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The availability of the thermal diffusivity values,a, of alloy liquids and their glassy states is very limited at
the present time, although the thermal diffusivity values of alloy liquids might have a close relationship with
their glass-forming ability. Thus, the purpose of this work is to determine the thermal diffusivity values of three
particular alloys, Pd40Cu30Ni10P20, Pd40Ni40P20, and Pd40Cu40P20, in the liquid state, systematically obtained
using a laser flash method involving a novel sample cell. In the liquid state, the thermal diffusivity value of the
Pd40Cu30Ni10P20 alloy showing an outstandingly high glass-forming ability is lower than that of the
Pd40Ni40P20 alloy and it is much lower than that of the Pd40Cu40P20 alloy which has a low glass-forming
ability. With respect to the thermal diffusivity values of the Pd40Cu30Ni10P20 alloy, a positive temperature
dependence was certainly obtained in all conditions: The glassy, supercooled liquid, and liquid states.
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INTRODUCTION

Pd-based glassy alloys with particular compositions, such
as Pd40Cu40−xNixP20, are well known to exhibit glass transi-
tion with the appearance of a wide supercooled liquid region
at over 80 K before crystallization.1 The extremely high
level of thermal stability of the supercooled liquid state en-
ables the production of bulk amorphous alloys. The
Pd40Cu30Ni10P20 alloy especially has a high resistance
against crystallization in a supercooled liquid state and ex-
hibits an outstandingly high glass forming ability.2–4 This
glassy alloy has been seen to reach 75 mm in diameter.2 On
the other hand, the Pd40Ni40P20 and Pd40Cu40P20 glassy al-
loys are able to reach 25 and 5 mm in diameter,
respectively,5 within the best knowledge of the present au-
thors.

Their high glass-forming ability and high thermal stability
provide us a unique opportunity to investigate a number of
physical properties of the Pd40Cu30Ni10P20 bulk amorphous
alloy. For example, changes in viscosity6 and electrical
resistivity7,8 have been found in its supercooled liquid state.
Its specific volume,9–11 crystallization behavior from the su-
percooled liquid state,12 mixing heat,13 local atomic
structure,14,15 and X-ray photoelectron spectroscopy
analysis16 have also been reported. However, the thermal dif-
fusivity values of the Pd40Cu30Ni10P20, Pd40Ni40P20, and
Pd40Cu40P20 alloys are not available yet in any of the liquid,
crystallized, and supercooled liquid states except for the
glassy state17 due to experimental difficulties.

On the other hand, the laser flash method18 is widely em-
ployed and very versatile techniques for measuring the ther-
mal diffusivity of various materials. The laser flash method
has been found to overcome the experimental difficulties in-
volved in measuring the thermal diffusivity of melts19–21 at
high temperatures by being coupled with the recently devel-
oped novel sample cell.

The main purpose of this work is to determine sufficiently
reliable values of the thermal diffusivity of Pd40Cu30Ni10P20,
Pd40Ni40P20, and Pd40Cu40P20 alloys in the liquid state and to
clarify the relationship of the thermal diffusivity in the liquid
state with the glass-forming ability of Pd-based alloys metal-
lic glass. Moreover, the thermal diffusivity values of the
Pd40Cu30Ni10P20 alloy were also obtained in the glassy, crys-
tallized, and supercooled liquid states by means of the laser
flash method.

EXPERIMENTAL

Master alloys were prepared by melting a mixture of
nickel, copper, and pre-alloyed Pd-P ingots using an arc fur-
nace under an Ar atmosphere. Pd40Cu40−xNixP20 master in-
gots of different compositions were then prepared by arc
melting the mixtures of pure-Pd, -Ni, -Cu, and pre-alloyed
Pd-P in an Ar atmosphere. In order to eliminate heteroge-
neous nuclei, a B2O3 flux treatment was carried out in a
highly purified Ar atmosphere after alloy preparation. The
molten Pd40Cu30Ni10P20, Pd40Ni40P20, and Pd40Cu40P20 alloys
were cast into copper molds to obtain these glassy alloys.
The shape of the Pd40Cu30Ni10P20 glassy alloy was 50 mm in
length and 5 mm in diameter, and the Pd40Ni40P20 and
Pd40Cu40P20 glassy alloys in a plate shape was 12 mm in
width, 24 mm in length, and 1 mm in thickness. The amor-
phous quality of the as-cast samples was checked by X-ray
diffractometry employing Mo-Ka radiation. The as-cast
samples of Pd40Cu30Ni10P20 and Pd40Ni40P20 were in a glassy
state. The as-cast sample of Pd40Cu40P20 was almost crystal-
lized.

The Pd40Cu30Ni10P20, Pd40Ni40P20, and Pd40Cu40P20
glassy alloys were heated using a tungsten mesh heater under
a vacuum of less than 2310−3 Pa. An appropriate sample
cell must be used to maintain the Pd40Cu30Ni10P20,
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Pd40Ni40P20, and Pd40Cu40P20 in a liquid state and
Pd40Cu30Ni10P20 in a supercooled liquid state. This sample
cell consisted of an alumina tube sandwiched by two sap-
phire plates.19–21 Sapphire is known to be transparent to
Nd:glass lasers and infrared rays. This sample cell is able to
effectively measure the thermal diffusivity of molten iron,
cobalt, nickel19 and germanium.21 In regard to volume ex-
pansion on melting, the cell is fixed by a graphite fixture at
room temperature.19–21

The thermal diffusivity values of Pd40Cu30Ni10P20,
Pd40Ni40P20, and Pd40Cu40P20 alloys in a liquid state were
measured using a vertical-type laser flash apparatus. The
molten sample was placed in the sample cell.19–21The upper
surface of a sample having a disk shape was instantaneously
irradiated through the upper sapphire plate by a Nd:glass
laser(10 J, 1060 nm emission wavelength). The temperature
increase at the sample’s bottom surface was measured
through the lower sapphire plate by using an InSb infrared
detector(1.2–5.5mm effective wavelength). The tempera-
ture gradient induced by laser flash heating in the liquid
sample is negative to a gravity force. Therefore, the density-
driven convection in the liquid sample does not take place
under this experimental condition. Based upon the theory
proposed by Carslaw and Jaeger,22 the thermal diffusivity,a,
can be evaluated using the following equation:18

a = 0.1388
l2

t1/2
, s1d

wherel is the sample thickness andt1/2 is the time required
for the back surface of the sample to reach one half of the
maximum increase in temperature.

When the sample cell is used to measure the thermal dif-
fusivity of the alloys in the liquid state, it is necessary to
consider the effect of not only the radiative heat loss but also
the conductive heat loss at the interface between the sample
and cell material in order to obtain a reliable value of thermal
diffusivity. When these two heat loss factors become signifi-
cant, the temperature of the back surface of the sample
reaches its maximum and decreases along the line propor-
tional to the form of exps−ktd as schematically shown in Fig.
1(a), wherek is the coefficient of the temperature decrease
andt is the elapsed time after a laser irradiation. The value of
k was obtained from the analysis of the measured tempera-
ture response curves in the attenuation curve region. In the
present work, the maximum value ofk was found to be 0.01
at most. Accordingly, it was concluded that the effect of two
factors of heat loss are negligibly small under the present
experimental condition.20 Thus, the thermal diffusivity val-
ues in the liquid state, in the glass state, and in the super-
cooled liquid state were estimated using Eq.(1).

The sample cell was not used for the measurement of the
thermal diffusivity of Pd40Cu30Ni10P20 in the crystallized
state. The temperature response curve of the Pd40Cu30Ni10P20
alloy in the crystallized state is shown in Fig. 1(b). It was
again concluded that the influence of the radiative heat loss
was negligibly small under the present experimental condi-
tion because the obtained value ofk in the crystallized state
was much smaller than that of the liquid state. Thus, the

thermal diffusivity value of the Pd40Cu30Ni10P20 alloy in the
crystallized state was also estimated using Eq.(1).

In the supercooled liquid and liquid state, the sample was
heated to 1120 K at a heating rate of 0.17 K/s and cooled to
720 K at a cooling rate of 0.17 K/s. Before laser irradiation,
the temperature of the sample was maintained at the desired
temperature for about 15 min in order to stabilize the tem-
perature during both the heating and the cooling periods.

In the glassy state, the thermal diffusivity of the
Pd40Cu30Ni10P20 alloy was obtained in the temperature range
from 300 to 585 K during heating of about 0.17 K/s because
the crystallization of the glassy sample must be repressed
during the course of the measurement.

In order to obtain a crystallized sample, the liquid sample
was cooled to room temperature at a cooling rate of 0.2 K/s
because the critical cooling rate for the crystallization of
Pd40Cu30Ni10P20 alloy without the flux treatment was
1.58 K/s.23 Measurement of the crystallized sample was per-
formed from 300 to 760 K. The experimental procedure was
identical to that used in the case of the glassy state.

RESULTS AND DISCUSSION

The thermal diffusivity values of the Pd40Cu30Ni10P20 al-
loy were measured in the temperature range from 920 to
1120 K. For the Pd40Ni40P20 alloy, the measurements in the
liquid state were made in the temperature range from 1000 to
1120 K, and for the Pd40Cu40P20 alloy in the temperature
range from 1060 to 1120 K. As shown in Fig. 2, the high
degree of reproducibility of the experimental thermal diffu-
sivity data was confirmed by repeating the measurements
under a given condition three times.

The thermal diffusivity values(unit: m2/s) of the three
alloys, Pd40Cu30Ni10P20, Pd40Ni40P20, and Pd40Cu40P20, in the

FIG. 1. Temperature response curves of Pd40Cu30Ni10P20 in a
liquid state at 960 K and in a crystallized state at 650 K.
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liquid state are summarized in the following equations as a
function of temperature,T (unit: K).

aPd40Cu30Ni10P20
= 5.323 10−9sT − 920d + 3.283 10−6

920ø T ø 1120 s2d

aPd40Ni40P20
= 3.953 10−9sT − 1000d + 4.123 10−6

1000ø T ø 1120 s3d

aPd40Cu40P20
= 6.673 10−9sT − 1060d + 5.353 10−6

1060ø T ø 1120 s4d

The experimental uncertainty is estimated to be at most
±4.3%. This includes the experimental errors due to the sig-
nal to noise ratio in the temperature response curve and the
thermal expansion of the cell materials used for estimating
the sample thickness.19,21 The thermal diffusivity values of
the liquid Pd40Cu30Ni10P20, Pd40Ni40P20, and Pd40Cu40P20 al-
loys show a positive temperature dependence, although the
origin of this behavior cannot be identified with certainty at
the present time. In the liquid state, the thermal diffusivity
value of the Pd40Cu30Ni10P20 alloy which has an outstand-
ingly high glass-forming ability is lower than that of the
Pd40Ni40P20 alloy and it is also found to be much lower than
that of the Pd40Cu40P20 alloy which has a low glass-forming
ability in the liquid state, as shown in Fig. 2.

A positive temperature dependence of the thermal diffu-
sivity data has been generally found for molten pure
metals19–21 as well as for liquid metallic glass alloys. Thus,
the temperature dependence of the thermal diffusivity data
may not be directly related to the glass-forming ability of
bulk metallic glass. However, the low thermal diffusivity val-
ues are considered to relate to glass-forming ability. The or-
der of the thermal diffusivity values among the three alloys
investigated is discussed in view of the knowledge of their
atomic structures in the liquid state. The atomic ordering
structure is quite likely to exist in Pd-based liquid alloys, and

such an ordering structure is also suggested in their glass
state.15 For example, the trigonal prism structure consisting
of six metallic atoms(Pd or Ni) around P has been suggested
in the Pd40Ni40P20 glassy alloy.24 On the other hand, X-ray
diffraction results for the Pd40Cu30Ni10P20 metallic alloy in-
dicate a polyhedral ordering structure consisting of eight or
nine metallic atoms(Pd or Cu or Ni) coordinated around P.14

It is not too much to say that Pd, Cu, and Ni atoms are
bonded not only with P but also with metallic elements, be-
cause the interactions between Pd and Cu have large nega-
tive mixing heats.25 Some free electrons in the
Pd40Cu30Ni10P20 liquid alloy are contributed to the P atoms
bonding with Pd, Cu, and Ni atoms, and Pd with Cu coordi-
nated to P. Thus, the number of conduction electrons, which
are not contributed to the atomic ordering structure in the
Pd40Cu30Ni10P20 alloy, is considered to be less than those in
the Pd40Ni40P20 and Pd40Cu40P20 alloys. The conduction
electrons dominate the heat transport in Pd-based alloys be-
cause the Wiedemann-Franz law has been recognized.26

Therefore, the number of the free electrons may be related to
the order of the thermal diffusivity values. As a result, the
thermal diffusivity values of the liquid alloys examined here
diminish in the order of Pd40Cu30Ni10P20, Pd40Ni40P20, and
Pd40Cu40P20, as shown in Fig. 2.

The following point is noteworthy. The critical diameter,
dC, of glass formation is 75 mm for Pd40Cu30Ni10P20, 25 mm
for Pd40Ni40P20, and 5 mm for Pd40Cu40P20.

2,5 The lower the
thermal diffusivity values of Pd-based alloys in the liquid
state at 1060 K, the larger the critical diameter of glass for-
mation becomes, as easily seen in Fig. 3.

In order to measure the alloys’ thermal diffusivity in the
supercooled liquid state, the liquid sample was cooled to
below liquidus, continuously. The thermal diffusivity values
of Pd40Cu30Ni10P20 in the glassy, crystallized, supercooled
liquid and in the liquid state were also measured in the tem-
perature range from 300 to 1120 K. The results are shown in
Fig. 4 together with those in the liquid state. Characteristic
temperatures such as the glass transition temperature,Tg,
crystallization temperature,Tx, eutectic temperature,Te, and
liquidus temperature,Tl, of the Pd40Cu30Ni10P20 glassy alloy1

are given in Fig. 4. Since the measurements of

FIG. 2. Thermal diffusivity of Pd40Cu30Ni10P20, Pd40Ni40P20,
and Pd40Cu40P20 in a liquid state as a function of temperature. The
symbolsn, q, and n denote the experimental data while their
linear fitting results are shown by lines.

FIG. 3. Thermal diffusivity of Pd40Cu30Ni10P20, Pd40Ni40P20,
and Pd40Cu40P20 in the liquid state at 1060 K as a function of the
critical diameter,dC, of glass formation.
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Pd40Cu30Ni10P20 in the glass and crystallized states were per-
formed during heating, the degree of uncertainty of thermal
diffusivity in the glassy and crystallized states is larger than
that in the supercooled liquid and liquid states. Nevertheless,
the experimental uncertainty of the present thermal diffusiv-
ity values in the glass and crystallized states in the tempera-
ture range from 300 to 670 K is approximately ±6.3% at
most.

The thermal diffusivity values of the Pd40Cu30Ni10P20 al-
loy show a positive temperature dependence in the glassy
state. It is noted that the thermal diffusivity values of the
Pd40Cu30Ni10P20 alloy in the glassy state were measured by
Harmset al.17 using the thermal-wave technique; they show
close agreement with the present results as seen in Fig. 4,
although their data are limited to the lower temperature
range.

The values measured at a temperature just belowTl
s840 Kd correspond to those measured in the supercooled
liquid state. These values are approximately equal to the
value s2.9310−6 m2 s−1d at Tg. The structure and essential
mechanism of thermal diffusion in the supercooled liquid
state is presumably unchanged in the temperature range from
Tg to Tl. This is consistent with the structural features ob-
tained by X-ray scattering.14,15The thermal diffusivity values
were measured downward from 840 to 720 K at a cooling
rate of 0.17 K. In this temperature region, the thermal diffu-
sivity values rapidly increase with decreasing temperature,
and this variation corresponds to the volume fraction of the
crystalline and liquid phases.

The thermal diffusivity value of the crystallized state is
much larger than that of the glassy case, as shown in Fig. 4.
On the other hand, Fig. 5 shows the X-ray diffraction pat-
terns(Mo-Ka radiation) of the crystallized Pd40Cu30Ni10P20
alloy. The crystalline phases of crystallized Pd40Cu30Ni10P20
alloy were identified as the mixture of Pd15P2, Ni3P,
Pd2Ni2P, and Cu. Data regarding the thermal properties of
Pd15P2, Ni3P, and Pd2Ni2P phases is not available. However,
such distinct differences in the thermal diffusivity values of

the Pd40Cu30Ni10P20 alloys may be attributed to the structural
difference between the crystallized state with atomic period-
icity and the glassy state with nonperiodicity.

CONCLUSION

The thermal diffusivity values of three particular alloys,
Pd40Cu30Ni10P20, Pd40Ni40P20, and Pd40Cu40P20, in the liquid
state were systematically determined using the laser flash
method involving the described sample cell. The clear differ-
ences in their thermal diffusivity values suggest that thermal
diffusivity may be one of the indicators of the glass-forming
ability of Pd-based glassy alloys.

The thermal diffusivity values of the Pd40Cu30Ni10P20 al-
loy in the glassy, crystallized, and supercooled liquid states
have also been obtained. The results are summarized as fol-
lows:

(1) The thermal diffusivity value at 840 K in the super-
cooled liquid state is approximately equal to the value at the
glass transition temperature;

(2) A positive temperature dependence is confirmed in
the thermal diffusivity values of Pd40Cu30Ni10P20 in the
glassy and liquid states;

(3) The thermal diffusivity of the Pd40Cu30Ni10P20 alloy
in the crystallized state is much larger than that in the glassy
state.

The lower the thermal diffusivity values of Pd-based al-
loys in the liquid state, the larger the critical diameter of
glass formation clearly becomes. Thus, the present authors
maintain the view that the thermal diffusivity values of alloy
liquids might be an indicator of their the glass forming
ability.
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FIG. 4. Thermal diffusivity of Pd40Cu30Ni10P20 in the glassy,
crystallized, supercooled liquid, and liquid states as a function of
temperature.

FIG. 5. X-ray diffraction patterns of Pd40Cu30Ni10P20 in the
crystallized state.
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