPréssure medium was used during the resistance measure-

ing BMG, indicating that the amorphous has reverted backnents. _ B
from the crystalline phase after the downloading. The above 1 N€ reversible phase transition between amorphous and
results demonstrate that ZETi;s {Cuyo Ni;Bey, BMG has crystalline can be interpreted in terms of volume changes

a structure memory in a cycle of compressing and decom@ssociated with phase changes. Normally, a phase transition

pressing. from amorphous to crystalline occurs accompanied by a

To further confirm the reversible phase transition of thehegative volume change, since the structure of the amor-

BMG, anin situ resistance measurement was carried out in £10US solid is less dense compared to its corresponding crys-

DAC. Figure 2 shows the resistance as a function of presf[_alline phase. It is believed that there exists a threshold value

sure. There is a minimum in the resistance appearing at 20 _the volume change from amorpho_us to crystalline, at
GPa(peak A in Fig. 3, at which the diffraction line of the which the atoms in the amorphous solid are forced to pack

crystalline phase was detected by synchrotron radiation Otpzmselvesl leading to a Ztructu(rje cr;]z_mhge from a shTort;jrange

x-ray diffraction(curve F in Fig. 1. With the further increase oraer tr? a (Inng—ranr?e or e; l;]n ngCI;g phr.es;]sure. 0 deter-

of pressure, there is another minimum of resistance appeam'n.e the volume ¢ ange o t e at Igh pressure, ex-
eriments were carried out using the starting BMG on a

ing at 26.2 GPdpeak B in Fig. 2. This indicates that there P hiah h ioped with
was another crystallization which occurred following the firstPISton-type high-pressure apparatus that was equipped with a

crystallization process. The two-stage crystallization undeplsplacementor. The dependence of volume change on pres-

high pressure at room temperature is similar to that observed''© 1 plotted in Fig. 3. Fitting the data by a polynomial

at ambient pressure at a relatively high temperatfifehe simulation gave a mathematics equation:

diffraction lines corresponding to the second crystalline  p_( (011-335.36\V+412868.1A V2.

phase were not detected by synchrotron radiation of x-ray

diffraction, which is probably because the fraction and theExtrapolation of the curve by this equation yields a volume

size of the second crystalline phase were too small to behange of 0.0072 ml/mole at 24 GPa, at which the

detected. Upon downloading, the resistance curve shows twamorphous-to-crystalline transition of the BMG was ob-

maxima located at 16 and 10.6 GPa, which corresponds teerved. This corresponds to the threshold value of volume
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the phase transition from amorphous to crystalline occurred
at 24 GPa on uploading and the transition from crystalline
back to amorphous phase occurred at 16 GPa on download-
5r ing. The resistance measurement under high pressure showed
that a kinetics retardation of the transition from crystalline to
r amorphous existed during downloading relative to the crys-
tallization process on uploading. The high pressure-induced
phase transition affords a new property of structure memory
for this BMG.
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