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a b s t r a c t

Structural relaxation process in Cu46Zr45Al7Y2 and Zr55Cu30Ni5Al10 bulk metallic glasses during annealing
below the glass transition temperature Tg was investigated by differential scanning calorimetry (DSC).
The features of enthalpy relaxation are sensitive to both annealing temperature and annealing time. For
a given annealing time ta, the results indicated that the relaxation time ta decreases with increasing the
annealing temperature Ta, in good agreement with results relative to other bulk metallic glasses. Addi-
tionally, the enthalpy relaxation behaviour of the bulk metallic glasses appears independent on the
cooling rate used before the physical aging experiments, i.e. on the initial as-cast state. The recovered
enthalpy evolution of the bulk metallic glasses is well described by the KohlrauscheWilliamseWatts
(KWW) exponential relaxation function as DH(Ta)¼DHeq{1� exp[�(ta/s)b]}. Kohlrausch exponent b and
enthalpy relaxation time s are sensitive to the composition of the bulk metallic glasses. Finally, the
influence of different heating treatment processes on the enthalpy relaxation in the bulk metallic glasses
is presented and shows that this phenomenon is mainly reversible. The structural relaxation behaviour is
interpreted by free volume model and quasi-point defects model. Kinetic fragility parameters m in
Cu46Zr45Al7Y2 and Zr55Cu30Ni5Al10 bulk metallic glasses are 72 and 69, respectively, indicating therefore
that these alloys are intermediate glasses.

Crystallization process was also investigated by DSC experiments. According to the Kissinger model,
corresponding activation energy is 3.18 eV in Cu46Zr45Al7Y2, and 3.19 eV in Zr55Cu30Ni5Al10, respectively.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Bulk metallic glasses have attracted considerable attention over
the last decades, since they have excellent strength, outstanding
stability and high mechanical properties [1e4]. They have been
demonstrated as one of the promising materials for fabricating
various micro-devices. In practical applications, physical properties
andmechanical properties are always linked. In recent years, one of
the main research topics about bulk metallic glasses is the struc-
tural relaxation occurring during physical aging. In bulk metallic
glasses, when a heat treatment is performed below the glass
transition temperature Tg, the structure of the bulk metallic glass
tends to equilibrium or at least to a more stable state, but without
occurrence of crystallization. This phenomenon, called structural
relaxation, is observed not only in bulk metallic glasses, but also in
other amorphous materials, like polymers or oxide glasses [5e13].
Structural relaxation is always associated with modifications of
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mechanical properties, thermodynamics features, densities and
transport properties [6].

The first investigations were performed in amorphous polymers
[13,14]. Let us for instancemention the study reported by Vigier and
Tatibouet [14] in PET (with many references included). They have
shown that thermal and micromechanical properties of both
amorphous and semi crystalline PET depend on aging effects
induced by thermal treatments below Tg. The kinetics of the return
to equilibrium of the specific enthalpy when isothermally aged
below Tg has been interpreted using a physical model assuming
diffusion and annihilation of defects (called quasi-point defects).
This model takes into account the distribution in the mobility of
these defects. The quasi-point defects model is based on the major
assumption that density fluctuations in glassy polymers or amor-
phous solids could be considered as quasi-point defects [15e17].

In bulk metallic glasses, many researchers have used differential
scanning calorimetry (DSC) to investigate the structural relaxation
and the free volume model to describe their results, especially the
kinetics of this evolution. Xu et al. [18] reported that based on the
enthalpy change measurements and the equilibrium free volume at
theonset temperatureofglass transaction,quantitativedetermination
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of the free volume of Pd40Ni40P20 bulk metallic glass is possible. Har-
uyama et al. [19] demonstrated that enthalpy relaxation data in
Pd42.5Cu30Ni7.5P20 bulk metallic glass and density relaxation data in
Pd40Ni40P20 bulk metallic glass could be well fitted by non-Debye
relaxation function. Then, Haruyama research group has investigated
the free volume evolution indetail [20e24]. Based on the density data
obtained in a Pd40Ni40P20 bulk metallic glass [20,21], they observed
that the kinetics of free volume relaxation in sub-Tg region could be
well fitted by a stretched exponential relaxation function with
a Kohlrausch exponent less than unity.

Many investigations concern Pd-based bulk metallic glasses, but
also Zr-based and Cu-based bulk metallic glasses. For instance,
Cu46Zr45Al7Y2 [25e27] and Zr55Cu30Ni5Al10 [28e30] BMG show
excellent glass forming ability, wide super-cooled liquid region and
high mechanical properties. The thermal properties of the two bulk
metallic glasses are listed in Table 1: glass transition temperature
(Tg), temperature of the onset of crystallization (Tx) and crystalli-
zation peak temperature (Tp). These values are very similar for the
two bulk metallic glasses. The structural relaxation in
Zr55Cu30Al10Ni5 bulk metallic glass was investigated by some
researchers [31,32]. Haruyama et al. [31] reported the kinetics of
structural relaxation in Zr55Cu30Al10Ni5 bulk metallic glass. They
give several interesting research results, for example, they observed
a a-relaxation-like behaviour in Zr55Cu30Al10Ni5 bulkmetallic glass,
which was attributed to collective motion of atoms. Furthermore,
the atomic volumes in the equilibrium liquid region were studied,
the results can be well described by CoheneGrest model. Mean-
while, Slipenyuk and Eckert [32] investigated the correlation
between enthalpy changes and free volume reduction during
structural relaxation process in this bulk metallic glass. They sug-
gested that the low-temperature structural relaxation in
Zr55Cu30Al10Ni5 bulk metallic glass combined topological short
range ordering (TSRO) and a chemical short range ordering (CSRO).
However, to the best of our knowledge, structural relaxation in
Cu46Zr45Al7Y2 bulk metallic glass using differential scanning calo-
rimetry has not yet been reported.

Based on the above analysis, in the present work, the relaxation
process in Cu46Zr45Al7Y2 and Zr55Cu30Ni5Al10 bulk metallic glasses
is studied by differential scanning calorimetry (DSC). Relevant
parameters, such as heating rate, cooling rate, annealing tempera-
ture and annealing time, were considered.

In addition, an other question is open: either reversible or
irreversible phenomena can occur during structural relaxation in
some bulk metallic glasses, which may be due to modification of
the topological range order or variation of the chemical short range
order [33]. This paper addresses also this question in the two
investigated bulk metallic glasses. The relevant relaxation
phenomena during isothermal relaxation process are interpreted
by the free volume theory or the quasi-point defect model.

2. Theoretical background

Enthalpy change (DH) during structural relaxation in materials
could be described as follows [32,34]:

DH ¼ a$Dn (1)
Table 1
Thermal parameters of Zr55Cu30Ni5Al10 and Cu46Zr45Al7Y2 bulk metallic glasses
determined by DSC: glass transition temperature (Tg), temperature of crystallization
onset (Tx), peak temperature of crystallization (Tp), super-cooled liquid temperature
ranges (DTx, DT¼ Tx� Tg) and crystallization enthalpy (DHx).

Alloys Tg (K) (�1) Tx (K) (�1) Tp (K) (�1) DTx (K) DHx (J/g) (�2)

Zr-based 676 759 763 83 69.9
Cu-based 691 761 766 70 55.8
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where a is a constant, Dn is free volume or quasi-point defect
concentration change during structural relaxation.

Inpreviouspublications [35,36], theKohlrauscheWilliamseWatts
(KWW) equationwas successfully used to describe the kinetics of the
enthalpy relaxation in bulk metallic glasses, such as Pd40Cu30Ni10P20
[35] or La55Al25Ni10Cu10 [36]. The KWW function is defined as
follows:

4ðtÞ ¼ exp

"
�
�
ta
s

�b
#

(2)

where ta is the annealing time, s is the average enthalpy relaxation
time, b is the Kohlrausch exponent whose value is between 0 and 1.

During the isochronal DSC curve process, the enthalpy relaxation
is characterized by the relaxed (or recovered) enthalpy. Therefore,
the recovered enthalpy (DH(Ta)) is defined as [19,34,35,37]:

DHðTaÞ ¼ DHeq

n
1� exp

h
� ðta=sÞb

io
(3)

where DHeq is the equilibrium value of DHeq as ta/Nat the
different annealing temperatures.

It has been recognized in the literature that b, the Kohlrausch
exponent lower than 1 reflects a broad distribution of relaxation
time and not a single Debye relaxation time. For instance Hodge
[38] interpreted the nonexponentiality as being a consequence of
cooperativity in the motion of the rearranging structural units
within the glass former. Böhmer et al. [39] reported a very inter-
esting review on nonexponential relaxations in about 70 strong and
fragile glass formers. A lot of experimental methods have been used
to determine the coefficient b. Thesemethods include dielectric and
specific heat spectroscopy, viscoelastic modulus measurements in
the shear and tensile modes as well as shear compliance investi-
gations, quasi-elastic light scattering experiments and others.
Numerous theoretical approaches have been developed to find
a physical meaning to this parameter. But this is still an open
question and microscopic interpretation of the stretching param-
eter b varies from one theory to another. Experimental values of
b are in the range (0.24e1). For polymers, values extend from 0.24
(PVC) to 0.55 (polyisobutylene), for alcohols from 0.45 to 0.75, while
for orientational glasses and networks values are up to 1 (for GeO2).
Bulk metallic glasses appear to be in the middle of this range [5].

Concerning the average enthalpy relaxation time s, a lot of
models have also been proposed. The simplest one uses a classical
Arrhenius function:

s ¼ s0$exp½Ea=ðRTÞ� (4)

where s0 is the pre-exponential factor, Ea is the apparent activation
energy. Relaxation times in the Zr45.0Cu39.3Al7.0Ag8.7 [34] and
Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 [40] bulk metallic glasses are in good
agreement with equation (4).

Some authors [35,36,41,42] have shown that the temperature
dependence of s was best fitted by the VogeleFulchereTamman
(VFT) equation:

s ¼ s0$exp
�

B
T � T0

�
(5)

where B and T0 are temperature independent constants, s0 is
a fitting constant.

Furthermore, the TooleNarayanaswamyeMoynihan (TNM)
model was also used to describe the enthalpy relaxation or struc-
tural relaxation in amorphous solids [9,43e48]. In this model:

s ¼ A$exp

"
x
Dh*

RT
þ ð1� xÞDh*

RTf

#
(6)
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Fig. 1. DSC curves in Zr55Cu30Ni5Al10 and Cu46Zr45Al7Y2 bulk metallic glasses at
a heating rate of 0.33 K/s. Tg, Tx, Tp and glass transition peak height (DCp) are defined in
insets (a) and (b).
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where A is a pre-exponential factor, x is a nonlinear parameter, Dh*

is the activation energy of structural relaxation in amorphous
materials, R is the gas constant, T is temperature and Tf is the fictive
temperature. So the question of temperature dependence of the
characteristic time is still an open problem.

Finally, let us briefly recall that the quasi-point defects model is
effective to describe the structural relaxation in the glassy polymers
or bulk metallic glasses [5,13]. When T< Tg, the defects concen-
tration (Cd) in amorphous materials can be defined as follows:

Cd ¼ 1
1þ expðDSF=RÞ$expð � DHF=RTÞ

(7)

where DSF and DHF are the increments of entropy and enthalpy of
formation of the quasi-point defects, respectively. In this model,
structural relaxation can be described according to diffusion-aided
annihilation of the defects until new thermodynamic equilibrium
was formed when T< Tg [13].

3. Experimental procedure

3.1. Samples preparation

In this work, Cu46Zr45Al7Y2 and Zr55Cu30Ni5Al10 bulk metallic
glasses have been kindly provided by Prof. Y. Yokoyama, Institute of
Materials Research, Tohoku University, Sendai, Japan. The cylin-
drical samples weremechanically cut to prepare DSC samples. Prior
to experiments, the samples were polished carefully using diamond
paste to remove surface oxidation. Then, the samples were washed
by ethanol in the ultrasonic cleaning machine.

3.2. Characterization and thermal analysis

X-ray diffraction experiments in the bulk metallic glasses were
conducted at room temperature to examine their amorphous char-
acter using Cu Ka radiation produced by a commercial device (D8,
Bruker AXS Gmbh, Germany). The working conditions were 40 kV
and 40 mA for the X-ray tube and a scanning rate of 0.049� per step.

Differential scanning calorimetry (DSC) experiments were per-
formed using a standard commercial instrument (Pekin Elmer, DSC-
7) under high purity dry nitrogen at a flow rate of 20mlmin�1.
Aluminium panswere used as sample holders. In order to ensure the
reliability of the data in the experiments, a temperature calibration
was carried out prior to conducting the experiments with an indium
standard specimenwith 6.146 mg (Tg¼ 429.7 K, DHc¼ 28.48 J/g) and
Zinc standard with 3.283 mg (Tg¼ 692.6 K, DHc¼ 108.37 J/g), which
give an accuracy of �0.2 K and �0.02 mW respectively. In order to
get a better accuracy during the experiments, all the samples have
a similar mass, about 40 mg. Procedure used for enthalpy relaxation
measurement includes two steps: first the samples were heated to
the annealing temperature Ta at heating rate 0.33 K/s, held isother-
mally at this temperature for different times, and finally cooled down
to the room temperature at 2 K/s. Then a second continuous heating
was performed at 0.33 K/s in nitrogen atmosphere to detect the
influence of the preliminary annealing.

4. Results and analysis

4.1. XRD analysis of the bulk metallic glasses

The XRD patterns in the as-cast of Cu46Zr45Al7Y2 and Zr55Cu30-
Ni5Al10 bulk metallic glasses exhibited broad diffraction peak, the
sharp diffraction peak corresponding to crystalline structure cannot
be founded. So, Cu46Zr45Al7Y2 and Zr55Cu30Ni5Al10 bulk metallic
glasses show the typical characteristics of an amorphous structure.
Please cite this article in press as: Qiao JC, Pelletier JM, Enthalpy
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4.2. Thermal properties of the bulk metallic glasses

DSC curves recorded during continuous heating at 0.33 K/s are
presented in Fig. 1. DSC curves show distinct glass transition, fol-
lowed by a broad super-cooled liquid region (SLR) and finally
crystallization reactions at high temperature Glass transition
temperature (Tg), temperature corresponding to the onset of crys-
tallization (Tx), crystallization peak temperature (Tp) and overshoot
near the glass transition (DCp) are defined in insets (a) and (b).
Values of Tg, Tx, Tp and super-cooled liquid temperature ranges (DT,
DT¼ Tx� Tg) of the two bulk metallic glass are given in Table 1.
Present results are in good agreement with previously reported
ones [37,45,49e51].

Fig. 2 shows DSC curves (with different scales) in Cu46Zr45Al7Y2
and Zr55Cu30Ni5Al10 bulk metallic glasses with different heating
rates. The relevant thermal parameters shift to higher temperatures
by increasing the heating rate, indicating clearly the kinetics
aspects of both glass transition and crystallization processes.

The activation energy Ea of phase transformation occurring in
bulk metallic glass is usually determined using DSC experiments
carried out with various heating rates and then calculated using the
Kissinger’s formula [50e52]:

ln
�
Rh=T

2
p

�
¼ � Ea

RTp
þ C (8)

where Rh is the heating rate, R is the gas constant and C is
a constant. Fig. 3(a) shows the variation of ln(Rh/Tp2) versus (1000/
Tp) in Cu46Zr45Al7Y2 and Zr55Cu30Ni5Al10 bulk metallic glasses. The
activation energy for crystallization progress is 3.18 eV in Cu46Z-
r45Al7Y2, and 3.19 eV in Zr55Cu30Ni5Al10, respectively. These values
are fairly similar.

In addition, the FlynneWalleOzawa method is another widely
used method to calculate the apparent activation energy for bulk
metallic glasses during the non-isothermal crystallization process
[53]. The apparent activation energy was evaluated by the
following equation:

lnðRhÞ ¼ �1:052
Ea
RTp

þ C (9)

Fig. 3(b) presents the variation of ln(Rh) with 1000/Tp in
Cu46Zr45Al7Y2 and Zr55Cu30Ni5Al10 bulk metallic glasses The
relaxation in Cu46Zr45Al7Y..., Intermetallics (2010), doi:10.1016/



Fig. 2. Isochronal DSC curves in Cu46Zr45Al7Y2 (a) and Zr55Cu30Ni5Al10 (b) bulk metallic
glasses. Tg, Tx, Tp in the two bulk metallic glasses shift to higher temperature with
increasing heating rate.

Fig. 3. (a) Kissinger plots for Cu46Zr45Al7Y2 and Zr55Cu30Ni5Al10 bulk metallic glasses;
(b) Flynn-Wall-Ozama plots for Cu46Zr45Al7Y2 and Zr55Cu30Ni5Al10 bulk metallic
glasses. Solid lines correspond to a linear function fitting the experimental data.
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activation energies of crystallization in Cu46Zr45Al7Y2 and
Zr55Cu30Ni5Al10 bulk metallic glasses are 3.16 eV and 3.18 eV,
respectively. These results are consistent with the
FlynneWalleOzawa equation and Kissinger’s formula. The expla-
nation is fairly simple: since the variation of Rh is much larger than
that of Tp, the two formulas give automatically the same result.

So, these alloys have a good resistance to crystallization,
compared to other BMG. Indeed, these values are higher than those
reported in other amorphous alloys: 2.3 eV in Cu50Zr50 [54], 1 eV in
Mg58.5Cu30Dy11.5 [55] and 2.37 eV in Pd40Ni10Cu30P20 [55].

4.3. Kinetic fragility

According to Angell’s suggestion [56,58,59], glasses could be
classified into twogroups, namely, strong glasses and fragile glasses,
depending on the value of the fragility index (m) defined as:

m ¼ dlog s
dðTg=TÞ

�����T¼Tg
¼ Eg

RTg ln10
(10)

where s is the characteristic relaxation time at the glass transition
temperature Tg and Eg is the activation energy for glass transition. A
large value of m corresponds to a fragile amorphous material with
a large deviation from the Arrhenius law [39]. The fragility index
can be related to the shear viscosity h [39,60,61]:

m ¼ dlog hðTÞ
dðTg=TÞ

�����T¼Tg

(11)
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Or to the dependence of Tg on the heating rate Rh, assuming
a VogeleFulchereTamman (VFT) relation [36,41,52]:

m ¼ D*T0g Tg

ln10
�
Tg � T0g

�2 (12)

where A, D* and Tg
0 are fitting parameters.

In the present work, dynamics kinetic fragility parameter m
was calculated by equation (10) at the heating rate of 0.33 K/s.
Thus, the kinetic fragility parameters m in Cu46Zr45Al7Y2 and
Zr55Cu30Ni5Al10 bulk metallic glasses are 72 and 69, respectively. It
is interesting to note also that compared with Zr41.2Ti13.8Cu12.5-
Ni10Be22.5 (m¼ 59) [62], Zr46.75Ti8.25Cu7.5Ni10Be27.5 (m¼ 44.2) [63],
Zr55Al22.5Co22.5 (m¼ 73) [64] and Zr11Ti34Cu47Ni8 (m¼ 68) [64],
Zr55Cu30Ni5Al10 bulk metallic glass exhibited a value of m similar
to that reported in other Zr-based bulk metallic glasses, implying
that Zr55Cu30Ni5Al10 bulk metallic glass has also an intermediate
behaviour. A similar conclusion can be obtained in the Cu46Z-
r45Al7Y2 bulk metallic glass, since the value of m is also similar to
those reported on other Cu-base BMG, such as Cu47Ti34Zr11Ni8
(m¼ 68) [62] and Cu43Zr43Al7Be7 (m¼ 43) [57].
4.4. Annealing experiments in the bulk metallic glasses

To analyze effects of the annealing temperature on enthalpy
relaxation, bulk metallic glasses were annealed at different temper-
atures in pure nitrogen atmosphere, then cooled down to 573 K and
finally heated up to 823 K. In the Cu-based bulk metallic glass, three
relaxation in Cu46Zr45Al7Y..., Intermetallics (2010), doi:10.1016/
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annealing temperatures have been retained, below Tg: Ta¼ 664 and
674 K. In Zr-based bulk metallic glass, the following temperatures
have been chosen: 644, 649 659, 669 and 674 K. Fig. 4 presents
selected final DSC curves carried out with a heating rate of 0.33 K/s,
after different annealing times. Overshoots are always observed near
the glass transition temperature, during the heating performed after
the annealing.

Therefore, the enthalpy relaxation process is significantly
sensitive to annealing time and annealing temperature. The final
magnitude decreases when the annealing temperature increases,
while the kinetics is accelerated by an increase in annealing
temperature. These results are in agreement with that reported by
other research groups [31,34,35,40].

4.4.1. Analysis of the effect of annealing time (at a given annealing
temperature Ta)

The recovery enthalpy of the bulk metallic glasses, calculated
from DSC curves, can be well fitted by the equation (3) (Fig. 5). The
Kohlrausch exponent b and the enthalpy relaxation time s are listed
in Table 2 (results reported in previous publications in other bulk
metallic glasses have been added) (The relationship between
enthalpy relaxation time and annealing temperature for Zr-based
bulk metallic glass is shown in Fig. 6). In the previous investiga-
tions, values of b determined in the Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 bulk
metallic glass increased with increasing the annealing temperature
Ta [34]. In contrast, the value of b in the La55Al25Ni10Cu10 bulk
metallic glass was constant, around 0.78 [35]. In the present work,
b values in Zr55Cu30Ni5Al10 bulk metallic glass range from 0.69 to
0.78, b values in the Cu46Zr45Al7Y2 bulk metallic glass are 0.62
(Ta¼ 674 K) and 0.68 (Ta¼ 664 K), respectively. These values are in
good agreement with that reported by Böhmer et al. [39], who
indicated that these values in bulkmetallic glasses are intermediate
between those found in polymers and those corresponding to oxide
Fig. 4. Recovery enthalpy measurements in Zr55Cu30Ni5Al10 and Cu46Zr45Al7Y2 bulk metallic
annealed at 644 K; (b) Zr55Cu30Ni5Al10 annealed at 649 K; (c) Zr55Cu30Ni5Al10 annealed at 6
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glasses. Furthermore an increase of bwith the temperature appears
logical. Indeed, it has been recognized in the literature that b, the
Kohlrausch exponent lower than 1, reflects a broad distribution of
relaxation time and not a single Debye relaxation time. When the
temperature increases the atomic mobility is easier, the distribu-
tion width of relaxation time decreases and consequently,
b approaches 1.

Fig. 7 illustrates the relationship between the characteristic time
s and the annealing temperature Ta in Zr55Cu30Ni5Al10 bulk metallic
glass. As for any thermallyassistedphenomenon, thefirst solution to
be tested is anArrhenius law (equation (4)). This assumption is valid,
since a linear dependence is observed between ln(s) and (1/T) . The
apparent activation energy is 5.44 eV and the pre-exponential time
is about 10�39 s. These values appear unrealistic for a simple process.
Indeed, in this case s should be close to the elementary Debye
characteristic time (10�12e10�13 s) and Ea should be in the range
1e2 eV. Therefore the only solution is the existence of correlated
movements. The hierarchical correlation concept introduced by
Palmer et al. was developed by Perez [14e16] and linked to the
movements of atoms (ormolecules) assisted by quasi-point defects.
In this model, the global characteristic time smol, was given by:

smol ¼ t0

�sb
t0

�1=c

(13)

smol corresponds to the mean duration of the movement of
a structural unit over a distance equal to its dimension. sb is the
mean time of the thermally activated jump of a structural unit and
follows an Arrhenius law:

sb ¼ s0$exp
�
Ea
kT

�
(14)
glasses after different annealing times at a heating rate of 0.33 K/s. (a) Zr55Cu30Ni5Al10
59 K; (d) Cu46Zr45Al7Y2 annealed at 664 K.

relaxation in Cu46Zr45Al7Y..., Intermetallics (2010), doi:10.1016/



Fig. 5. Values of recovery enthalpy of Zr55Cu30Ni5Al10 and Cu46Zr45Al7Y2 bulk metallic
glasses calculated from DSC curves and fitted by equation (3) (solid line).
(a) Zr55Cu30Ni5Al10 annealed at 644 K; (b) Cu46Zr45Al7Y2 annealed at 664 K.

Table 2
Kohlrausch exponents (b) and relaxation time s of the bulk metallic glasses (present
work and previous literatures).

Metallic glasses Ta (K) s (s) b References

Cu46Zr45Al7Y2 674 1011 0.68 (�0.05) Present work
Cu46Zr45Al7Y2 664 4323 0.62 (�0.04) Present work
Zr55Cu30Ni5Al10 674 143 e Present work
Zr55Cu30Ni5Al10 669 380 0.79 (�0.04) Present work
Zr55Cu30Ni5Al10 659 1460 0.78 (�0.04) Present work
Zr55Cu30Ni5Al10 649 6300 0.69 (�0.05) Present work
Zr55Cu30Ni5Al10 644 12,000 0.71 (�0.05) Present work
Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 633 0.79 [40]
Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 643 0.80 [40]
Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 653 0.89 [40]
Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 663 0.86 [40]
Zr45.0Cu39.3Al7.0Ag8.7 648 2643.5 0.717 [34]
Zr45.0Cu39.3Al7.0Ag8.7 658 1584.4 0.749 [34]
Zr45.0Cu39.3Al7.0Ag8.7 668 1047.5 0.825 [34]
Zr45.0Cu39.3Al7.0Ag8.7 678 497.7 0.843 [34]
Zr45.0Cu39.3Al7.0Ag8.7 684 242.8 0.892 [34]
La55Al25Ni10Cu10 445 2503 0.75 [35]
La55Al25Ni10Cu10 435 3597 0.79 [35]
La55Al25Ni10Cu10 425 5447 0.78 [35]
La55Al25Ni10Cu10 415 8199 0.77 [35]
Zr55Cu30Al10Ni5 623 123,195 0.35 [37]
Zr55Cu30Al10Ni5 633 48,901 0.39 [37]
Zr55Cu30Al10Ni5 643 13,888 0.59 [37]
Zr55Cu30Al10Ni5 653 2352 0.69 [37]
Zr55Cu30Al10Ni5 660 1430 0.65 [37]
Pd42.5Cu30Ni7.5P20 549 3269 0.52 [19]
Pd40Ni40P20 549 1840 0.66 [19]
Zr62Al8Ni13Cu17 703-3 min 1514 0.61 [45]
Zr62Al8Ni13Cu17 703-5 min 586 0.84 [45]
Pd43Ni10Cu27P20 557 2237.4 0.7 [60]
Pd43Ni10Cu27P20 561 1262.9 0.68 [60]
Pd43Ni10Cu27P20 565 698.3 0.69 [60]
Pd43Ni10Cu27P20 569 395.5 0.75 [60]
Zr41.2Ti13.5Cu12.5Ni10.0Be22.5 573 0.61 [5]
La50Al25Ni25 473 1800 [65]

Fig. 6. Relationship between enthalpy relaxation time and annealing temperature in
Zr55Cu30Ni5Al10 bulk metallic glass.

J.C. Qiao, J.M. Pelletier / Intermetallics xxx (2010) 1e106
where Ea is the activation energy for the structural unit movement,
t0 is a scaling factor and c is a correlation factor, ranging from 0 (full
order) to 1 (full disorder). c is linked to the quasi-point defect
concentration. Below Tg, i.e. in an isoconfigurational state, c is
constant. Consequently a plot of ln(smol) versus the reciprocal of the
temperature should also give a straight line, but the slope is not
related to Ea, but to Ea/c. And since c is typically 0.3e0.4 in bulk
metallic glasses [17], the effective activation energy is not 5.44 eV,
but in the range 1.5e2 eV. In addition, the effective characteristic
time is much higher than 10�39 s. In conclusion, these values can be
interpreted in a realistic way using this physical model based on the
concept of quasi-point defect. Finally, let us mention that the VFT
law (equation (5)) is usually applied only above Tg, where c is then
temperature dependent and so equation (9) is more complex to use
to determine Ea and smol.

Annealing time has little effect on Tg, Tx and Tp in the two bulk
metallic glasses (Fig. 8(a), (b)). However, when the annealing time
is long enough, Tg increases while Tx is decreasing. Wang et al. [49]
studied the structural relaxation in Pd40Cu30Ni10Pd20 bulk metallic
glass and proposed that this evolution observed when the
annealing time is too long is due to new defects on the interfaces
between the solideliquid regions in the bulk metallic glass. Wang
et al. [45] proposed that in such conditions partial decomposition
has occurred in the residual amorphous matrix. In other words,
compared with as-cast alloys, crystallization nuclei may be created
during a long annealing time. These assumptions are fairly difficult
Please cite this article in press as: Qiao JC, Pelletier JM, Enthalpy
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to check. Indeed, the sizes the nuclei (if they really exist) are
probably too small to be detected, for instance, by X-Ray diffraction.
However, it appears like a realistic assumption.

Meanwhile, it can be seen from Fig. 8(c) that DCp increases with
increasing the annealing time in Cu46Zr45Al7Y2 and Zr55Cu30Ni5Al10
bulk metallic glasses and then tend to equilibrium. This phenom-
enon corresponds to a progressive evolution of the free volume or
of the quasi-point defect concentration towards the equilibrium
relaxation in Cu46Zr45Al7Y..., Intermetallics (2010), doi:10.1016/



Fig. 7. Relationship between ln s and reciprocal of annealing temperature Ta in
Zr55Cu30Ni5Al10 bulk metallic glass.

Fig. 8. Thermal parameters: Tg, Tx, Tp, in Zr55Cu30Ni5Al10 and Cu46Zr45Al7Y2 bulk
metallic glasses. (a) Tg, Tx, Tp in Cu46Zr45Al7Y2 annealed at 674 K after various annealing
time ta; (b) Tg, Tx, Tp in Zr55Cu30Ni5Al10 annealed at 659 K during various annealing
time ta; (c) glass transition peak height (DCp) in the bulk metallic glasses with different
annealing times.
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value corresponding to the temperature at which the annealing
was conducted [38].

Furthermore, in order to analyze the effect of the annealing
temperature on the crystallization peak temperature (Tp), the
relationship between the annealing time and the crystallization
peak temperature (Tp) is shown in Fig. 9. The slope of the fitting
lines increases when the annealing temperature is increased, in
both investigated alloys, probably due to an increase in the atomic
mobility when the temperature increases.

4.4.2. Analysis of the effect of annealing temperature (at a given
annealing time ta)

For a given annealing time ta, the annealing temperature Ta has
a direct effect on the enthalpy relaxation in the bulk metallic
glasses. Therefore, the recovery enthalpy phenomenawith different
Ta at given ta in Zr55Cu30Ni5Al10 and Cu46Zr45Al7Y2 bulk metallic
glasses are shown in Fig. 10. Five different Ta were used in
Zr55Cu30Ni5Al10: 644, 649, 659, 669 and 674 K, respectively, with
ta¼ 7200 s. Six different Ta were used in Cu46Zr45Al7Y2: 633, 643,
653, 663, 673 and 683 K, respectively, with ta¼ 3600 s.

It is worth noting that by increasing annealing temperature,
value of recovery enthalpy in the bulk metallic glasses reaches
a maximum, due to two opposite factors: when temperature
increases the kinetics is accelerated, but the final magnitude is
decreased and hence a maximum is observed. Position of this
maximum depends on the annealing time: an increase of the
annealing time should shift the maximum towards lower temper-
atures. A similar enthalpy relaxation behaviour has been reported
in La50Al25Ni25 bulk metallic glass [65]. The physical reason is fairly
simple: the difference of free volume or of concentration in quasi-
point defects between the equilibrium state and the as-cast initial
state decreases when approaching Tg. In addition, in the quasi-point
defect model, a distribution of relaxation times is introduced and,
according to this model, when annealing process proceeds at lower
temperature, for example for annealing temperature Ta at 644 K for
Zr55Cu30Ni5Al10 and Ta at 633 K for Cu46Zr45Al7Y2, the less-mobile
defects have a very slow kinetics and the real equilibrium is really
difficult to achieve [13].
4.5. Effect of the cooling rate on enthalpy relaxation

As shown in the previous section, the recovery relaxation
processes in the Zr55Cu30Ni5Al10 and Cu46Zr45Al7Y2 bulk metallic
Please cite this article in press as: Qiao JC, Pelletier JM, Enthalpy
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glasses depend both on the annealing time and on the annealing
temperature for a given as-cast state. But the question is as follows:
is there any effect of the initial state before annealing on this
relaxation process? This initial state, characterized for instance by
a given concentration of quasi-point defects, which can bemodified
by changing the cooling rate from a temperature above Tg to room
temperature. In order to assess the question, a series of experi-
ments with different cooling rates have been conducted using DSC.
The schematic drawing of the procedures of the cooling treatment
in Cu46Zr45Al7Y2 bulk metallic glass is shown in Fig. 11(a), the
cooling rates in the present work are 0.083, 0.167, 0.333 and
0.667 K/s, respectively. The recovery enthalpy obtained by the
different cooling rates in the Cu46Zr45Al7Y2 bulk metallic glass is
relaxation in Cu46Zr45Al7Y..., Intermetallics (2010), doi:10.1016/



Fig. 9. Relationship between the annealing time (log(ta)) and the crystallization peak
temperature (Tp) at various annealing temperatures in Zr55Cu30Ni5Al10 and Cu46Z-
r45Al7Y2 bulk metallic glasses: (a) Plots of Tp versus log (ta) in Zr55Cu30Ni5Al10 bulk
metallic glass: Ta¼ 644, 659 and 669 K, respectively; (b) Plots of Tp versus log (ta) in
Cu46Zr45Al7Y2 bulk metallic glass: Ta¼ 664, 674 and 684 K, respectively. Solid lines
correspond to a linear function fitting the experimental data.

Fig. 11. Enthalpy relaxation behaviour of Cu46Zr45Al7Y2 with various cooling rates.
(a) Scheme of the thermal history; (b) Enthalpy relaxation in the Cu46Zr45Al7Y2 bulk
metallic glass.
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shown in Fig. 11(b). Similar experiments have been conducted in
the Zr55Cu30Ni5Al10 bulk metallic glass (Fig. 12).

The recovery enthalpies of the two bulk metallic glasses are
independent of the cooling rates and consequently independent of
Fig. 10. Enthalpy relaxation in Zr55Cu30Al10Ni5 and Cu46Zr45Al7Y2 bulk metallic glasses
after annealing at different temperatures: (a) Zr55Cu30Ni5Al10; (b) Cu46Zr45Al7Y2.
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the initial state before annealing. So, structural relaxation occurring
during annealing erases the differences which could result from
quenching performed in different conditions.
4.6. Effect of heating treatment process on reversibility of the
enthalpy relaxation process

As mentioned in the introduction, annealing below Tg induces
the movement of atoms, in order to decrease the Gibbs energy.
These atomic movements can induce both a topological short range
ordering (TSRO) and a chemical short range ordering (CSRO). These
phenomena have been for instance investigated in the Vit1 bulk
metallic glass [33], using thermoelectric power measurement,
a technique which is very sensitive to any structural evolution.
TSRO is connected to a decrease of the defect concentration and is
mainly reversible when the specimen is reheated above Tg, while
the evolution associated to CSRO is mainly irreversible. In order to
determine the reversibility of the phenomena occurring during the
enthalpy relaxation process, specific heat treatments have been
carried out, as illustrated in Fig. 13(a). The first annealing leads to
a structural relaxation, the effect of which is observed during the
subsequent heating. This heating up to a temperature higher than
Tg is followed by a quenching to low temperature and finally
a second heating is performed. Results are shown in Fig. 13(b) (the
curve relative to a standard as-cast state has been added for
comparison). The overshoot induced by annealing during 3600 s at
674 K has been nearly erased by the heating above Tg and the curve
is then very similar to that corresponding to an initial un-annealed
specimen. It may therefore be concluded that the enthalpy
relaxation in Cu46Zr45Al7Y..., Intermetallics (2010), doi:10.1016/



Fig. 12. Enthalpy relaxation behaviour of Zr55Cu30Ni5Al10 with various cooling rates.
(a) Scheme of the thermal history; (b) Enthalpy relaxation in the Zr55Cu30Ni5Al10 bulk
metallic glass.

Fig. 13. Enthalpy relaxation in Cu46Zr45Al7Y2 bulk metallic glass. (a) Scheme of the
thermal history. (b) Results.
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relaxation occurring during annealing below Tg ismainly reversible.
Let us mention that if irreversible phenomena occur the crystalli-
zation phenomenon taking place at higher temperature could be
affected. Similar results (not presented here) have been obtained in
the Zr-based bulk metallic glass.

5. Conclusion

The enthalpy relaxation process and the relevant kinetic
behaviour in Zr55Cu30Ni5Al10 and Cu46Zr45Al7Y2 bulk metallic
glasses were investigated by DSC. Main results are as follows:

� Initial state before annealing has little effect on the enthalpy
relaxation in the bulk metallic glasses

� Structural relaxation is sensitive to annealing time and
annealing temperature.

� During heating after an annealing below Tg, an overshoot in
specific heat is observed in the glass transition range. Its
magnitude DCp characterizes the relaxation process. Its value
increases with the annealing time up to a saturation value, the
value of which decreases when the annealing temperature
increases.

� Phenomena observed during the structural relaxation in bulk
metallic glasses are mainly reversible.

� Kinetic fragility parameters m in Cu46Zr45Al7Y2 and Zr55Cu30-
Ni5Al10 bulk metallic glasses are 72 and 69, respectively. These
two bulk metallic glasses have therefore an intermediate
behaviour, similar to that of many other bulk metallic glasses.

� Enthalpy relaxation kinetics can be well fitted by a stretched
exponential relaxation function. Relaxation time decreases
with increasing annealing temperature, in good agreement
with previously reported data in other based bulk metallic
glasses.

� Structural relaxation mechanism in the bulk metallic glasses
may be described by the quasi-point defects model.

� According to the Kissinger’s formula, activation energy for
crystallization progress is 3.18 eV in Cu46Zr45Al7Y2, and 3.19 eV
in Zr55Cu30Ni5Al10, respectively.
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