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ABSTRACT: The dynamics of Pd-based metallic glass-forming liquids (Pd40Ni10Cu30P20,
Pd42.5Ni7.5Cu30P20, Pd40Ni40P20, and Pd30Ni50P20) was studied by mechanical spectroscopy
and modulated differential scanning calorimetry (MDSC). We found that the change in
composition has a significant effect on the α relaxation dynamics; the largest difference
corresponds to an increase of the glass transition temperature Tg of ∼15 K, for materials in
which 30% Ni was substituted by 30% Cu (i.e., from Pd40Ni40P20 to Pd40Ni10Cu30P20). We
also found that all Pd-based metallic glasses have very similar fragilities, 59 < m < 67, and
Kohlrausch stretched exponents, 0.59 < βKWW < 0.60. It is interesting that the values of m
and βKWW correlate well with the general relation proposed by Böhmer et al. for
nonmetallic glass formers (Böhmer, R.; et al. J. Chem. Phys. 1993, 99, 4201−4209), which
for the observed βKWW values predicts 58 < m < 61. From a linear deconvolution of the α
and β relaxations, we find that the substitution of the Ni with Cu induced a large change in
the time constant of the Johari−Goldstein relaxation, τβ. The activation energy, Uβ, of the
β relaxation was largely independent of chemical composition. In all cases, 25 < Uβ/RT <
28, a range in agreement with results for other glass formers (Kudlik, A.; et al. Europhys.
Lett. 1997, 40, 649−654 and Ngai, K. L.; et al. Phys. Rev. E 2004, 69, 031501). From the
heat capacity and mechanical loss, estimates were obtained for the number of dynamically
correlated units, Nc; we find significantly larger values for these metallic glass-forming
liquids than Nc for other glass-forming materials.

1. INTRODUCTION

One of the most intriguing issues in supercooled liquids and
glassy materials is their dynamic relaxation behaviors, which
underlies their physical and mechanical properties.1−3 Mechan-
ical relaxation in amorphous materials depends on the chemical
structure and the morphology. Typical mechanical or dielectric
relaxation spectra show two relaxation processes in amorphous
materials.4−7 The primary (or α) relaxation corresponds to
structural relaxation, which is coupled to molecular diffusion.
The α relaxation time, τα, increases by many orders of
magnitude on cooling from the liquid to the glassy state. In
amorphous metallic alloys, the α relaxation has been extensively
investigated by differential scanning calorimetry (DSC),8−10

density relaxation,11,12 viscosity,13 free volume changes,14

dynamic mechanical relaxation,15−18 and positron annihilation
spectrosocopy.19 For metallic glass formers, the α relaxation is
ascribed to the cooperative motion of atoms.1,5 The temper-
ature dependence of τα invariably conforms to the Vogel−
Fulcher−Tamman (VFT) equation.20 A second faster
relaxation, usually evident only below the glass transition
temperature Tg, is known as the Johari−Goldstein (JG)
relaxation, a type of secondary (or β) relaxation related to
more local dynamics.4,20−22 The α and β relaxations both
appear to be universal features of amorphous materials. The
relationship between the two processes, and in particular

whether the β functions as the precursor to structural
relaxation, is a topic of current debate.5 In metallic glasses,
there exist “liquid-like sites” embedded in an elastic matrix.1

These liquid-like sites (or regions) are thought to be related to
both the secondary relaxation and plastic deformation.23 The
dynamics of metallic glass-forming liquids is more complicated
than for molecular liquids, since the former show an additional
fragile-to-strong dynamic transition.24

Calorimetry is a useful method to investigate the α and β
relaxations in glass-forming materials.25−27 From such measure-
ments, Hu et al. found a correlation in metallic glasses between
the activation energy of the β relaxations Uβ and Tg, Uβ = 26.1
RTg.

25 They concluded that the Johari−Goldstein relaxation is
an intrinsic feature of amorphous metallic alloys. This empirical
correlation between Uβ and Tg was confirmed by Yang et al.19

in isothermally annealed Al85Ni5Y8Co2 and Al85Y5Y6Co2Fe2.
Interestingly, Haruyama et al.11 showed the β relaxation in
Zr55Cu30Ni5Al10 metallic glass is mainly attributed to chemical
short-range ordering (CSRO).
Okumura et al.28−30 observed the β relaxation in La-based

metallic glass by dynamic mechanical analysis (DMA).
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Substitution of Cu with Ni in La55Al25Ni20 metallic glass caused
the β relaxation to be suppressed, appearing as an excess
wing.28 An opposite result has been reported by Wang et al.31

The nonequilibrium and inherently unstable nature of glassy
materials is affected by physical aging.32−35 In turn, the aging
dynamics is related to the structural relaxation process.34,35

Pelletier et al.36 reported the existence of a β relaxation at low
temperature in Pd43Ni10Cu27P20 metallic glass by mechanical
spectroscopy, which they ascribed to the nonmetallic elements
(i.e., P) surrounding the metallic-bonding regions. Using
ultrasonic annealing of the Pd−Ni−Cu−P, Ichitsubo et al.
showed that the microstructural patterns consisted of strongly
bonded regions (SBRs) surrounded by weakly bonded regions
(WBRs).37,38 It has been pointed out that, in glassy alloys, SBRs
have a high shear modulus and low Poisson ratio, while WBRs
have a low shear modulus and high Poisson ratio. The authors
inferred that the β relaxation of Pd-based metallic glass is
connected to the WBRs, being related to the inhomogeneous
microstructure.37,38 The heterogeneous structure on the
nanoscale in metallic glass-forming liquids has also been
observed by high resolution transmission electron microscopy
(HRTEM),39−41 by dynamic atomic force microscopy,42 and in
simulations.43,44 These results suggest that the nanoscale
heterogeneities in amorphous metallic alloys are connected to
the β relaxation.
Generally, the mechanical behavior, physical properties, and

relaxation behaviors are strongly dependent on the nature of
the constituent atoms or molecules.6,45 In the current
investigation, mechanical tests using DMA and temperature
modulated differential scanning calorimetry (MDSC) were
performed to probe the characteristics of the Johari−Goldstein
relaxations in Pd-based metallic glass-forming liquids, in
particular, the influence of minor changes in the chemical
content on the JG process. Recently, Yu et al.6 found that the β
relaxations in metallic glass-forming liquids are sensitive to the
chemical interactions among all the constituent atoms. In other
words, β relaxations in metallic glasses are linked to a large
mixing enthalpy for the atoms.6 The enthalpy of mixing among
all the constituent atoms in Pd−Ni−Cu−Al is reported in
Scheme 1. In the previous work, it was proposed that the β
relaxation is enhanced by replacing Ni by Cu atoms.6 Applying
the time−temperature superposition (TTS) principle, we show
that the activation energies of the JG relaxations are comparable
to those of other glass-forming materials. We find that the JG
relaxation is suppressed with increasing concentration of Ni, in

agreement with previous observations.6 Finally, the number of
correlating units was determined using two different
approaches. We found that the number of correlating units is
significantly larger than that in other glass-forming liquids,
which could be interpreted as a reflection of short-range
ordering in these metallic glass-forming liquids.

2. EXPERIMENTAL PROCEDURE

2.1. Sample Preparation.Master alloys of palladium-based
bulk metallic glasses were fabricated by the B2O3 flux method.
Metal chips of Pd (99.5%), Ni (99.99%), Cu (99.99%), and
lump P (99.9999%) were mixed together and sealed in an
evacuated quartz tube, and the mixture compositions were
melted under inert argon gas in a resistance heating furnace. In
the current work, the compositions of the alloys (atom %) are
Pd40Ni10Cu30P20, Pd42.5Ni7.5Cu30P20, Pd40Ni40P20, and
Pd30Ni50P20, respectively. The experimental details are
described as previous literature.46

2.2. Differential Scanning Calorimetry (DSC). Differ-
ential scanning calorimetry (DSC) experiments were per-
formed using a standard commercial instrument (PerkinElmer,
DSC-7) under high purity dry nitrogen at a flow rate of 20 mL/
min. Aluminum pans were used as sample holders. Baseline
corrections during the experiments were made for all the DSC
curves. In order to ensure the reliability of the data in the
experiments, a temperature calibration was performed prior to
conducting the experiments with an indium standard specimen
with 6.146 mg (Tm = 429.7K, ΔHc = 28.48 J/g) and zinc
standard with 3.283 mg (Tm = 692.6K, ΔHc = 108.37 J/g),
giving an accuracy of ±0.2 K and ±0.02 mW, respectively. In
order to get better accuracy during the experiments, all the
samples were of similar mass.

2.3. X-ray Diffraction (XRD). X-ray diffraction (XRD)
experiments were conducted at room temperature to examine
their amorphous character, using Cu Kα radiation produced by
a commercial device (D8, Bruker AXS Gmbh, Germany).

2.4. Dynamic Mechanical Analysis (DMA). Dynamic
mechanical measurements were carried out in an inverted
torsion mode using a mechanical spectrometer described by
Etienne et al.47 Experiments were performed using a sinusoidal
stress, either at a fixed frequency (ranging from 10−2 to 2 Hz)
during continuous heating with a constant heating rate or at a
given temperature with different frequencies. Experimental
samples with dimensions of 30 mm (length) × 2 mm (width) ×
1 mm (thickness) were prepared using electric discharge
machining. All the experiments were performed under a high
vacuum atmosphere. A periodic shear stress was applied, and
the corresponding strain was measured. Thus, the complex
modulus (G = G′ + iG″) was deduced and then the storage
(G′) and loss (G″) dynamic shear modulus were calculated.
The loss factor tan δ = G″/G′ was also determined. The strain
amplitude was lower than 10−4.

2.5. Modulated Differential Scanning Calorimetry
(MDSC). Modulate differential scanning calorimetry (MDSC)
was performed using a TA Q100 calorimeter. Samples were
cooled from above the glass transition at a rate of q = 0.5 K/
min, with temperature modulation of 1 K and modulation
periods of Tm = 40, 60, 90, and 120 s.

3. RESULTS AND DISCUSSION

3.1. Thermal Properties and XRD Analysis (As-Cast
State). The DSC scans during heating at 20 K/min for the four

Scheme 1. The Schematics of Enthalpy of the Mixing
Elements for the Pd−Ni−Cu−P System Metallic Glass-
Forming Liquidsa

aThe values of the enthalpy of mixing come from ref 6.
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investigated Pd-based bulk metallic glasses are presented in
Figure 1a. A step corresponding to the glass transition is

followed by a large exothermic peak related to the
crystallization of the sample. The glass transition temperature
is found to vary by about 20° depending on the composition,
with the alloys containing Cu having a smaller Tg. The XRD
patterns of the four Pd-based metallic glass-forming liquids are
reported in Figure 1b; only broad diffraction maxima are
observed. The DSC curves and XRD patterns validated the
amorphous nature of the model alloys.
3.2. Evolution of the JG Relaxation in Pd-Based

Metallic Glass-Forming Liquids. 3.2.1. Isochronal Meas-
urements. Figure 2a shows the temperature dependence of the
loss modulus, G″/Gmax″ , at constant frequency (0.3 Hz) as a
function of temperature for the four investigated Pd-based
metallic glass-forming liquids. It is evident that with increasing
content of Ni atoms the β relaxation becomes less prominent.
For Pd30Ni50P20 metallic glass, the β relaxation is present only
as a weak shoulder. This is evident also when using the Cole−
Cole (CC) representation to describe the overall dynamic
mechanical behavior.48 The CC curves of Pd40Ni10Cu30P20 and
Pd40Ni40P20 metallic glass-forming liquids are reported in the
inset of Figure 2a; these results are in good agreement with the
recent report by Yu et al.6 Since in their glassy state Pd30Ni50P20
has a higher density than Pd40Ni10Cu30P20, this dependence of
the β relaxation on the composition suggests that this process
could be related to local motions of atoms in a less dense part
of the material, i.e., a local free volume. Moreover, as observed
in ref 6, it is clear from the enthalpy of mixing in Pd-based
metallic glass-forming liquids reported in Scheme 1 that the
more pronounced β relaxations in Pd40Ni10Cu30P20 and
Pd42.5Ni7.5Cu30P20 are associated to large negative values of
the enthalpy of mixing among the constituting atoms.
In order to further illustrate the thermal heat treatment

feature of the β relaxation in Pd-based metallic glass-forming
liquids, dynamic mechanical tests were conducted for heated
sample Pd40Ni10Cu30P20 metallic glass (the sample was heated
to 590 K with a heating rate of 3 K/min and kept at 590 K for 3

min before cooling down at a rate of 10 K/min). The
amorphous characteristic of the annealed sample is validated by
XRD. A comparison of β relaxation of Pd40Ni10Cu30P20 metallic
glass between the as-cast and after heat treatment is provided in
Figure 2b. The heat treatment leads to a reduction in the
amplitude of the loss modulus, i.e., the heat treatment induces a
decrease of the atomic mobility and amplitude of the JG
relaxation (inset of Figure 2b) in the amorphous alloy. It is
reasonable to expect that the heat treatment causes the metallic
glass to evolve toward a higher density state with a consequent
reduction of the available local “free volume” available for
atomic rearrangement, since the cooling rate after the heat
treatment was smaller than that in the as-cast sample. This is
consistent with the β relaxations in metallic glasses being
related to localized motion of atoms, with the intensity of the
JG β relaxations to a great extent linked to the concentration of
“defects”. These defects are termed as “free volume”,49,50 “weak
points”,37,38 “soft zone”,39 “flow units”,1,12 “liquid-like
sites”,51,52 and “quasi-point defects” (QPDs).53−56 Specifically,

Figure 1. (a) DSC curves of the Pd-based bulk metallic glasses (the
heating rate is 20 K/min); the glass transition temperatures Tg are
defined by the arrows in the figure. (b) The XRD patterns of the Pd-
based metallic glasses in as-cast states. The morphology confirmed the
amorphous feature of the Pd-based metallic glasses.

Figure 2. (a) Temperature dependence of the loss modulus G″/Gmax″
(Gmax″ corresponds to the peak of α relaxation in the loss modulus) in
Pd-based metallic glass-forming liquids (heating rate, 3 K/min; driving
frequency, 0.3 Hz). The peak temperatures of α relaxation Tα for
Pd40Ni10Cu30P20, Pd42.5Ni7.5Cu30P20, Pd40Ni40P20, and Pd30Ni50P20 are
598, 596, 604, and 615 K, respectively. The evolution of Tα is
consistent with those of the DSC results (Figure 1a). The inset shows
Cole−Cole plots of the Pd40Ni10Cu30P20 and Pd40Ni40P20 metallic
glass-forming liquids. (b) Impact of heat treatment on the β relaxation
in Pd40Ni10Cu30P20 metallic glass (as-cast state and heated the sample
to 590 K). The inset shows the variation of ΔG″/Gmax″ (ΔG″ = Gas‑cast″
− Gheated at 590 K″ ). The amorphous feature after heat treatment is
confirmed by XRD. (c) Evolution of JG secondary relaxation during
the successive continuous heating processes for Pd42.5Ni7.5Cu30P20
metallic glass-forming liquid (heating rate is 3 K/min and driving
frequency is 0.3 Hz). The inset presents a schematic illustration of the
DMA experiment during the continuous heating process.
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these inhomogeneous structures in nano- or microdomain have
been confirmed by different techniques or simulation
methods.39−44 A recent review by Yu, Samwer, and Wang
examines the mechanical relaxation in metallic glass-forming
liquids in detail, in particular the nature of the Johari−
Goldstein β relaxation in metallic glasses with different
systems.22 Figure 2c shows the evolution of the β relaxation
during the progressive heating process of the Pd42.5Ni7.5Cu30P20
metallic glass-forming liquid. As expected, for annealing below
the glass transition temperature Tg, we found that the β
relaxation is not sensitive to the different heat treatments. This
reversibility of the β relation is consistent with the local
noncooperative nature of the motion of the atoms related to β
relaxation. Due to the local nature of this motion, it is
reasonable to expect that it can cause only minor changes to the
structure of the glass (Figure 2c).
3.2.2. Relaxation Processes and the Master Curves. To

study the influence of the frequency on the mechanical
relaxation in Pd-based metallic glass-forming liquids, the
isothermal spectra of G′ and G″ have been measured. Figure
3 presents the frequency dependence of the loss modulus G″ at
various temperatures of Pd42.5Ni7.5Cu30P20 and Pd30Ni50P20

metallic glasses. Below the glass transition temperature Tg,
the loss modulus increases by increasing the isothermal
temperature at a given frequency. Above the glass transition
temperature, a loss peak associated with the primary α
relaxation is evident in the spectra.
Assuming the validity of the time−temperature superposition

(TTS) principle, we constructed the master curve with respect
to a reference temperature Tr. To obtain this master curve, the
loss spectra are shifted by the frequency shift factor aT

57

τ τ= −aln ln lnT r (1)

where τ and τr are the relaxation times at temperatures T and
Tr, respectively. Assuming an activated (i.e., Arrhenius)
behavior of the relaxation time τ, it follows57,58

= −
⎛
⎝⎜

⎞
⎠⎟a

U
R T T

ln
1 1

T
r (2)

here, R is the gas constant and U is the apparent activation
energy for α and Johari−Goldstein β relaxations.

Figure 3. The normalized loss modulus spectra G″/Gu of Pd42.5Ni7.5Cu30P20 and Pd30Ni50P20 metallic glass-forming liquids as a function of frequency
at different temperatures. Parts a and b show the loss modulus spectra of Pd42.5Ni7.5Cu30P20 and Pd30Ni50Cu20 metallic glasses, respectively.
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The master curves of the Pd-based metallic glasses are
obtained by the TTS principle, in the case of the
Pd42.5Ni7.5Cu30P20 metallic glass, which is presented in Figure 4.

At lower frequency, the master curve is dominated by the α
relaxation peak, while, at high frequency, the presence of the
Johari−Goldstein β relaxation is evident. A comparison of the
master curves in the Pd-based metallic glass-forming liquids is
shown in Figure 5. The master curves of these amorphous

alloys present very similar phenomena in that of temperature
dependence (see Figure 2a). The JG β relaxation is more
convoluted with the contribution of the α relaxation with
increasing Ni content. The separation between the α and β
processes as well as their shape as observed in a master curve is
not correct, since the two processes have a very different
temperature dependence of their shape and relaxation time, so
that the TTS over the whole range cannot be valid. However,
the master curves are very useful to evidence the differences in
the spectra of the investigated glass formers.
In order to characterize the isothermal mechanical spectra,

the α relaxation was described by the Kohlrausch−Williams−
Watts (KWW) function59,60 and the Cole−Cole (CC) equation
was used to describe the β process.61,62

ω
ϕ τ

ωτ
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with

φ τ τ= −α α
βt t( , ) exp[ ( / ) ]a

KWW

where βKWW is the Kohlrausch exponent with values between 0
and 1, reflecting the deviation from the Debye function (βKWW
= 1). ΔGα and ΔGβ are the relaxation strength of the α
relaxation and JG β relaxation, respectively. The parameters b
and βKWW describe the symmetric and asymmetric broadening
of the corresponding spectra. The linear superposition of the
two processes as predicted from eq 3 may not be trivial in the
case that the relaxation times of two processes are close, and
the use of a different ansatz may be necessary. In the spectra
analyzed here, the relaxation times of the two processes differ
by more than three decades, so this was not an issue.63,64 Note
that, even if in principle eq 3 could be used to analyze the TTS
spectra (Figure 5), this was not done in here. As discussed
above, the TTS cannot take into account the different
temperature dependences of the relaxation times and shapes
of the two processes. Thus, the separation and shape of the two
processes if determined from the TTS spectra would have a
large error especially in the range of temperatures in which the
two processes are very close. In here, the TTS spectra are
mainly used to show the clearly different relaxation scenarios,
not to determine the dynamical properties of the α and β
processes, which were determined only from the isothermal
measurements.
We have shown before62 that eq 3 can be used to fit the

master curves (Figure 4), obtaining reasonable values of βKWW.
However, we also pointed out that this cannot be used to
determine the relaxation time, since the TTS principle cannot
be valid for the whole temperature range. TTS assumes that the
shapes of the spectra have to be the same at all temperatures
considered; even if we would consider this to be true for the α
and β relaxation separately, this cannot be true for their
superposition, since they have very different temperature
dependences. However, since the spectra above and below
the glass transition temperature Tg are dominated by the α and
β processes, respectively, we expect that the activation energy
obtained from the shift factor (eq 2) is still reasonable, although
some deviations are possible if there is a large superposition of
two processes.

3.3. Effect of Aging on the Relaxation Processes in
Pd-Based Metallic Glass-Forming Liquids. Figure 6
presents the shift factor aT as a function of isothermal
temperature for as-cast and aged samples below the glass
transition temperature Tg (aging temperature 560 K and aging
time 4 h, these conditions were chosen empirically to allow the
system to relax in a relatively short time). On the basis of eq 2,
we determined the apparent activation energy for α relaxation
Uα and Johari−Goldstein relaxation Uβ.
The values of activation energy for Uα and Uβ for the as-cast

sample are 5.79 ± 0.02 and 1.31 ± 0.01 eV, respectively, and
6.83 ± 0.03 and 1.30 ± 0.01 eV for the aged sample. Let us
mention that the as-cast state is an out of equilibrium state and
therefore the corresponding values are not really significant,

Figure 4. Master curves for the loss modulus of Pd42.5Ni7.5Cu30P20
bulk metallic glass. The reference temperature is 571 K.

Figure 5. Master curves for the loss modulus of Pd-based metallic
glass-forming liquids. The reference temperatures of Pd40Ni10Cu30P20,
Pd42.5Ni7.5Cu30P20, Pd40Ni40P20, and Pd30Ni50P20 are 580, 571, 586, and
586 K, respectively. Inset: Normalized loss modulus of
Pd40Ni10Cu30P20, Pd42.5Ni7.5Cu30P20, Pd40Ni40P20, and Pd30Ni50P20 at
583, 586, 598, and 604 K, respectively. The solid line is a Kohlrausch
function with βKWW = 0.60. For the spectra of Pd40Ni10Cu30P20 and
Pd40Ni40P20 to have a superimposition, the spectra were shifted by
multiplying the frequency by 1.34 and 1.22, respectively. The βKWW =
0.60 for the four samples are evidently very close.
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due to a possible evolution of the sample during the
experiments. In both cases, the activation energy of α relaxation
of Pd42.5Ni7.5Cu30P20 metallic glass is about 5 times higher, as
expected from the cooperative nature of the atomic motions
involved in the α relaxation. It should be noticed that the value
is actually an upper bound, since the activation energy of the β
relaxation is often found to increase above Tg.

65

The β relaxation in the Pd-based metallic glass-forming
liquids corresponds to a diffusion activation energy of P,66

suggesting that the β process is related to a single atom
diffusion. It is interesting to note that the single atom diffusion
for P in Cu is 1.41 eV and Pd diffusion in Cu is 2.36 eV,
respectively.67 Therefore, the activation energy JG relaxation in
Pd-based metallic glass-forming liquids is very close to the
magnitude of the single atom diffusion of P in Cu.
Furthermore, the dynamic glass transition in the
Pd42.5Ni7.5Cu30P20 metallic glass is related to around 5 times
the cooperative movement of the single atom diffusion of P in
Cu.67 On the basis of current experimental results, the
correlation between the apparent activation energy Uβ of β
relaxation and the glass transition temperature Tg in
Pd42.5Ni7.5Cu30P20 metallic glass can be established, which is
consistent with the empirical law: Uβ ≈ 26(±2) RTg. It should
be noted that the correlation between the activation energy and

the glass transition temperature Tg is very similar to that in
nonmetallic glassy materials which are Uβ ≈ 24 RTg.

68 The
activation energy Uβ was found to not be sensitive to the
physical aging; however, the relaxation time of the β process
tends to increase with aging.
In order to study the effect of the physical aging below the

glass transition temperature Tg on the dynamic mechanical
relaxation in metallic glass-forming liquids, a comprehensive
investigation of isothermal aging was performed at 563 K in
Pd42.5Ni7.5Cu30P20 bulk metallic glass. For isothermal aging, the
sample was heated from below Tg to the aging temperature Ta
= 563 K at a constant heating rate of 3 K/min with a driving
frequency of 0.3 Hz. Then, the samples were held at this
temperature for 4 h. As presented in Figure 7, the physical
aging below the glass transition temperature induces an
augment of the storage modulus G′ (∼6%) and a decrease of
the loss factor tan δ and of the loss modulus G″. The trends
reflect the structural relaxation in metallic glass-forming liquids,
leading to a decrease of the viscoelastic component and an
increase of the elastic component, which is in accordance with
the previous publications.69

By considering the evolution of the loss factor (tan δ), we
defined the parameter Δ function of the aging time, ta, as

62,69,70

δ δ
δ δ

Δ =
− → ∞

= − → ∞
t t

t t
tan ( ) tan ( )

tan ( 0) tan ( )
a a

a a (4)

The kinetics of the structural relaxation in amorphous materials
during aging can be described using the stretched exponential
[or Kohlrausch−Williams−Watts (KWW)] relaxation function.
The following equation has been introduced to analyze the
isothermal aging process in amorphous materials:62,69,70

δ δ τ− = = − − βt t A ttan ( ) tan ( 0) {1 exp[ ( / ) ]}a a a
aging

(5)

where A is the maximum magnitude of the dynamic mechanical
relaxation and A = tan δ(ta → ∞) − tan δ(ta = 0). τ is the
relaxation time and βaging is the Kohlrausch exponent with
values between 0 and 1, with βaging = 1 corresponding to a
single Debye relaxation time. On the basis of eq 5, the
relaxation time τaging and the Kohlrausch exponent βaging can be
obtained (see the solid curve in Figure 7). It should be noted
that the Kohlrausch exponent βaging is about 0.5 for temper-

Figure 6. Temperature dependence of the shift factor for the as-cast
sample and relaxed one in Pd42.5Ni7.5Cu30P20 bulk metallic glass. The
apparent activation energy of α relaxation and Johari−Goldstein β
relaxation are determined by the Arrhenius plots (the solid lines are
the Arrhenius plots).

Figure 7. Evolution of the storage modulus G′, loss modulus G″, and loss factor tan δ for Pd42.5Ni7.5Cu30P20 bulk metallic glass with the annealing
time. The aging temperature is Ta = 563 K, and the driving frequency is 0.3 Hz. The solid curve is best fit from eq 5 obtained for the parameters τ =
1189 ± 13 s and βaging = 0.447 ± 0.005.
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atures close to the glass transition temperature Tg based on the
experimental results18,62,71−73 as well as the simulation
techniques by molecular dynamics (MD).74 The value of τ
determined from the fit of the data during aging is reported in
Figure 8 together with the relaxation time obtained from the fit

to the isothermal spectra. The results show that the aging time
is very close to the extrapolated value of τα. This is quite
interesting, since even if below the glass transition temperature
Tg the spectra are dominated by the β process their aging is
controlled by the α relaxation.
3.4. Relaxation Maps in Pd-Based Metallic Glass-

Forming Liquids. The temperature dependence of the α
relaxation time τα in supercooled liquids is well described by
the Vogel−Fulcher−Tamman (VFT) equation:20

τ τ=
−α

α
∞

⎛
⎝⎜

⎞
⎠⎟

B
T T

exp
0 (6)

where the frequency τα is calculated from the frequency of the
peak maximum, f peak, as τα = (2πf peak)

−1, τ∞
α is the relaxation

time in the limit of high temperatures, and T0 is the Vogel
temperature. A parameter often used in the characterization of
amorphous materials is the fragility parameter, m (=(1/Tg)((∂
log(τ))/(∂1/T))|Tg

), which was introduced by Angell.75−78

Glass-forming liquids are classified into “strong” and “fragile” if
they have small or large m, respectively. Conceptually, the
kinetic fragility parameter m represents the degree of deviations
from the Arrhenius law. Thus, the more “fragile” glass formers

show larger deviations from the Arrhenius equation, while τα in
the stronger glass-forming liquids has a nearly Arrhenius
temperature dependence. Normally, metallic glass-forming
liquids have intermediate fragility.
From the VFT parameters, the fragility parameter can be

calculated as79,80

=
−

m
BT

T Tln 10( )
g

g 0
2

(7)

The relaxation maps in the Pd-based metallic glasses are
presented in Figure 8. All four materials show a similar scenario.
Above Tg, the α process behavior is well described by a VFT
equation (solid lines), while, below Tg, the β process shows an
Arrhenius behavior below Tg.
The α relaxation for the two systems containing copper

(Pd42.5Ni7.5Cu30P20 and Pd40Ni10Cu30P20) is not affected much
from the change of composition. Similarly, there is only a small
change in the other two systems (Pd40Ni40P20 and Pd30Ni50P20)
for a change in the composition of Ni and Pd. The more
significant difference is between the two sets of samples, with a
decrease of Tg of about 15 K associated with the substitution of
30% of Ni by Cu. At the same time, we observe that the shape
of the α process is very close for all four materials. In all four
cases, a best fit of the loss peak is obtained for βKWW = 0.59−
0.60 (Table 1), with a negligible temperature dependence. The
independence on composition of the shape of the α relaxation
is also evidenced in the inset of Figure 5.
On the basis of the experimental results in Figure 8, fragility

plots for the Pd-based metallic glass-forming liquids are shown
in the inset to Figure 8. It can be seen that the fragility for the
Cu based systems is higher but the difference is within the
experimental error. Calculating the fragility parameter using eq
7, we found 59 < m < 67; therefore, all the Pd-based metallic
glass formers investigated herein are neither strong nor fragile.
The relative invariance of m is in agreement with the
correlation between βKWW and m observed for Böhmer for
many glass formers,79 although no metallic glasses were
included.
In particular, Böhmer et al. found that for most glass formers

the dependence of m on βKWW is described by79

β= −m 250 320 KWW (8)

In our case, this empirical equation predicts 58 < m < 61, which
is very close to the observed values (59 < m < 67).
Regarding the secondary relaxation dynamics, it is evident

that there is a large difference within the two sets of samples
with and without Cu. For the samples in which 30% Ni was
substituted with 30% Cu (i.e., from Pd40Ni40P20 to
Pd40Ni10Cu30P20), there is a decrease of 2 orders of magnitude
of τβ. On the other hand, there is almost no change for small
substitution (up to 10%) of Ni with Pd.

Figure 8. Relaxation map for the four investigated metallic glass
formers. The solid symbols are from the analysis of the isothermal
mechanical spectra using eq 3. The corresponding open symbols were
obtained from the modulated DSC measurements (see section 3.4).
The solid lines are the best fit to the VFT and Arrhenius equations
(parameters in Table 1). The star symbol for Pd42.5Ni7.5Cu30P20 was
obtained from aging measurements. Inset: Fragility plot for the four
metallic glass formers. The symbols are the same as the main figure.
The four glass formers have steepness index 59 < m < 67.

Table 1. Best Fit Parameters of the Vogel−Fulcher−Tamman (VFT) Equation (eq 6) and Arrhenius Equationsa

metallic glasses log(τα
∞) B × 102 (K) T0 (K) Tg

α (K) m βKWW log(τβ
∞) Uβ (eV) Uβ/RTg

Pd40Ni10Cu30P20 −13.3 ± 1.3 45 ± 5 440 ± 9 570 ± 3 66 ± 7 0.60 ± 0.01 −14.6 ± 0.2 1.39 ± 0.02 28 ± 0.2
Pd30Ni50P20 −14.6 ± 1 65 ± 6 416 ± 11 586 ± 4 57 ± 6 0.59 ± 0.01 −10.4 ± 0.6 1.22 ± 0.07 25 ± 0.2
Pd40Ni40P20 −13.5 ± 1 53 ± 5 433 ± 10 582 ± 4 60 ± 6 0.59 ± 0.01 −11.5 ± 0.7 1.31 ± 0.07 26 ± 0.2
Pd42.5Ni7.5Cu30P20 −12.2 ± 1.1 39 ± 4 450 ± 9 569 ± 3 69 ± 7 0.60 ± 0.01 −14.5 ± 0.5 1.40 ± 0.04 28 ± 0.2

aThe fragility index was calculated by using eq 7. The glass temperature Tg
α is the temperature at which τα = 100 s.
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Therefore, both the master curves and the fit to the
isothermal spectra are consistent with an increase of about two
decades in the separation between the α and β processes for the
metallic glass-forming liquids with Cu. However, only small
changes in the temperature dependence and shape of the α
process are observed between the studied metallic glasses.
Thus, there is not an evident connection between the α and β
relaxations.
3.5. MDSC Measurements of Pd-Based Metallic Glass-

Forming Liquids. The real and imaginary parts of the heat
capacity, cp′ and cp″, are shown for the four metallic glass formers
in Figure 9 (temperature modulation period Tm = 90 s). cp′ and

cp″ were calculated from the reversible heat capacity and heat
flow phase after correction of the heat flow phase, as discussed
by Weyer et al.81 The breadth, 2δT, and the temperature of
maximum, T*, of cp″ were determined by fitting a Gaussian
function to the peaks of cp″ and ∂cp′/∂T. Defining the relaxation
time τ* = (2π/Tm)

−1, with Tm the period of the temperature
modulation, at the temperature T* of the peak of cp″, we
calculated the τ*(T*) reported in Figure 8. The relaxation
times, τ*, from the MDSC are all smaller than the mechanical
relaxation time extracted from the analysis of the isothermal
spectra. It should be noted that, because of the temperature
dependence of the loss peak amplitude, when comparing τ from
isothermal spectra with the τ obtained from isochronal
measurements (i.e., Figure 2), the latter is smaller,64 and the
relaxation time τ* is analogous to the τ obtained from
isochronal measurements. As shown in Figure 10, in our case,
we see that by a small shift in temperature 3.5 K < Tshift < 7 K
(Table 2), constant for each set of data, it is possible to
superimpose the MDSC relaxation data with the mechanical
relaxation data.82

The breadth of the peak in isochronal measurements is
determined by the breadth of the peak in isothermal spectra
(related to βKWW) and the temperature dependence of the
relaxation time by83
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Using this equation, we calculated the βKWW
MDSC for the MDSC

measurements from the measured δT and the fragility index
from the mechanical measurements. The values of βKWW

MDSC

(Table 2) are very close to those from the fit to be isothermal
mechanical spectra βKWW (Table 1), again confirming that the
βKWW for the studied metallic glasses is not very dependent on
their composition.

3.6. Dynamic Heterogeneity. The dynamics of super-
cooled liquids is thought to be spatially heterogeneous. With
decreasing temperature (or increasing density), the length scale
of the dynamic correlation length increases, causing the slowing
down of the dynamics that eventually bring the glass transition.
Since within the regions of correlated motion regions of slow
and fast dynamics coexist, ultimately with decreasing temper-
ature also the heterogeneity increases. On approaching the glass
transition, the size of the regions of cooperativity (i.e., the
length of cooperativity) grows, and within these, regions of
slow and fast dynamics coexist. To determine experimentally
the number of units within a correlating region, different
metrics have been proposed.
Donth has proposed that the number of correlating units

(i.e., atoms in a metallic glass, segments in a polymer, molecules
in a simple liquid) can be determined from thermodynamic
quantities as84

δ
= Δα

−N
RT

m T
c

( ) p

2

0
2

1

(10)

where m0 is the molecular weight of the relaxing unit and δT
can be determined from cp″ as discussed above. In this case,
since we are considering an alloy, it is not correct to define a
molecular weight but instead we calculated the average
molecular weight based on the alloy composition. The values
of Nα calculated using eq 10 with the measured thermodynamic
properties at the longest measured τ* (=19.1 s) are reported in
Table 2. We found Nα ∼ 600 for the metallic glass-forming
liquids without Cu and Nα ∼ 1100 for the metallic glass with
Cu. Interestingly, these values are significantly larger than those

Figure 9. Real and imaginary parts of the heat capacity of the four Pd-
based metallic glass formers for a 90 s temperature modulation period.

Figure 10. Relaxation map for the four investigated metallic glass
formers. The solid symbols are from the analysis of the isothermal
mechanical spectra using eq 3 (same as Figure 8). The corresponding
open symbols were obtained from the modulated DSC measurements;
in this case, the temperature of each set of data was shifted by a
different Tshift (Table 2) to superimpose the MDSC data with the
mechanical data. The solid lines are the best fit to the VFT and
Arrhenius equations (parameters in Table 1).
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found for polymers and molecular liquids for which generally
Nα < 400.85

Using a different approach, Berthier et al.86,87 have derived an
approximate formula for the number of correlated units

χ=
Δ

N
R
c

T t{max ( )}
p

T
t

c
2 2

(11)

where χT is the time derivative of a suitable correlation function.
In this case, the correlation function has a stretched exponential
form (like in eq 3 for the α relaxation) and it has been shown
that it reduces to88
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where e is the Euler number. The values of Nc calculated using
eq 11 from the mechanical measurements are reported in Table
2. Nc can be calculated from the thermodynamic data.
Taking into consideration eqs 9, 10, and 12, it follows that64

≈ Δ Δα −N
N

c c6.45 p p
c

1

(13)

For the cases included herein, 0.07 < ΔcpΔcp−1 < 0.14; thus,
0.45 < Nα/Nc < 0.9. The values of Nc calculated from the
thermodynamic quantities using eq 13 are reported in Table 2
(Nc

MDSC), and we can see that the values are very close to those
found from the dynamics (i.e., eq 12).
Like for the values of Nα, also the values of Nc are

significantly larger than those observed for other types of glass
formers, for which Nc < 570.88 These large values of Nα and Nc
for metallic glass-forming liquids could indicate the existence of
a short-range order in metallic glasses; that is, atoms in metallic
glasses could be organized into clusters, instead of moving
independently.89 To our knowledge, the determination of Nα

and Nc has not been carried out for other metallic glass-forming
liquids, so it is not yet clear how general this result is.

4. CONCLUSIONS
The dynamics of four Pd-based metallic glass formers was
investigated by mechanical spectroscopy (DMA) and modu-
lated differential scanning calorimetry (MDSC). For the
materials considered herein, we found that the change in
composition has a significant effect on the α relaxation
dynamics. With the largest difference showing an increase of
Tg, for materials in which 30%Ni was substituted by 30%Cu. All
four materials have very similar fragility parameters, 59 < m <
67, and similar stretched exponents, 0.59 < βKWW < 0.6.
Interestingly, the values of βKWW and m are in good agreement
with that found by Böhmer et al. for nonmetallic glass
formers.79 The correlation found by Böhmer et al. for the
observed value of βKWW predicts 58 < m < 61. The substitution
of Ni with Cu has a very large effect on the β relaxation of the
metallic glasses, with the τβ relaxation more than 2 orders of
magnitude smaller in the metallic glass with Cu. Notwithstand-

ing the difference in the activation energy, Uβ of the β
relaxation is quite close and in all cases it was found 25 < Uβ/
RT < 28, which agrees with previous results for other glass
formers.68,90

The number of correlated relaxing units was estimated from
both mechanical and MDSC measurements, finding consistent
results. The number of correlated units is found to be
significantly larger than that for other glass formers; this
could be indicative of a short-range order in metallic glass-
forming liquids.
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