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Phase segregation and the effect of pressure on crystallization of bulk and ribbon Pd40Ni40P20

glasses have been studied by means of differential scanning calorimetry~DSC! 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; orthorhombic; Ni2Pd2P
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

Many metallic melts can be configurationally frozen to
the amorphous phase, provided they can be cooled at a suf-
ficient high rate to avoid crystal nucleation and growth. The
discovery of several families of multicomponent alloys ex-
hibiting a large supercooled liquid region before crystalliza-
tion, such as La-~Ref. 1! and Zr- ~Refs. 2 and 3! based
alloys, has triggered tremendous research activity in this field
~bulk metallic glasses!.4,5 These novel materials possess an
extremely high glass forming ability and high thermal stabil-
ity against crystallization. In fact, Pd40Ni40P20 was discov-
ered as the first bulk metallic glass forming alloy6 with a
critical cooling rate as low as about 1 K/s when processed in
B2O3,7 and a high reduced glass transition temperatureTrg

50.668 ~defined asTrg5Tg /Tm , whereTg and Tm are the
glass transition and melting temperature, respectively!. The
formation, structure, and thermal stability of Pd-Ni-P glasses
have been intensively investigated.6–45 The issue of phase
segregation in Pd-Ni-P glasses annealed in the supercooled
liquid region, prior to the onset of crystallization, still re-
mains debated. Chen11 first reported double-glass transitions
in (Pd5Ni5)12xPx (x50.19 and 0.18! glassy ribbons an-
nealed to the end of the first exothermic peak. Phase separa-
tion before crystallization was proposed in Pd-Ni-P glassy
ribbons with P content less than 20 at. %.13 Further investi-
gations, e.g., by atom probe field ion microscopy~APFIM!
for Pd35Ni45P20 ~Ref. 15! and Pd36Ni47P17 ~Ref. 25! ribbons,
by differential scanning calorimetry ~DSC! for
Pd25Ni58P17,17 Pd40Ni40P20,20 and Pd41Ni41P18 ~Ref. 23! rib-

bons, by x-ray diffraction~XRD! and transmission electron
microscopy for a Pd41Ni41P18 ribbon,23 also suggested phase
separation prior to crystallization in the supercooled liquid
region of Pd-Ni-P alloys. On the other hand, small-angle
x-ray scattering investigations of Pd46Ni36P18,24 APFIM
studies of Pd31Ni45P24,25 Pd50Ni30P20,25 Pd46Ni36P18,37 and
Pd48Ni32P20 ~Ref. 37! glassy ribbons did not reveal phase
separation in the samples annealed in the supercooled liquid
region. Readet al.37 further investigated glassy Pd46Ni36P18

and Pd48Ni32P20 wires ('100mm), prepared by rotating-
water melt spinning, APFIM, and high-resolution electron
microscopy and found no phase separation in the samples
annealed in the supercooled liquid region. Recently, Miller
et al.40 reexamined the phase separation phenomenon in a
Pd40Ni40P20 bulk glassy rod~7 mm in diameter!, prepared by
aflux and water quenching technique, by means of APFIM.
Phase separation was observed in the bulk glass annealed
above the glass transition temperature. This conclusion was
also supported by the observation of triple glass transitions in
DSC for a Pd40.5Ni40.5P19 bulk glassy rod~6 mm in diam-
eter!, prepared by aflux and air quenching technique, after
annealing in the supercooled liquid region.44 In this work, we
perform detailed DSC measurements on both as-prepared
bulk and ribbon Pd40Ni40P20 glasses and the samples an-
nealed in the supercooled liquid region. The difference of the
relative amounts of various crystalline phases in the samples
annealed under three pressures of 1025 mbar, 1 bar, and 6
kbar is presented. Furthermore, crystallization of the
Pd40Ni40P20 glass under pressure has been investigated byin
situ high-temperature and high-pressure~0–4.2 GPa! XRD
measurements using synchrotron radiation. We found that~1!
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-
ing a rate of 11 K/GPa.

II. EXPERIMENTAL PROCEDURE

The master alloy ingot was prepared by arc melting, a
mixture of Pd~99.9 wt %! and Ni2P in the right proportion,
together with B2O3 flux medium in purified argon atmo-
sphere. B2O3 flux was used in order to enhance the large
glass forming ability of the alloy by eliminating heteroge-
neous nuclei. A glassy rod-shaped sample~hereafter called
the bulk! with a diameter of 3 mm was prepared by the water
quenching method described in Ref. 46. A glassy ribbon
~hereafter called the ribbon! with a cross section of
0.02 mm31 mm was produced by a single-roller melt-
spinning method from the same master ingot in an argon gas
atmosphere. The formation of a single glassy phase in both
bulk and ribbon samples was confirmed by XRD and trans-
mission electron microscopy measurements. Thermal analy-
ses were performed in a Perkin Elmer Differential Scanning
Calorimeter DSC 7 at a heating rate 20 K/min under a flow
of purified argon. Some samples were first heated in the DSC
at the rate of 20 K/min to a given temperature, then kept at
the temperature for 30 min, and finally cooled at the rate of
100 K/min to 300 K. Some samples were annealed in
vacuum or Ar atmosphere using a silica tube. The XRD pat-
terns were recorded using a Philips PW 1820 diffractometer
with Cu Ka radiation. In situ high-pressure and high-
temperature energy-dispersive x-ray diffraction~EDXRD!
measurements were performed using synchrotron radiation at
HASYLAB in Hamburg, Germany, and a multianvil pressure
apparatus with 8 mm cube pressure cells.47 The cubic sample
assembly is compressed by six truncation anvils of tungsten
carbide in a 250 ton hydraulic press. Electric current is sent
through a graphite heater via two appropriate anvils. The
temperature is measured by means of thermocouple voltage
with a stability of61 K. Each run consists of an isothermal
room-temperature compression followed by an isobaric heat-
ing to high temperature in steps of 10 K. The average heating
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-
culated from the lattice constant of NaCl using the Decker
equation of state.48 Pure Zr, Fe, and the bulk metallic glass
powders were used to examine the possible oxidation of
samples during the heat treatments using the sample assem-
bly. It was found that only pure metallic phases in the three
systems were detected after heat treatments at temperatures
up to 800 K.

III. RESULTS AND DISCUSSION

Figures 1 and 2 show the DSC traces of the as-prepared
ribbon and bulk Pd40Ni40P20 glasses and the samples an-
nealed in the DSC at different temperatures in the super-
cooled liquid region for 30 min, respectively. Both as-
prepared samples exhibit an endothermic event characteristic
of the glass transition (Tg5575 K for the ribbon andTg

5579 K for the bulk!, followed by one exothermic event
indicating a eutectic crystallization process. The onset tem-

perature of the crystallization reaction of the ribbon is
Tx

onset5665 K and of the bulkTx
onset5671 K. These data

agree well with the data reported in the literature for this
alloy. All parameters,Tg , Tx

onset, and heat of crystallization
DHx , deduced from DSC measurements are plotted in Figs.
3 and 4.Tg remains almost constant for all the preannealing
temperatures used and only one glass transition event was
detected for both the annealed ribbon and bulk glasses. When
the annealing temperature increases, the exothermic peak be-
comes broadened, while at 633 K it is very small, almost
disappearing for the ribbon sample. These results are also
reflected in the preannealing temperature dependences of
Tx

onset andDHx . Both ribbon and bulk Pd40Ni40P20 samples,
annealed at various temperatures in the supercooled liquid
region, show no multiglass transition events. A weak exo-

FIG. 1. The DSC traces of the as-prepared Pd40Ni40P20 ribbon glass and the
samples annealed at different temperatures in the supercooled liquid region
for 30 min, at a heating rate of 20 K/min under a flow of purified argon.

FIG. 2. The DSC traces of the as-prepared Pd40Ni40P20 bulk glass and the
samples annealed at different temperatures in the supercooled liquid region
for 30 min, at a heating rate of 20 K/min under a flow of purified argon.
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thermic ‘‘bump’’ located at 740 K was also detected. To
check whether the amorphous-to-crystalline phase transfor-
mation was complete after the first exothermic peak at
around 670 K, we further performed DSC measurements for
both ribbon and bulk samples annealed in the DSC at 700 K
for 30 min. The DSC curves are flat, indicating that the
amorphous-to-crystalline phase transformation is already
complete after the exothermic peak at 670 K. This ‘‘bump’’
could be due to decomposition of metastable crystalline
phases and/or rearrangement of atoms in the crystalline
phases~details given below!.

The decrease ofDHx obtained in Figs. 3 and 4 is caused
by a partial crystallization of the samples, which is con-

firmed by XRD measurements of the corresponding samples
in Figs. 5 and 6. XRD patterns recorded for ribbon and bulk
samples annealed up to 603 K show a broad amorphous halo
with a maximum around 2.18 Å. Samples annealed at 613 K
are partially crystallized. It seems that the ribbon sample is
more crystallized than the bulk sample. XRD patterns re-
corded from the samples annealed at 623 and 633 K exhibit
an increase of crystalline component at the expense of the
amorphous component and are composed of at least five
crystalline compounds: phase 1, monoclinic structure; phase
2, body-centered tetragonal Ni3P-like structure; phase 3,

FIG. 3. The glass transition temperatureTg , the onset temperature of crys-
tallization Tx

onset, and the heat of crystallizationDHx of the Pd40Ni40P20

ribbon glass as a function of annealing temperature.

FIG. 4. The glass transition temperatureTg , the onset temperature of crys-
tallization Tx

onset, and the heat of crystallizationDHx of the Pd40Ni40P20

bulk glass as a function of annealing temperature.

FIG. 5. X-ray diffraction patterns recorded at 295 K with CuKa radiation
for the as-prepared Pd40Ni40P20 ribbon glass and the samples annealed at
different temperatures in the supercooled liquid region for 30 min.

FIG. 6. X-ray diffraction patterns recorded at 295 K with CuKa radiation
for the as-prepared Pd40Ni40P20 bulk glass and the samples annealed at dif-
ferent temperatures in the supercooled liquid region for 30 min.
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orthorhombic structure; phase 4, Ni2Pd2P2 intermetallic
compound; and phase 5, fcc-~Ni,Pd! solid solution. The lat-
tice parameters of the five phases are listed in Table I. Rela-
tively strong diffraction peaks are indexed while some of the
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
et al.16 performed x-ray microanalyses in transmission elec-
tron microscopy for a Pd40Ni40P20 alloy annealed at 873 K
for 24 h in vacuum and found three phases: nickel-rich phos-
phide Pd34Ni45P21 ~orthorhombic structure!, metallic solid
solution Pd40Ni59P1 ~fcc structure!, and palladium-rich phos-
phide Pd68Ni14P18 ~orthorhombic structure!. The fcc-~Pd,Ni!
solid solution and body-centered tetragonal Ni3P-like phase
were also observed in a Ni47Pd36P17 ribbon glass annealed at
633 K for 1 h in argon.25 Aronin et al.30 reported tetragonal,
orthorhombic, and monoclinic phases in a Pd40Ni40P20 ribbon
sample annealed at 645 K for 200 min in argon.

Jinget al.20 annealed a Pd40Ni40P20 ribbon sample at 605
K for 50 min in vacuum and observed double glass transition
events, indicating phase separation in their ribbon glasses. It
has also been reported33 that prolonged annealing in vacuum
could cause evaporation of phosphorus on the surface, so
that the loss of phosphorus might accelerate the phase sepa-
ration process in the system. To check whether this affects
our samples, we isothermally annealed our Pd40Ni40P20 rib-
bon glass at 603 K for 2, 4, and 6 h inboth argon~1 bar! and
vacuum (1025 mbar). Figures 7 and 8 show the DSC traces

of the ribbon samples annealed in vacuum and Ar, respec-
tively. All of the DSC traces on both of the figures exhibit
only one glass transition event although the degree of crys-
tallization in vacuum is higher than in Ar. This discrepancy
between Jinget al.’s results20 and ours might be explained
by different sample preparation. To further examine the in-
fluence of environment on crystallization, we performed
three XRD measurements of the ribbon samples annealed at
773 K for 10 min under three pressures:~1! in vacuum
1025 mbar; ~2! in purified argon 1 bar, and~3! in a cube
pressure cell used for energy-dispersive XRD~EDXRD!
measurements under 6 kbar of hydrostatic pressure~without
the presence of air!, as shown in Fig. 9. The XRD patterns

FIG. 7. The DSC traces of the Pd40Ni40P20 ribbon samples annealed at 603
K in vacuum for 2, 4, and 6 h.

FIG. 8. The DSC traces of the Pd40Ni40P20 ribbon samples annealed at 603
K in Ar atmosphere for 2, 4, and 6 h.

FIG. 9. X-ray diffraction patterns recorded at 295 K for the Pd40Ni40P20

ribbon samples annealed at 773 K for 10 min in the pressure cell used for
EDXRD measurements under 6 kbar hydrostatic pressure~without presence
of air!; in purified argon 1 bar; and in vacuum 1025 mbar. Due to the small
amount of sample annealed in the high-pressure cell, the XRD pattern was
recorded using synchrotron radiation XRD. The tiny sample was placed in
an amorphous capillary, so that weak scattering of the amorphous capillary
is superimposed on the XRD pattern of the sample.

TABLE I. Lattice parameters of the five crystalline phases: monoclinic,
body-centered tetragonal~bct! Ni3P-like, orthorhombic, fcc-Ni2Pd2P, and
fcc-~Ni,Pd! solid solution, obtained from the crystallized Pd40Ni40P20 alloy.

Phase Structure

Lattice parameters

a ~Å! b ~Å! c ~Å! b (°)

1 monoclinic 9.946 6.814 4.572 118.5
2 Bct-Ni3P-like 2.969 12.755
3 orthorhombic 8.285 7.982 3.648
4 fcc-Ni2Pd2P 3.69
5 fcc-~Ni,Pd! 3.89
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taken from samples annealed in vacuum and Ar exhibit rela-
tive higher intensive reflections of phase 5, fcc-~Ni,Pd! solid
solution, and phase 4, Ni2Pd2P, in comparison with the
sample annealed in the pressure cell. The relative intensities
of phase 2, bct-Ni3P, and phase 3, the orthorhombic struc-
ture, remain almost the same in all of the XRD patterns
while reflections of phase 1, the monoclinic structure, be-
come less intense in samples annealed in Ar and vacuum. It
is not unreasonable to expect that evaporation of phosphorus
from the free surface in vacuum is higher than in Ar and
lowest in the pressure cell. On the basis of our experiments,
it might be true that phosphorus evaporation from the surface
causes the monoclinic phase to become unstable so that it
starts to decompose into phases 5 and 4 in the samples an-
nealed in vacuum and Ar.

Ruitenberget al.31 observed pressure-induced structural
relaxation in a Pd40Ni40P20 ribbon glass. Structural relaxation
might also affect the crystallization process of the glass.
Thus, we further study the pressure effect on crystallization
of the Pd40Ni40P20 bulk glass.In situ high-temperature and
high-pressure EDXRD measurements of the Pd40Ni40P20

glass alloy were performed in the pressure range 0–4.2 GPa.
EDXRD patterns were recorded every 10 K in order to ob-
serve the onset temperature of crystallization within an un-
certainty of 10 K. Figure 10 exemplifies the EDXRD pat-
terns recorded for the sample at 2.2 GPa, and various
temperatures. A broad amorphous halo, located atd
'2.1 Å, together with Bragg peaks from the BN sample
holder atd'2.158, 2.052, and 1.793 Å, are observed in the
EDXRD patterns recorded at 573 and 653 K. Crystalline
peaks appear in the pattern recorded at 663 K. At 683, 723,
and 773 K the sample crystallizes. The diffraction peak po-
sitions from crystallized phases are consistent with those of
the phases in Figs. 5 and 6. The crystalline phases deter-
mined from the EDXRD patterns recorded are identical in
the pressure range used. Figure 11 shows the crystallization

temperature for the Pd40Ni40P20 bulk glass, which was esti-
mated from EDXRD patterns recorded by increasing the
temperature with a step size of 10 K, as a function of pres-
sure. It was found that pressure strongly affects the crystal-
lization temperature of the Pd40Ni40P20 glass. The crystalli-
zation temperature increases with pressure at a rate of 11
K/GPa. This value is similar to that reported for a
Pd40Cu30Ni10P20 bulk glass,49 and slightly smaller than the
19 K/GPa for a Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk glass;50 16
K/GPa for a Mg60Cu30Y10 bulk glass51 in the pressure range
of 0–4 GPa; and 30 K/GPa for an Fe72P11C6Al5B4Ga2

glass52 in the pressure range of 0–2.4 GPa.
Crystallization of a metallic glass is normally regarded

as a process proceeding by nucleation and subsequent
growth of crystals. During the initial stage of nucleation of
crystals in the glass, the effect of pressure on the crystalliza-
tion kinetics is associated with the atomic diffusion process
and the volume change effect. The crystallization tempera-
ture of a metallic glass may be governed by the thermody-
namic potential barrier of nucleation and diffusion activation
energy. According to crystallization kinetics theory, the
nucleation rate I can be written as I 5I 0 /exp@(DG*
1Qn)/kBT#, whereI 0 is a constant,DG* is the free energy
required to form a nucleus of the critical size, i.e., the ther-
modynamic potential barrier of nucleation,Qn is the activa-
tion energy for the transport of an atom across the interface
of an embryo, andkB is Boltzmann’s constant. The sum
DG* 1Qn is called the nucleation work. The difference in
specific volume between crystalline and glassy Pd40Ni40P20

alloy is less than about 0.4%,9,43 which is much smaller than
previously reported values for conventional metallic glasses
of about 2%.53 This might result in an insensitive pressure
dependence ofDG* because of smallPDV,54 whereDV is
the difference of the molar volumes of the crystalline and
glassy Pd40Ni40P20 phases. It is known that the Pd40Ni40P20

bulk glass crystallizes by a eutectic reaction, where a rear-
rangement of atoms is necessary. Thus, the pressure depen-
dence ofQn might be the dominant factor in the nucleation

FIG. 10. In situ high-temperature and high-pressure energy-dispersive x-ray
diffraction patterns for the Pd40Ni40P20 bulk glass at 2.2 GPa and various
temperatures. Some diffraction peaks of boron nitride originating from the
sample holder are marked BN.

FIG. 11. Crystallization temperatureTx of the Pd40Ni40P20 bulk glass as a
function of pressure. The data were linearly fitted as the solid line.
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process. In general, pressure could reduce atomic mobility,
In the Pd40Ni40P20 glass, the diffusion coefficient of Au was
reported to be reduced by external pressure.28 This means
that Qn might increase with pressure. Hence, the nucleation
work increases with pressure. Consequently, the nucleation
rate decreases with pressure and an increase of the crystalli-
zation temperature is expected, as observed for the
Pd40Ni40P20 bulk glass in the pressure range of 0–4.2 GPa.

IV. CONCLUSIONS

Pd40Ni40P20 bulk and ribbon glassy alloys, prepared by a
flux and water quenching and melt-spinning techniques, re-
spectively, exhibitonly one glass transition eventafter an-
nealing at different temperatures in the supercooled liquid
region for 30 min. No multiglass transition events were de-
tected in the samples annealed for long times in the super-
cooled liquid region in vacuum and Ar atmosphere. Crystal-
lization is governed by nucleation and growth processes. The
crystallized samples consist of at least five phases. They are
monoclinic, body-centered tetragonal, orthorhombic,
Ni2Pd2P, and fcc-~Ni,Pd! solid solution phases. Decomposi-
tion of the monoclinic phase into the fcc-~Ni,Pd! solid solu-
tion and Ni2Pd2P phases was detected in the sample an-
nealed in vacuum or Ar, most likely due to the evaporation of
phosphorus. It was also found that the external pressure
strongly enhances the crystallization temperature of the me-
tallic glass at a rate of 11 K/GPa. The eutectic crystallization
reaction mode and crystalline phases formed are unchanged
in the pressure range used. The increase of the crystallization
temperature with increasing pressure in the glass can be ex-
plained by the suppression of atomic mobility.
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