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Observation of secondary relaxation in a fragile Pd40Ni10Cu30P20
bulk metallic glass
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The dynamic elastic moduli in the temperature domain of a Pd40Ni10Cu30P20 bulk metallic glass
were measured with dynamic mechanical spectroscopy at frequencies less than 100 Hz. The primary
relaxation is characterized by a single loss modulus peak and a rapid drop of storage modulus in the
metallic supercooled liquid region. Below the conventional glass transition temperature, a
pronounced shoulder in the loss modulus curves appears and the corresponding storage modulus
decreases with increasing temperature. The phenomenon is common to glass formers of all types.
The observations present the evidence of the existence of the slow � relaxation and affirm the
universality of the separation of the primary and secondary relaxations in the supercooled liquid.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2337876�
An important issue of the glass transition is whether the
separation of the primary relaxation ��� and the slow �
�Johari-Goldstein� relaxation is a universal in the glass-
forming supercooled liquids �SLs� or not.1–4 As a process
that precedes primary relaxation in time, the slow � relax-
ation plays an important role in pursuing the origin of uni-
versal relaxations in glass-forming liquids and the dynamical
glass transition.2,3 However, in many glass-forming liquids,
particularly in rather strong glass-forming liquids,5 only
an excess wing can be found on the high tail of the dielectric
loss spectrum.6–9 Recently, more and more researches have
affirmed that the excess wing has the same nature as the slow
� relaxation.8–11 The dielectric spectroscopy is a standard
method in the investigation of the dynamics of the glass-
forming liquids.7–9 Dynamical elastic modulus measurement
is a supplement to understand the mechanics of the slow �
relaxation of glass-forming liquids, especially metallic glass-
forming liquids, the structure of which is very close to dense
random packing of spheres. Nevertheless, little work on the
slow � relaxation in metallic glasses has been reported.12

The excess wing has been found in the elastic modulus
spectrum of the Zr-based SLs.13 The work indicates that the
evidence of the slow � relaxation could be observed in the
glassy region. In this letter, we present the moduli of the
Pd40Ni10Cu30P20 metallic glass in the temperature domain
measured at a continuous heating process and at low fre-
quency �below 100 Hz�. The Pd40Ni10Cu30P20 supercoooled
liquid is a rather fragile liquid among the available metallic
glass-forming liquids �the fragility or steepness index m is
59�.14 The fragile properties of the glass is helpful for ob-
serving the slow � relaxation in the glassy region during
continuous heating at low frequency.7 It is found that below
the conventional glass transition temperature a pronounced
shoulder in E� curves exists in the temperature domain,
while E� decreases with increasing temperature. The results
indicate the existence of the slow � relaxation in the bulk
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metallic system and affirm that the slow � relaxation is not
decoupled completely from the � relaxation in the metallic
SL. The origin for the slow � relaxation in the metallic glass
is discussed.

The Pd40Ni10Cu30P20 bulk metallic glass was prepared
from a mixture of the pure elements by induction melting in
a high-vacuum quartz tube. Its melted ingot was subjected to
a B2O3 flux treatment at several times to remove the impu-
rities. Metallic glassy sheet with dimensions of 100�10
�1.2 mm3 was formed by suction casting in a water-cooled
copper mold. The amorphous nature of the specimen was
confirmed by x-ray diffraction and differential scanning calo-
rimetry. Rectangular samples with dimensions of about 30
�3�1.2 mm3 were used for the dynamic mechanical mea-
surement carried out in a TA DMA2970 thermal mechanical
analyzer. The complex elastic moduli were measured by the
single-cantilever bending method in a nitrogen-flushed atmo-
sphere. The storage modulus E� and loss modulus E� were
measured in a frequency sweep mode under a sinusoidal ap-
plied strain of ±0.03%.

Figure 1 shows the temperature dependence of the stor-
age modulus E� and the loss modulus E� of Pd40Ni10Cu30P20

FIG. 1. Temperature dependence of the storage elastic modulus E� and the
loss elastic modulus E� of the as-cast Pd40Ni10Cu30P20 measured at 4 Hz at

a heating rate of 3 K/min.
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at 4 Hz with a heating rate of 3 K/min. In order to avoid the
effect of physical aging in the glassy region, the samples
were cooled from the SL region with the cooling rate of
5 K/min prior to the dynamic mechanical analysis �DMA�.
The temperature dependence of E� of the glass can be di-
vided into four regions. Above 620 K, the onset of crystalli-
zation induces the increase of E� and E� with the tempera-
ture. Below 620 K, an obvious peak can be found in the E�
curve. The temperature corresponding to the peak is 588 K,
which is higher than the Tg �560 K� measured by differential
scanning calorimetry �DSC� at the heating rate of 3 K/min.
The peak is therefore related to the dynamics of the metallic
SL. Below Tg, a pronounced shoulder appears in the high
temperature region, and the E� is independent of temperature
at lower temperature. Compared with the temperature depen-
dence of E�, E� shows almost no change below Tg. Above
Tg, E� decreases with increasing temperature.

The dominant peak of loss susceptibility d in the SL is
usually related to the primary relaxation in SL. Figure 2 ex-
hibits the typical characteristics of E� and E� in SL. The peak
E� shifts to higher temperature with increasing loading fre-
quency. With the frequency increasing from 2 to 8 Hz, the
peak temperature increases from 583 to 591 K. The peak fre-
quency can be considered as the mobility of atoms/molecules
in the SL.2 In other words, the average relaxation time de-
creases with increasing temperature. The frequency and the
temperature of the peak are fitted well to the Vogel-Fulcher-
Tammann function: fP= f0 exp�−B / �T−T0��.2 The values of
f0, B, and T0 of the metallic glass are 3.5�1013 Hz,
4084±20 K, and 440±3 K, respectively.

The primary relaxation in SLs usually obeys the time-
temperature superposition �TTS� principle.2 Given that the �
relaxation in the metallic SL obeys the TTS principle and its
averaged relaxation time has the form of the inverse fP, the
E� and E� curves in the temperature region can be simulated
with the Fourier transform form: d��E exp�−�t /����� /dt,
where �E=E�f =��−E�f =0�, � is a nonexponentiality pa-
rameter, and � is the average relaxation time. �E and � are
constant during the simulation. The constant value of the �E
is consistent with the experimental data in Fig. 2, where the
height of the E� peaks is independent of temperature. The

FIG. 2. Temperature dependence of the �a� E� and �b� E� of the metallic
glass measured at frequencies of 2, 4, 8, and 16 Hz in the supercooled liquid
region. The solid lines are simulation results �see details in the letter�.
solid lines in Fig. 2 are the best fits for E� and E� with �
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=9�10−14 exp�4084±20/ �T−440±5�� and �=0.57. The
solid lines fit the high temperature side, i.e., above TP, of the
peak better, but the low-temperature data display higher
value than the fitted line. Since the lower temperature limit
of the fit is 580 K, which is 20 K above the Tg found from
DSC, the departure implies the existence of another intrinsic
relaxation in the metallic glass.

To highlight the shoulder, Fig. 3 plots the temperature
dependence of the E� and E� just below Tg for the metallic
glass formed with a cooling rate of 3 K/min from SL. At
lower temperatures, E� decreases linearly and slowly with
increasing temperature, and E� is almost independent of tem-
perature. As temperature increases, E� begins to increase
faster, while E� decreases rapidly in the same temperature
range. With the interference of the structural relaxation at
temperatures close to Tg, a shoulder is found in the E�
curves. The decrease of E� corresponding to the shoulder is
not so strong and is less than 20% for 4 Hz. The phenom-
enon is not only dependent on temperature, but also on the
loading frequency. With increasing frequency the shoulder
shifts to higher temperature region. Comparing with Fig. 1, it
can be found that the relaxation process related to the shoul-
der will affect the primary relaxation at low temperature in
deep supercooled region.

The shoulder cannot be attributed to physical aging of
the metallic glass because it appears at temperature well be-
low Tg, and the glass is formed with a slow cooling rate of
5 K/min. Moreover, the shoulder is accompanied with de-
creasing E�. On the other hand, the phenomenon is found at
frequencies much less than 100 Hz, and therefore atomic vi-
bration should not contribute to the shoulder. A reasonable
explanation of the shoulder is due to the existence of some
intrinsic motion in the metallic glass. From a dynamic point
of view, the glass is formed from the SL falling out of the
equilibrium, and the primary relaxation of the SL is truncated
by the glass transition.2 However, the slow � relaxation, the
activation energy of which is less than the primary relax-
ation, can exist in the glass region.4 Therefore, the most con-
vincing explanation is that a slow � relaxation exists in the
metallic glass and that the shoulder in the E� curves is related
to the slow � relaxation. Figure 3 exhibits that the primary
relaxation and the slow � relaxation are not separated com-

FIG. 3. Temperature dependence of the �a� E� and �b� E� of the
Pd40Ni10Cu30P20 metallic glass measured at frequencies of 2, 4, and 8 Hz in
the glassy region and at a heating rate of 3 K/min.
pletely in the temperature domain.
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Figure 4 shows the temperature dependence of the re-
duced elastic modulus E� /EP� , where EP� is the elastic modu-
lus at the peak, for three samples at different states tested at
2 Hz. Comparing with the sample annealed at 538 K �below
Tg� for four weeks and the sample cooled from SL with a
cooling rate of 3 K/min, the as-cast sample formed with a
fast cooling rate has higher E� /EP� . This is due to the effect
of the physical aging occurring during heating. However, the
temperature ranges of the shoulders of the three samples are
the same. The slow � relaxation is independent of the origi-
nal state of the samples.

The microstructure of the metallic liquid is close to a
system consisting of an assembly spheres of different sizes.14

The slow � relaxation in the metallic system observed by the
dynamic mechanical measurement must be related only to
the translational motion of atoms because the reorientations
of the spheres about their axis do not attribute to the elastic
dipole.10 Moreover, since macroscopic liquidlike flow of
the metallic glass was not observed in the time scale of the
slow �-relaxation process in our experiment, the transla-
tional motion must be localized and involved only a few
atoms. If the occurrence of such short-range translational
motions involves essentially all atoms during the slow � re-
laxation, then the application of an external mechanical
stress would permanently deform the glass in the
�-relaxation time scale. Such permanent deformation is not
observed and therefore the translational motions of atoms
contributing to the slow � relaxation are small scale and

FIG. 4. Temperature dependence of the loss modulus of the as-cast
Pd40Ni10Cu30P20 glass, the Pd40Ni10Cu30P20 glassy sample annealed at 538 K
�below Tg� for four weeks, and the Pd40Ni10Cu30P20 glassy sample formed
with a cooling rate of 5 K/min.
involve only a special part of atoms in the metallic glass.
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Our experimental results support the fact that the relax-
ation in the typical metallic SL is separated. However, due to
the dynamic characteristic of the metallic SL, its slow �
relaxation cannot be fully decoupled from the � relaxation
even in deep SL.3 We confirmed experimentally that an ex-
cess wing can be found in the elastic spectrum of the SLs.
The excess wing is related to the slow � relaxation overlap-
ping with the primary relaxation in the metallic supercooled
liquid. The observation of the excess wing as well as the
relationship of the � relaxation and the slow � relaxation
in various metallic glasses will be a subject for further
investigation.

In conclusion, we present the evidence of the existence
of the slow � relaxation through dynamic mechanical mea-
surement during continuous heating process at frequencies
lower than 100 Hz in the fragile Pd40Ni10Cu30P20 bulk me-
tallic glass. The slow � relaxation arises from the transla-
tional motions of a special portion of atoms in the metallic
glass.
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