View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Online Research Database In Technology

Technical University of Denmark DTU
>

Crystallization in Pd40Ni40P20 glass

Jiang, Jianzhong; Saksl, K.; Nishiyama, N.; Inoue, A.

Published in:
Journal of Applied Physics

Link to article, DOI:
10.1063/1.1505681

Publication date:
2002

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Jiang, J., Saksl, K., Nishiyama, N., & Inoue, A. (2002). Crystallization in Pd40Ni40P20 glass. Journal of Applied
Physics, 92(7), 3651-3656. DOI: 10.1063/1.1505681

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://core.ac.uk/display/13718382?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.1505681
http://orbit.dtu.dk/en/publications/crystallization-in-pd40ni40p20-glass(3e545539-db9f-40d2-aa58-c55174ec1711).html

JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 7 1 OCTOBER 2002
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Phase segregation and the effect of pressure on crystallization of bulk and ribgifR),

glasses have been studied by means of differential scanning caloritfi28¢) and x-ray
diffraction. The DSC measurements show only one glass transition event in the samples annealed at
different temperatures in the supercooled liquid region. Phase analyses reveal at least five crystalline
phases crystallized from the glass: monoclinic; body-centered tetragonal; orthorhonystd; Ni

and fcc{Ni,Pd) solid solution phases. In the pressure range from 0 to 4.2 GPa, the crystallization
temperature increases with pressure having a slope of 11 K/GPa. The eutectic crystallization
reaction mode and crystalline phases formed are unchanged in the pressure range used. The
enhancement of the crystallization temperature with increasing pressure in the glass can be
explained by the suppression of atomic mobility. 2002 American Institute of Physics.

[DOI: 10.1063/1.1505681

I. INTRODUCTION bons, by x-ray diffractionfXRD) and transmission electron
microscopy for a PgNi,;P;g ribbon? also suggested phase
Many metallic melts can be configurationally frozen to separation prior to crystallization in the supercooled liquid
the amorphous phase, provided they can be cooled at a Syfsgion of Pd-Ni-P alloys. On the other hand, small-angle
ficient high rate to avoid crystal nucleation and growth. They_ray scattering investigations of RMissPig,2* APFIM
discovery of several families of multicomponent alloys ex-si,dies of PeiNi4sPy4,2° PeoNisgPso,2° PdieNisgPrs,®” and
hibiting a large supercooled liquid region before crystalIiza-|3d48,\|i32P20 (Ref. 37 glassy ribbons did not reveal phase

tilcl’”' S“hCh as La{lzef. 1 ar:jd r- (Refs.hz and B_baﬁ?df, I eparation in the samples annealed in the supercooled liquid
alloys, has triggered tremendous research activity in this fieldycion “Reackt al?” further investigated glassy RAisPyg

. '5 .
(blilk m?tarl]lllchgl?ssesf“ Thesebrjlt_atvel rg"ﬁ? rr']atlﬁ poss;es{sbz_alnand PdgNizP,q wires (=100um), prepared by rotating-
extremely high glass forming abitity and high thermal Stabil-, o melt spinning, APFIM, and high-resolution electron

ity against crystallization. In fact, BgNisoPs was discov- microscopy and found no phase separation in the samples

r he fir Ik metallic gl forming afloyith ; . . .
© 'e'd as t € st bu etallic glass fo g alloyith a .annealed in the supercooled liquid region. Recently, Miller
critical cooling rate as low as about 1 K/s when processed in, ", . ; .
| reexamined the phase separation phenomenon in a

| i t a
B,0;,” and a high reduced glass transition temperalyge € . o
=0.66 (defined asT q=T4/Ty,, whereTy and T, are the PdioNiaoPzo bulk glassy rod7 mm in diametey; prepared by

glass transition and melting temperature, respectivalje  &flux and water quenching technique, by means of APFIM.
formation, structure, and thermal stability of Pd-Ni-P glassed’"@se separation was observed in the bulk glass annealed
have been intensively investigatéd® The issue of phase above the glass transition temperature. This conclusion was
segregation in Pd-Ni-P glasses annealed in the supercool@s0 supported by the observation of triple glass transitions in
liquid region, prior to the onset of crystallization, still re- DSC for a Pdo eNiso &0 bulk glassy rod(6 mm in diam-
mains debated. Chéhfirst reported double-glass transitions €ted, prepared by aflux and air quenching technique, after
in (P&Nis); 4P, (x=0.19 and 0.18 glassy ribbons an- annealing in the supercooled liquid regifrin this work, we
nealed to the end of the first exothermic peak. Phase separ@erform detailed DSC measurements on both as-prepared
tion before crystallization was proposed in Pd-Ni-P glassybulk and ribbon PgNi,P,, glasses and the samples an-
ribbons with P content less than 20 at'34urther investi- nealed in the supercooled liquid region. The difference of the
gations, e.g., by atom probe field ion microscqgyPFIM) relative amounts of various crystalline phases in the samples
for PdsNiysPso (Ref. 15 and PdgNi,-P;; (Ref. 25 ribbons,  annealed under three pressures of ZLénbar, 1 bar, and 6

by differential scanning calorimetry (DSC) for  kbar is presented. Furthermore, crystallization of the
PabsNisgP17, " PdigNisgPo0,2° and Pd;NigPyg (Ref. 23 rib-  Pd,gNigPs0 glass under pressure has been investigateid by
situ high-temperature and high-pressyfe-4.2 GPa XRD

dAuthor to whom correspondence should be addressed: electronic maimeasurem?nts using SynChrOtron'radmuon- We found(llhafc
jiang@fysik.dtu.dk the eutectic crystallization reaction mode and crystalline
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phases formed are unchanged in the pressure range used and
(2) crystallization temperature increases with pressure, hav- Ribbon 20K/min
ing a rate of 11 K/GPa.

Il. EXPERIMENTAL PROCEDURE

The master alloy ingot was prepared by arc melting, a
mixture of Pd(99.9 wt%) and NiP in the right proportion,
together with BO;5 flux medium in purified argon atmo-
sphere. BO; flux was used in order to enhance the large
glass forming ability of the alloy by eliminating heteroge-
neous nuclei. A glassy rod-shaped sam(tiereafter called
the bulk with a diameter of 3 mm was prepared by the water
guenching method described in Ref. 46. A glassy ribbon
(hereafter called the ribbonwith a cross section of ] ' '
0.02 mnx1mm was produced by a single-roller melt- 400 450 5(')0 550 660 650 760 750
spinning method from the same master ingot in an argon gas
atmosphere. The formation of a single glassy phase in both Temperature (K)
bulk and ribbon samples was confirmed by XRD and transFIG. 1. The DSC traces of the as-prepared R P,, ribbon glass and the
mission electron microscopy measurements. Thermal analygamples annealed at different temperatures in the supercooled liquid region
ses were performed in a Perkin Elmer Differential Scannindor 30 min, at a heating rate of 20 K/min under a flow of purified argon.
Calorimeter DSC 7 at a heating rate 20 K/min under a flow
of purified argon. Some samples were first heated in the DSC o ) . )
at the rate of 20 K/min to a given temperature, then kept aP&ratre of the crystalization oreaction of the ribbon is
the temperature for 30 min, and finally cooled at the rate of' x  — 00> K and of the bulkT,™"=671K. These data
100 K/min to 300 K. Some samples were annealed irf9ree well with the data reported in the Ilterature_ for this
vacuum or Ar atmosphere using a silica tube. The XRD pat&/l0y- All parameters[T, T, and heat of crystallization
terns were recorded using a Philips PW 1820 diffractometef: Hx, deduced from DSC measurements are plotted in Figs.
with Cu Ke radiation. In situ high-pressure and high- 3 and 4.T, remains almost constant for all the_preannealmg
temperature energy-dispersive x-ray diffractidBDXRD) temperatures used and only one glass transition event was
measurements were performed using synchrotron radiation 4€tected for both the annealed ribbon and bulk glasses. When
HASYLAB in Hamburg, Germany, and a multianvil pressure the annealing temperatpre increases, the exothermic peak be-
apparatus with 8 mm cube pressure c&il§he cubic sample COMes broadened, while at 633 K it is very small, almost

assembly is compressed by six truncation anvils of tungsteﬁisappeaﬁng for the ribbor_l sample. These results are also
carbide in a 250 ton hydraulic press. Electric current is senf€flécted in the preannealing temperature dependences of

t . .
through a graphite heater via two appropriate anvils. Thelx - andAH,. Both ribbon and bulk P@Ni,gP, samples,

temperature is measured by means of thermocouple voltagénéaled at various temperatures in the supercooled liquid
with a stability of = 1 K. Each run consists of an isothermal "€9i0n, show no multiglass transition events. A weak exo-

room-temperature compression followed by an isobaric heat-
ing to high temperature in steps of 10 K. The average heating

Exothermic (arb. units)

rate in the temperature range from 298 to 800 K was roughly .
estimated to be 3 K/min. The pressure of the sample is cal- __ Bulk 20K/min
culated from the lattice constant of NaCl using the Decker 43
equation of staté® Pure Zr, Fe, and the bulk metallic glass ¢ |633K
powders were used to examine the possible oxidation of 3 628 K
samples during the heat treatments using the sample assem- Q 623 K
bly. It was found that only pure metallic phases in the three @
systems were detected after heat treatments at temperatures 618 K
up to 800 K. é 613 K
o [603K
I1l. RESULTS AND DISCUSSION =
_ B [593K
Figures 1 and 2 show the DSC traces of the as-prepared X
ribbon and bulk PgNis P, glasses and the samples an- w 300K
nealed in the DSC at different temperatures in the super-

cooled liquid region for 30 min, respectively. Both as- 400 450 500 550 600 650 700 750
prepared samples exhibit an endothermic event characteristic Temperature (K)
of the glass tranSItlonT(g=575 K for the ribbon andTg FIG. 2. The DSC traces of the as-prepared R P,q bulk glass and the

= 5_79 K for the bg|k, fOHOW_Ed _by one exothermic event samples annealed at different temperatures in the supercooled liquid region
indicating a eutectic crystallization process. The onset temfor 30 min, at a heating rate of 20 K/min under a flow of purified argon.
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FIG. 5. X-ray diffraction patterns recorded at 295 K with K« radiation
for the as-prepared RgNi P, ribbon glass and the samples annealed at
different temperatures in the supercooled liquid region for 30 min.

FIG. 3. The glass transition temperat(ig, the onset temperature of crys-
tallization T2"*¢, and the heat of crystallizatioAH, of the PdoNisPs
ribbon glass as a function of annealing temperature.

thermic “bump” located at 740 K was also detected. To

check whether the amorphous-to-crystalline phase transfofirmed by XRD measurements of the corresponding samples
mation was complete after the first exothermic peak ain Figs. 5 and 6. XRD patterns recorded for ribbon and bulk
around 670 K, we further performed DSC measurements fosamples annealed up to 603 K show a broad amorphous halo
both ribbon and bulk samples annealed in the DSC at 700 Kvith a maximum around 2.18 A. Samples annealed at 613 K
for 30 min. The DSC curves are flat, indicating that theare partially crystallized. It seems that the ribbon sample is
amorphous-to-crystalline phase transformation is alreadynore crystallized than the bulk sample. XRD patterns re-
complete after the exothermic peak at 670 K. This “bump” corded from the samples annealed at 623 and 633 K exhibit
could be due to decomposition of metastable crystallinen increase of crystalline component at the expense of the
phases and/or rearrangement of atoms in the crystallinemorphous component and are composed of at least five
phasegqdetails given below crystalline compounds: phase 1, monoclinic structure; phase

The decrease aiH, obtained in Figs. 3 and 4 is caused 2, body-centered tetragonal J®-like structure; phase 3,
by a partial crystallization of the samples, which is con-

v Monoclinic e bet-Ni,P e Orthorhombic
» Ni,Pd,P o fcc-(Ni,Pd)

290 300 310 600 620 640
680 onset 1100 BUIk . . oic oonn D- u:-
n —_ [} o ® oo o0 @ o0 cEBee @

_ z Tx g - . 4‘2

660 A c
X E E E T 180 >
(0] T _— y
— ] AH o)) Ko
-0?“ 640 x E EE T Jeo >J é 633K
g o] ) e 2 (623K
E Bulk 140 2 613K
2 600 £ [603K

. 120 593K

T T Il’ T T 0 T T T T T v T Y
290 300 310 600 620 640 3 2 1

Annealing temperature (K) d (A)

FIG. 4. The glass transition temperattiig, the onset temperature of crys- FIG. 6. X-ray diffraction patterns recorded at 295 K with &a radiation
tallization T2"*¢", and the heat of crystallizatioAH, of the PdoNisPs for the as-prepared RgNi, P, bulk glass and the samples annealed at dif-
bulk glass as a function of annealing temperature. ferent temperatures in the supercooled liquid region for 30 min.
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TABLE |. Lattice parameters of the five crystalline phases: monoclinic, .
body-centered tetragongbct) NizP-like, orthorhombic, fcc-NPd,P, and (75}
fce-(Ni,Pd) solid solution, obtained from the crystallized jgdi ;0P alloy. "é Argon
=
Lattice parameters .
=
Phase Structure a (A b (A) c(A) B(°) s 6 hours
1 monoclinic 9.946 6.814 4.572 1185 3
2 Bct-NigP-like 2.969 12.755 é
3 orthorhombic 8.285 7.982 3.648 = |4 hours
4 fce-Ni,Pd,P 3.69 _GCJ
5 fcc{Ni,Pd) 3.89 46
x
n 2 hours
orthorhombic structure; phase 4, -R,P, intermetallic 400 450 500 550 600 650 700 750
compound; and phase 5, féi,Pd) solid solution. The lat- Temperature (K)

tice parameters of the five phases are listed in Table I. Rela- , _
tively strong diffraction peaks are indexed while some of theili' A8r' ;:fo?shc tra}ceszm the BliaoPzo fibbon samples annealed at 603
phere for 2, 4, and 6 h.

less intense peaks still remain unknown. The samples mainly

consist of phases 1 and 2. The relative peak intensities are

slightly different in ribbon and bulk samples. Donovan of the ribbon samples annealed in vacuum and Ar, respec-

et al® performed x-ray microanalyses in transmission electively. All of the DSC traces on both of the figures exhibit

tron microscopy for a PgNi, P, alloy annealed at 873 K only one glass transition event although the degree of crys-

for 24 h in vacuum and found three phases: nickel-rich phostallization in vacuum is higher than in Ar. This discrepancy

phide Pd,Ni,sP,; (orthorhombic structupe metallic solid ~ between Jinget al’s result$® and ours might be explained

solution PdoNisgP; (fce structurg, and palladium-rich phos- by different sample preparation. To further examine the in-

phide PggNi,,P;5 (orthorhombic structune The fcc{Pd,Ni) fluence of environment on crystallization, we performed

solid solution and body-centered tetragonajfNlike phase three XRD measurements of the ribbon samples annealed at

were also observed in a NPd;P;; ribbon glass annealed at 773 K for 10 min under three pressured) in vacuum

633 K for 1 h in agon? Aronin et al®° reported tetragonal, 107> mbar; (2) in purified argon 1 bar, an3) in a cube

orthorhombic, and monoclinic phases in a,§\i P, ribbon  pressure cell used for energy-dispersive XRBDXRD)

sample annealed at 645 K for 200 min in argon. measurements under 6 kbar of hydrostatic presgwmithout
Jinget al?° annealed a P@Ni4oP, ribbon sample at 605 the presence of diras shown in Fig. 9. The XRD patterns

K for 50 min in vacuum and observed double glass transition

events, indicating phase separation in their r!bbqn glasses. It v Monoclinic * botNiP o Orthorhombic

has also been report&that prolonged annealing in vacuum . NiPdP o fcc_(prd)

could cause evaporation of phosphorus on the surface, so ze '

that the loss of phosphorus might accelerate the phase sepa- Ve T YT W
ration process in the system. To check whether this affects L . :...:... '.” .. "'“"'.'
our samples, we isothermally annealed ouygRd,oP,, rib- o
bon glass at 603 K for 2, 4, dr6 h inboth argon(1 ba) and "é'
vacuum (10° mbar). Figures 7 and 8 show the DSC traces 3 w pressure cell
o
[
)
—_— .
) Vacuum > [Ribbon
c |6 hours D Ar
35 c
o C
3 - vacuum
O |4 hours
= . —
E L) T t
) 3 . 1
c d (A)
r—
S |2 hours
= FIG. 9. X-ray diffraction patterns recorded at 295 K for the,dil,,Pyq
w ribbon samples annealed at 773 K for 10 min in the pressure cell used for
- - - - - B EDXRD measurements under 6 kbar hydrostatic pressuitbout presence
400 450 500 550 600 650 700 750 of ain); in purified argon 1 bar; and in vacuum 10mbar. Due to the small
Tempe rature (K) amount of sample annealed in the high-pressure cell, the XRD pattern was

recorded using synchrotron radiation XRD. The tiny sample was placed in
FIG. 7. The DSC traces of the RMNi,oP,o ribbon samples annealed at 603 an amorphous capillary, so that weak scattering of the amorphous capillary
K in vacuum for 2, 4, and 6 h. is superimposed on the XRD pattern of the sample.
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FIG. 10. In situ high-temperature and high-pressure energy-dispersive x-ray~!G. 11. Crystallization temperatuB; of the PdgNisP bulk glass as a
diffraction patterns for the BgNi Py bulk glass at 2.2 GPa and various function of pressure. The data were linearly fitted as the solid line.
temperatures. Some diffraction peaks of boron nitride originating from the

sample holder are marked BN.

temperature for the BgNisoP,o bulk glass, which was esti-

mated from EDXRD patterns recorded by increasing the
taken from samples annealed in vacuum and Ar exhibit relatemperature with a step size of 10 K, as a function of pres-
tive higher intensive reflections of phase 5, ft4;Pd) solid  sure. It was found that pressure strongly affects the crystal-
solution, and phase 4, pRA,P, in comparison with the lization temperature of the BgNis P, glass. The crystalli-
sample annealed in the pressure cell. The relative intensitiemtion temperature increases with pressure at a rate of 11
of phase 2, bct-NP, and phase 3, the orthorhombic struc-K/GPa. This value is similar to that reported for a
ture, remain almost the same in all of the XRD patternsPd,CusNi;oPso bulk glass®® and slightly smaller than the
while reflections of phase 1, the monoclinic structure, be-19 K/GPa for a Zj; ;Tiys &CUs, NijgBeys s bulk glass® 16
come less intense in samples annealed in Ar and vacuum. K/GPa for a Mg Cus,Y 10 bulk glass! in the pressure range
is not unreasonable to expect that evaporation of phosphorus 0—4 GPa; and 30 K/GPa for an 5B;CsAlsB,Ga
from the free surface in vacuum is higher than in Ar andglass? in the pressure range of 0-2.4 GPa.
lowest in the pressure cell. On the basis of our experiments, Crystallization of a metallic glass is normally regarded
it might be true that phosphorus evaporation from the surfacas a process proceeding by nucleation and subsequent
causes the monoclinic phase to become unstable so thatgtowth of crystals. During the initial stage of nucleation of
starts to decompose into phases 5 and 4 in the samples arrystals in the glass, the effect of pressure on the crystalliza-
nealed in vacuum and Ar. tion kinetics is associated with the atomic diffusion process

Ruitenberget al3! observed pressure-induced structuraland the volume change effect. The crystallization tempera-

relaxation in a PghNi,oPq ribbon glass. Structural relaxation ture of a metallic glass may be governed by the thermody-
might also affect the crystallization process of the glassnamic potential barrier of nucleation and diffusion activation
Thus, we further study the pressure effect on crystallizatiorenergy. According to crystallization kinetics theory, the
of the PdgNisgP,q bulk glass.In situ high-temperature and nucleation ratel can be written asl=I,/exg(AG*
high-pressure EDXRD measurements of the,RthPog  +Q.)/ksT], wherel, is a constantAG* is the free energy
glass alloy were performed in the pressure range 0—4.2 GPeequired to form a nucleus of the critical size, i.e., the ther-
EDXRD patterns were recorded every 10 K in order to ob-modynamic potential barrier of nucleatioq,, is the activa-
serve the onset temperature of crystallization within an untion energy for the transport of an atom across the interface
certainty of 10 K. Figure 10 exemplifies the EDXRD pat- of an embryo, andg is Boltzmann’s constant. The sum
terns recorded for the sample at 2.2 GPa, and variouAG* +Q, is called the nucleation work. The difference in
temperatures. A broad amorphous halo, located dat specific volume between crystalline and glassyNihoP,g
~2.1 A, together with Bragg peaks from the BN samplealloy is less than about 0.49'3 which is much smaller than
holder atd~2.158, 2.052, and 1.793 A, are observed in thepreviously reported values for conventional metallic glasses
EDXRD patterns recorded at 573 and 653 K. Crystallineof about 29> This might result in an insensitive pressure
peaks appear in the pattern recorded at 663 K. At 683, 723lependence cAG* because of smalPAV,>* whereAV is
and 773 K the sample crystallizes. The diffraction peak pothe difference of the molar volumes of the crystalline and
sitions from crystallized phases are consistent with those oflassy PgyNisPoo phases. It is known that the RMi 0Py
the phases in Figs. 5 and 6. The crystalline phases detelpulk glass crystallizes by a eutectic reaction, where a rear-
mined from the EDXRD patterns recorded are identical inrangement of atoms is necessary. Thus, the pressure depen-
the pressure range used. Figure 11 shows the crystallizatiatence ofQ,, might be the dominant factor in the nucleation

Downloaded 07 Aug 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



3656 J. Appl. Phys., Vol. 92, No. 7, 1 October 2002 Jiang et al.

process. In general, pressure could reduce atomic mobility®p. E. Donovan, P. V. Evans, and A. L. Greer, J. Mater. Sci. [%t851

In the PdoNi,gPy glass, the diffusion coefficient of Au was (1986. _

reported to be reduced by external pres€8réhis means V. Wachtel, N. Willmann, and B. Predel, J. Magn. Magn. Ma§ex. 115
that Q, might increase with pressure. Hence, the nucleationey jishi and k. Mikagi, Phys. Rev. B4, 1792(1986.

work increases with pressure. Consequently, the nucleatiofp. V. Evans, A. Garcia-Escorial, P. E. Donovan, and A. L. Greer, Mater.
rate decreases with pressure and an increase of the crystalliRes. Soc. Symp. Pro67, 239(1987).

20 H
zation moer r i X v for th J. Jing, U. Gonser, and H. G. Wagner, Z. Metallké, 767 (1987).
Pat ?\I ItDe t};)elkatL: € .S I‘? peCted’ as Obsef Oe(l ZOGPt §lA. Garcia-Escorial and A. L. Greer, J. Mater. S22, 4388(1987).
dyoNi4gPz0 bulk glass in the pressure range of 0—4. a.22y, willmann, W. Mader, E. Wachtel, and B. Predel, Phys. Status Solidi

104, 369 (1987.
IV. CONCLUSIONS BA.R. Yavari, S. Hamar-Thilbauld and H. R. Sinning, Scr. Met2, 1231
_ _ (1988.
PdyoNi4oP50 bulk and ribbon glassy alloys, prepared by a2a. R. Yavari, K. Osumura, H. Okuda, and Y. Amemia, Phys. Re37B
flux and water quenching and melt-spinning techniques, re- 7759(1988.

. . . 25 :
spectively, exhibitonly one glass transition eveafter an- M- Oehring, Z. Metallkd 80, 1 (1989.
. . . .. %Y. Xu, X. Huang, and W. Wang, Appl. Phys. Le&6, 1957(1990.
nealing at different temperatures in the supercooled IquId7G_ Wilde, G. P. Gorler, R. Willnecker, and G. Dietz, Appl. Phys. L6g,

region for 30 min. No multiglass transition events were de- 397 (1994

tected in the samples annealed for long times in the supeféP. A. Duine, S. K. Wonnell, and J. Sietsma, Mater. Sci. EngL78 270
cooled liquid region in vacuum and Ar atmosphere. Crystal—zgg(lgl?""- R B Sch 43 1 Archuleta. Aool. Phvs. Les. 1861
lization is governed by nucleation and growth processes. The(l'ggg’. - B Sehwarz, ana 4. 1. Archlleta, Appl. Fhys. L€
crystallized samples consist of at least five phases. They area_ aronin, G. Abrosimova, I. Zver'kova, D. Lang, and R. tki J. Non-
monoclinic, body-centered tetragonal, orthorhombic, Cryst. Solids208 139 (1996.

Ni,Pd,P, and fcciNi,Pd) solid solution phases. Decomposi- 31%3%“22’;*3”9' P. De Hey, F. Sommer, and J. Sietsma, Phys. Revrgett.
t!on of the r.nonOC“mC phase into the f(tbl-l,_Pd) solid solu- 5@, Wi(lde, 2 G. Klose, W. Soellner, G. P. Gorler, K. Jeropoulos, R. Will-
tion and NyPd,P phases was detected in the sample an- pecker, and H. J. Fecht, Mater. Sci. Eng.226, 434 (1997).

nealed in vacuum or Ar, most likely due to the evaporation ofA. Aronin, Nanostruct. Mater8, 171 (1997.

phosphorus. It was also found that the external pressuréR. B. Schwarz and Y. He, Mater. Sci. For285-238 231(1997).

P 3L, Sun, Q. Wu, Y. Xu, and W. Wang, PhysicaZ0, 205 (1997.
strqngly enhances the crystallization temper.ature of t_he mesC vuen, K. L. Lee, and H. W, Kui, J. Mater. Rek2, 314 (1997,
tallic glass at a rate of 11 K/GPa. The eutectic crystallizations?y g read, k. Hono, A. P. Tsai, and A. Inoue, Mater. Sci. Eng226

reaction mode and crystalline phases formed are unchangedss (1997.
in the pressure range used. The increase of the crystallizati&sg‘p- W. Yuen and H. W. Kui, J. Mater. Re$3, 3034(1998.
temperature with increasing pressure in the glass can be ey W- Yuen and H. W. Kui, J. Mater. Re$3, 3043(1998.

. . . . M. K. Miller, D. J. Larson, R. B. Schwarz, and Y. He, Mater. Sci. Eng., A
plained by the suppression of atomic mobility. 250, 141 (1998.

4P De Hey, J. Sietsma, and A. Van Den Beukel, Acta Matér.5873
ACKNOWLEDGMENTS (1998.

) 42K, F. Yao and H. W. Kui, Appl. Phys. LetiZ7, 2313(2000.
We thank HASYLAB in Hamburg for use of synchrotron 4g. wilde, G. P. Gorler, R. Willnecker, and H. J. Fecht, J. Appl. P8ys.

radiation facilities. Financial support from the Danish Tech-441141(2000._ _
nical Research Council, the Danish Natural Sciences Re-H:W. Nagai, C. C. Leung, W. H. Guo, and H. W. Kui, J. Mater. RES.

. . . 797 (2001).
se{:\rch Cpuncﬂ, and the Japan Society for the Promotion of’ Wilde, Appl. Phys. Lett79, 1986 (2001,
Science is gratefully acknowledged. A, Inoue, N. Nishiyama, and T. Matsuda, Mater. Trans., BN 181
(1996.

IA. Inoue, T. Zhang, and T. Masumoto, Mater. Trans., BM425(1990. #'J. 8. Olsen, L. Gerward, and J. Z. Jiang, J. Phys. Chem. S80id229

2T. Zhang, A. Inoue, and T. Masumoto, Mater. Trans., BM1005(199). (1999

3A. Peker and W. L. Johnson, Appl. Phys. Léi8, 2342(1993. D. L. Decker, J. Appl. Phys42, 3239(1971).

4W. L. Johnson, MRS Bull24, 42 (1999. 4], Z. Jiang, Y. X. Zhuang, H. K. Rasmussen, N. Nishiyama, A. Inoue, and
SA. Inoue, Acta Mater48, 279 (2000). C. Lathe, Europhys. Letb4, 182 (2002.

SA. J. Drehman, A. L. Greer, and D. Turnbull, Appl. Phys. Lett, 716  °J. Z.Jiang, T.J. Zhou, H. K. Rasmussen, U. Kuhn, J. Eckert, and C. Lathe,

(1982. Appl. Phys. Lett.77, 3553(2000.
TH. W. Kui, A. L. Greer, and D. Turnbull, Appl. Phys. Le#t5, 615(1984.  °'S. Linderoth, N. Pryds, M. Eldrup, A. S. Pedersen, M. Ohnuma, T. J.
8A. J. Drehman and A. L. Greer, Acta Metali2, 323(1984). Zhou, L. Gerward, J. Z. Jiang, and C. Lathe, Mater. Res. Soc. Symp. Proc.
9H. S. Chen, J. T. Krause, and E. A. Sigety, J. Non-Cryst. Sdg]s321 644 14.1.1(200D.

(1974. 523, . Jiang, J. S. Olsen, L. Gerward, S. Abdali, J. Eckert, N. Schlorke-de
104, s. Chen, Acta Metall22, 1505(1974). Boer, L. Schultz, J. Truckenbrodt, and P. X. Shi, J. Appl. Pi8{s.2664
1H. S. Chen, Mater. Sci. En@3, 151 (1976. (2000.
12p_ G. Boswell, Scr. Metalll1, 701 (1977). 53Material Science of Amorphous Allgysdited by T. Masumot¢Ohmu,
13G. Schluckebier and B. Predel, Z. Metallke#, 569 (1983. Tokyo, 1983, p. 39.
14H. W. Kui and D. Turnbull, Appl. Phys. Lett7, 796 (1985. 54y, X. Zhuang, J. Z. Jiang, T. J. Zhou, H. Rasmussen, L. Gerward, M.
15M. Oehring and P. J. Haasen, J. Phys. Coll.C7-275(1986. Mezouar, W. Crichton, and A. Inoue, Appl. Phys. Lét?, 4133(2000.

Downloaded 07 Aug 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



