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The pressure effect on amorphous-to-quasicrystalline-to-intermetallic phase transformations in a
Zr,oPdyy metallic glass has been investigated ioysitu x-ray diffraction measurements using
synchrotron radiation. It is found that the glass crystallizes in two stefis:
amorphous-to-icosahedral quasicrystalline ai@l icosahedral quasicrystalline-to-intermetallic
Zr,,.Pd alloy. The intermetallic alloy has a tetragonal structure with lattice parameters,
=3.310(1) A andc=10.974(1) A, and a space group of I4/mmm. External pressure enhances the
onset temperatures for the formation of quasicrystalline phase and intermetallic compound with
rates of 113 and 34 K/GPa, respectively, while the temperature interval for the stability of
quasicrystals remains almost unchanged in the pressure range of 0—3 GPa. External pressure does
not affect the phase-selection sequence. The enhancement of the onset temperature for the formation
of quasicrystals has been further discussed with the nucleation theor00@ American Institute

of Physics. [DOI: 10.1063/1.1655684

INTRODUCTION ZrAINiCuPd system, Inouet al® reported a diffusion con-
trolled amorphous-to-quasicrystalline transformation. In the
Recently, after the discovery of the formation of quasic-pinary zr,Pd,, system, Saidet al? studied the transforma-
rystals from Zr—Al-Cu-Ni metallic glassesquasicrystals tion kinetics by differential scanning calorimetf@SC) and
have been found to form upon crystallization in many Zr-found that the transformation is also diffusion controlled
based alloy systems, such a$®Z(M=Pd and Pt*>*ZINiM  while Murty et al® suggested that the composition of the
(M=Pd, Au, Pt and Ti*® ZrCuM (Al and P9’  quasicrystals is close to 70 at.% Zr. Very recently, both
ZrAICUPd,” ZrCuNiPd, ZrAINIM (M=Cu, Pd, Au, and groups reported partitioning during the amorphous-to-
Py, ZrCuTiNi," ZrAINICUM (M=Ti, Au, Pt, Pd, and  quasicrystalline phase transformation in the affd$# They
Ag),"**~" ZrTiCuNiBe® and ZrTiINbCUNIAI*® Further-  found that the quasicrystals formed in the ZrPd system trans-
more, Inoue and coworkéfsfound that bulk quasicrystalline form into an intermetallic ZPd compound at high tempera-
ZrAINiCuM (M=Pd and Ag alloys exhibit high strength tyre. Jianget al?® demonstrated that the amorphous-to-
and good ductility. Hence, the formation of quasicrystals inquasicrystalline in the Zgdyss metallic glass is a
these a||0yS becomes very interesting. HOWeVer, the mech%'olymorphous reaction. Here’ we report on the pressure ef-
nism of the amorphous-to-quasicrystalline transformation igect on amorphous-to-quasicrystalline-to-intermetallic phase
not completely understood. In the ZrAINiCuAg system, transformations in the ZgPds, metallic glass by in-situ high-
Chen etal®® suggested a polymorphous transformationpressure and high-temperature x-ray diffractis®RD) mea-
while Leeet al,'” reported that formation of the quasicrys- surements using synchrotron radiation.
talline phase may involve partitioning of solutes. Jiang
et al,?° suggested that atomic mobility is important for the
time-dependent nucleation of quasicrystals in the metallicXPERIMENT
glass and the authors further revealed changes in quasilattice A ribbon sample of the ZgPd;, metallic glass with a
parameter and composition during the amorphous-tocross-section of 0.03 mml mm was prepared by the melt-
quasicrystalline phase transformatfdrhe structural stabil-  spinning technique from a master alloy ingot prepared by arc
ity of the quasicrystals formed in the metallic glass was alsanelting in an Ar atmosphere. The amorphous nature of the
reported up to a hydrostatic pressure of 28 &Pl the  as-quenched ribbon was confirmed by x-ray powder diffrac-
tion and transmission electron microscopy. Thermal analysis
aAuthor to whom all correspondence should be addressed: electronic maias performed by DSC at a heating rate of 40 K/min under
jiangjz@zju.edu.cn and jiang@fysik.dtu.dk a flow of purified argon.
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FIG. 1. The DSC curve of the ZPd;; metallic glass at a heating rate of 40 FIG. 2. Room-temperature x-ray powder diffraction patterns recorded for
K/min under a flow of purified argon. Zr,Pdso samples annealed in vacuunx10™* mbar at 703, 723, and 803 K
for 10 min using Cu K radiation.

In situ high-pressure and high-temperature x-ray diffrac-
tion measurements using synchrotron radiation at HASYthe intermetallic compound. No other crystalline phases were
LAB in Hamburg, Germany, were performed by energy-detected with an experimental uncertainty of 3%. We ana-
dispersive high-pressure x-ray diffractioEDXRD) at lyzed the diffraction pattern and found the lattice parameters
beamline MAX80 using a multianvil pressure apparatus for Sor the intermetallic compound of=3.310(1) A andc
min exposure of each pattethFor EDXRD measurements —=10.974(1) A. By comparing them with a pure ,Pd
up to about 3 GPa, 8 mm cube pressure cells, which werphase, §=3.306 A andc=10.894 A)# it is found that the
compressed by six truncation anvils of tungsten carbide in &-axis largely expands while tha-axis only slightly does.
250-ton hydraulic press, were used. Electric current was senthis could be caused by substitution of large-size Zr atoms
through a graphite heater via two appropriate anvils. Thexn Pd atomic positions in the tetragonal structure. Thus, the
temperature was measured by means of a thermocouple votlemposition of the intermetallic compound might deviate
age with a stability of£1 K. Each run consists of an isother- from the stoichiometry to be approximately ,ZgPd (x
mal room-temperature compression followed by an isobarie=0.3).
heating to high temperature in steps of 10 K. The average In situ high-temperature EDXRD measurements of the
heating rate in the temperature range from 298 to 873 K wagr,Pd,, metallic glass were performed in a pressure range of
roughly estimated to be 3 K/min. The pressure of the sample—3 GPa. EDXRD patterns were recorded every 10 K in
is calculated from the lattice constant of NaCl using theorder to observe the onset temperature of crystallization
Decker equation of stafé Pure Zr, Fe, and the metallic glass within an uncertainty of 10 K. The crystalline phases deter-
were used to examine possible oxidation of the samples dumined from the EDXRD patterns recorded are identical in
ing the heat treatments using the sample assembly. For thee pressure range used. Figure 3 exemplifies EDXRD pat-
three systems, only pure metallic phases were detected aftgsrns recorded for the sample at 0.8 GPa and various tem-

heat treatments at temperatures up to 873 K. peratures. A broad amorphous peak, locate@=at50 keV,
together with a few Bragg peaks from BN are observed in
RESULTS AND DISCUSSION the EDXRD patterns recorded at low temperatures up to 703

Figure 1 shows a DSC curve for the-ZPds, metallic K. At 713 K, broad Bragg peaks appear and become much

glass. The alloy exhibits an endothermic event characteristiglear_er in th? pattern recorded at 73_3 K. They'are from the
of the glass transition, followed by two characteristic eXO_quaswrystalllne phase. At 753 K the intermetallic compound

thermic events indicating a two-stage phase transformation
process. It was found that the glass transition temperature

T4, estimated as the onset temperature of the glass transition m P=0.8GPa

event, is 701 K, the onset temperatures and the exothermic E | grak

heats of the first and second crystallization eveny; > —

=723K, T,,=799K, and 21.4 J/g and 38.3 J/g, respec- % 753K

tively, AT=T,;—T4=22K, and T,,—T,;=76K. The ; 74% .

structural evolution was further studied by room-temperature ¥ W
XRD for the samples annealed inxtL0~ 4 mbar vacuum at S w
703, 723, and 803 K for 10 min using Cuakradiation, as E 556K NN
shown in Fig. 2. It is clear that after annealing at 703 K, 40 44 48 52 56 60
nanometer-sized quasicrystals are formed in the sample. At Energy (keV)

723 K, the intensities of diffraction peaks for the quasicrys-
talline phase increase while a residual amorphous componehlG. 3. In situ energy-dispersive x-ray diffraction patterns recorded at 0.8

: ; i GPa for the ZyPd;y metallic glass at various temperatur@sd=121.658
still exists. At 803 K, a ZsPd-like phasétetragonal structure keV A). Exposure time is 5 min for each XRD pattern. Some diffraction

with a space group of |4/mm)'n.5 dominant, indicating the peaks of boron nitride originating from the sample holder are marked by
guasicrystalline and residual amorphous phases transform Bn.
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770 Consequently, the external pressure applied enhances the
< 760) thermodynamic potential energy barrier of nucleation.
T"_’/ 750 Hence, the_nucleauon work increases with pressure. Conse-
3 quently, it is expected that the onset temperature of the
© 7404 amorphous-to-quasicrystalline phase transformation in the
8 7304 Zr,oPdyo metallic glass increases with pressure, as observed
g 720+ in Fig. 4. For the quasicrystalline-to-intermetallic phase tran-
= 7104 sition, AG* should decrease with pressure because of nega-

700 : : : tive AV andAG. However, we experimentally observed an

0 1 2 3 increase ofT,, with pressure. This means that the nucleation
Pressure (GPa) work increases with pressure, which indicates tigat,

. . _ . which is dominant, might increase with pressure.
FIG. 4. Onset temperatures for quasicrystalline phiggeand intermetallic

compoundT,, in the ZryPd;; metallic glass as a function of pressure. The
solid lines represent the linear fit to the data. CONCLUSIONS

In conclusion, the pressure effect of the amorphous-to-

quasicrystalline-to-intermetallic phase transformations in the
appears while at 873 K only the intermetallic compound waszy, Pd,, metallic glass has been investigatedibyitu x-ray
detected. Figure 4 shows the onset temperatures for quasigiffraction measurements using synchrotron radiation. It is
rystalline phaseTy;, and for intermetallic compound,,,  found that external pressure does not affect the phase-
as a function of pressure. Itis clear tgh andT,; increase  selection sequence. But, it enhances the onset temperatures
with pressure having slopes of B and 9-4 K/GPa, for the formation of quasicrystalline phase and intermetallic
respectively. The slopes obtained here are similar to Iiteracompound with rates of 13 and 9-4 K/GPa, respectively,
ture data reported for metallic glasses with a wide superghile the temperature interval for the stability of quasicrys-
cooled liquid region, e.g., 19 K/GPa for the tals remains almost unchanged in the pressure range of 0-3
Zr41 5Ti13.€Clio NijoBey, 5 bulk glasé® in the pressure range Gpa.
of 0-4 GPa, 30 K/GPa for the F£,,CsAlsB,Ga, glass®in
the pressure range of 0-2.4 GPa, 11 K/GPa for the\ckNOWLEDGMENTS
PdyCuggNi oPso bulk glass® in the pressure range of 0-4 . _
GPa, 9.5 K/GPa for the ZgNbsCu; Ni;Berg bulk glasd in The autho_rs would like to _thank HASYLAB in Ham-
the range of 0-4.4 GPa, and 16 K/GPa for thes)ykoY 1 burg, MAXlab in L_und, ar_lq_Sprm_gS m_Japan for use of the
bulk glass in the pressure range 0—4 GPalote that the Synchrotron radiation facilities. Financial support from Zhe-
crystallization temperatures deduced from DSC and XRD aréang University, the National Natural Science Foundation of
slightly different, which could be due td) different heating ~ China(No. 50341032, the Danish Technical Research Coun-
rates used an@®) different techniques used. cil, and the Danish Natural Sciences Research Council
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