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We examined the kinetics of the structural relaxation in a Pt60Ni15P25 bulk metallic glass by density and
enthalpy measurements. Measurements were made slightly below the glass transition temperature, with and
without preannealing at a temperature above the glass transition temperature. The results are elucidated in
terms of the two-components model, which includes positive as well as negative fluctuations in local density.
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Metallic glasses show some superior physical properties
which make them promising for industrial applications, par-
ticularly after the recent development of bulk metallic
glasses �BMGs�.1,2 However, just as any glasses,3 they show
considerable structural relaxation,4,5 and understanding and
controlling the relaxation remains one of the challenges. The
structural relaxation in metallic glasses has been investigated
by diffraction6 and other techniques but the recent develop-
ment of BMG allowed the investigation over wider ranges of
temperature and time. Recent studies of structural relaxations
in BMG include the studies of viscosity,7,8 positron
annihilation,9 enthalpy,10 and physical density.11

The kinetics of structural relaxation is usually described
by a stretched exponential relaxation function,

P�t� = Pas + �Peq − Pas��1 − exp�− �t/����� , �1�

where � is relaxation time and � is Kohlrausch exponent.
Busch et al.8 reported viscosity data for
Zr46.75Ti8.25Cu7.5Ni10Be27.5 BMG in a sub-Tg region and fit-
ted data to Eq. �1� with � of about 0.8. Haruyama et al.11

performed the density relaxation experiment for Pd40Ni40P20
BMG in a sub-Tg region and showed that its relaxation pro-
cess was well described by Eq. �1� with � of about 0.66.
However, the process of structural relaxation is complex, de-
pending on the fictive temperature in a nontrivial way.3

Whereas the relaxation in metallic glasses is often described
in terms of the free-volume model,12–14 the validity of apply-
ing the free-volume model to metallic system was questioned
from the beginning.12 The difficulties of the free-volume
model to explain diffusion are also well documented.15 In
this Brief Report, we demonstrate that at least two compo-
nents are needed to explain the results, and suggest that the
local-density-fluctuation model provides a better description
of the phenomenon.

To prepare samples, the molten Pt60Ni15P25 alloy was wa-
ter quenched into room temperature from T=923 K �40 K
above liquidus temperature� and the bulk glass with a size of
6 or 8 mm in diameter and 10 mm in length were
fabricated.11 The amorphous nature of the glass was checked
by x-ray diffraction. The apparent glass transition tempera-
ture is determined as Tg=476 K by differential scanning
calorimetory �DSC� at a heating rate of 0.167 K/s. The mea-
surements of physical density were performed at room

temperature after relaxing the bulk samples at 461 K
�Tg−15 K� for various periods of time. The details of den-
sity measurement are reported elsewhere.11 The enthalpy re-
laxation was investigated by measuring the specific heat of
samples annealed at 461 K for different times with a Perkin-
Elmer Pyris1 DSC conducted at a heating rate of 0.167 K/s.
During isothermal annealing at 461 K, the sample relaxes
toward a state with lower enthalpy because of structural re-
laxation. After the relaxation measurement, the sample is
heated in the DSC apparatus and then the enthalpy lost dur-
ing relaxation was evaluated by measuring the enthalpy to
reach the supercooled liquid state above Tg. The preannealed
samples were prepared by annealing the as-quenched
samples at 506 K �Tg+30 K� in the supercooled liquid re-
gion. It is verified by density measurement that the fully
relaxed state was achieved by annealing at 506 K for 480 s.11

The density decreased from das=15.3616�0.0005 to
15.3593�0.0005 g /cm3 after the relaxation. This decrease
in density indicates that the preannealing temperature
�506 K� was higher than the fictive temperature of the as-cast
glass. High-resolution transmission electron microscopy
�HRTEM� image of relaxed sample was taken with a FEI
Tecnai G2 F30 U-TWIN operated at 300 keV, where the
sample was thinned by ion milling at about 100 K.

Figure 1 shows the change in the specific volume, v�t�, of
as-quenched and preannealed Pt60Ni15P25 BMGs, relaxed at
461 K, 15 K below Tg, for time t and measured at room
temperature. The kinetics of the preannealed sample is faster
than that of the as-cast sample, again consistent with the
observation that the fictive temperature of the as-cast sample
is lower than 506 K. Both, however, reach the same final
state, as expected. The inset of Fig. 1 shows the x-ray dif-
fraction pattern before and after the relaxation to prove no
crystallization occurred during the measurement.

Figure 2�a� shows the DSC curves of the as-quenched
Pt60Ni15P25 BMG samples after annealing at 461 K for
different annealing times, listed in figure. It can be seen that
the temperature of crystallization onset and the crystalliza-
tion enthalpy show little change up to the annealing time as
long as 4.8�104 s. The enthalpy recovery during the
glass transition is equal to the enthalpy difference, �Hlg�t�
=Hl−Hg�t�, between the relaxed glass and the liquid state,
where Hl is the enthalpy in a supercooled liquid state and
Hg�t� corresponds to the enthalpy of the sample relaxed for
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time t. The enthalpy difference was evaluated by integrating
the specific-heat curve from 461 to 515 K in the supercooled
liquid region. Figure 2�b� shows the plot of the enthalpy
change, �Hg�t�=�Hlg�t�−�Hlg�120�=Hg�120�−Hg�t�
against t, where we assume that the enthalpy in supercooled
liquid state is independent of thermal history of glass. Figure
3 shows a HRTEM image of as-quenched sample after an-
nealing for 4.2�105 s at 461 K. Only a maze pattern char-
acteristic to the glass structure is seen and no nanocrystals
can be detected. In addition, we examined the change in Tx
�crystallization temperature� and �Hx �crystallization en-
thalpy� during the relaxation of the as-quenched sample. The
variations in both Tx and �Hx with the annealing time were
within experimental fluctuations. Thus, we conclude that we
can safely rule out the possibility of nanocrystallization dur-
ing structural relaxation.

In Fig. 4, we compare the change in the specific volume,
v�t�, directly against the change in enthalpy, �Hg�t�. It can
be seen that they are not proportional to each other, and the
curve may be divided into two stages. In fact the kinetics
shown in Fig. 1 also exhibits two stages, faster kinetics up
104 s and slower kinetics thereafter. Thus, it is impossible to
explain the kinetics with one-component model, such as the
free-volume model. It is well known that the structural relax-
ation occurs because of many parallel processes, as evi-
denced by the so-called crossover effect.3 Our results suggest
that at least two components have to be introduced to eluci-
date the full results.

The free-volume model12 was initially introduced for a

system with a hard-sphere potential. When it is applied to
metallic alloys, which cannot be adequately described by a
hard-sphere potential, the critical volume for atomic diffu-
sion, v�, is only about 10% of the atomic volume, rather than
about 80% expected for the hard-sphere systems.12 Cohen
and Turnbull, therefore, suggested that in metallic liquids,
the free-volume model might apply only for the atomic core,
which occupied about 10% of the atom. An alternative model
was proposed by Egami et al.16,17 The most prominent
change in the pair-density function �PDF� due to structural
relaxation is the narrowing of the PDF peaks, including the
nearest-neighbor peak, rather than the shifts in their
positions.6 This means that the structural relaxation cannot
be explained only by the collapse of the free volume which
increases density but requires reduction in both positive and
negative density fluctuations. They successfully explained
the change in the PDF due to structural relaxation in terms of
the narrowing of the distribution of the atomic-level pressure
or volume,18 through annihilation of the n-type defects �low-
density regions, resembling the distributed free volume� and
the p-type defects, �high-density regions, antifree volume�.19

The n- and p-type defects are structurally unstable and rep-
resent the liquidlike sites.20 More recently, they21 suggested
that the critical volume strain to define the liquidlike site is
��v�=0.11, which is close to the estimate by Cohen and Turn-
bull cited above. In other words, the n-type defects are char-
acterized by the atomic-level volume strain �v�0.11 while
the p-type defects have �v	−0.11. They also showed that
the total concentration of the liquidlike site near Tg is given
by pL=0.243, with the equal concentration for each of the
n-type and p-type defects.

We analyzed the present results using this model. We as-
sumed that the time-dependent change in the average specific
volume of the compressive �high-density or p-type� region is
vc�t�, and that of the expansive �low-density or n-type� re-

FIG. 1. Room-temperature-specific volume of Pt60Ni15P25

BMG, v�t�, as a function of annealing time for 461 K �15 K below
Tg� in the as-quenched and preannealed samples. The inset presents
the x-ray diffraction profiles for samples in the as-quenched and
relaxed states. Solid lines illustrate the calculations by Eq. �2� �see
text�.

FIG. 2. �Color� �a� The heat-flow curves of
Pt60Ni15P25 BMG measured after annealing at
461 K for different times at heating rates of
0.167 Ks−1. �b� The enthalpy change, �Hg�t�, as
a function of annealing time.

FIG. 3. HRTEM image of the sample relaxed at 461 K for
4.2�105 s.
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gion is vd�t�, where the former expands and the latter shrinks
during relaxation. Based on this assumption, the time depen-
dence of the specific volume v�t� of sample was given as
follows:22

v�t� = pL�pvd�t� + �1 − p�vc�t�� + �1 − pL�vs

= vas + vd�t� + vc�t� = vas − pLp�vd�1 − exp�− �t/�d��d��

− pL�1 − p��vc�1 − exp�− �t/�c��c����v = vas − veq� ,

�2�

where pL is the concentration of liquidlike sites and p is the
fraction of the p-type �compressive� sites within the liquid-
like sites. We assume pL=0.243 �Ref. 21� and p=0.5. We
also assumed that the ratio, 
= �vc�0� /vd�0��= �vc��� /vd����,
is constant of temperature over the narrow temperature range
where measurements were made.

Equation �2� was fitted simultaneously to the data for as-
quenched as well as annealed samples. From simulations,
Bc /Bd�1.5, where Bc and Bd are the local bulk moduli for
the p-type and n-type defects.19 Because the local pressures
of the p-type and n-type defects, pc and pd, are similar and
opposite in sign,19 and vc=v0pc /Bc, vd=v0pd /Bd, we expect

�0.7. Indeed, the value of 
 obtained by optimal fit, 0.74,
is close to the estimated value. Also, even when the value of
p was allowed to vary to improve the fit, it remained very
close to 0.5. As shown by solid curves in Fig. 1, Eq. �2�
describes the changes in the specific volume calculated from
the density experiments quite well for each sample. The pa-
rameters are summarized in Table I, and the time depen-
dences of each component, vc�t� and vd�t�, are shown in Fig.
4.

There are two remarkable features in the result: �a� the
both volume changes �expansion and reduction� are much
larger than the observed change in the total volume. �b� The
relaxation time of the compressed region �p-type defects� is

shorter than that of the expanded region �n-type defects�. The
observation �a� is in agreement with the prediction that the
structural relaxation occurs by annihilation of the n- and
p-type defects, and the total volume change is the conse-
quence of the anharmonicity in the interatomic potential.19 If
the interatomic potential is perfectly harmonic, 
=1, the
changes in compressed and expanded regions will totally
cancel out, and there will be no change in the volume due to
the structural relaxation. However, because of the anharmo-
nicity compression is more difficult than expansion, resulting
in smaller deviations from the average in the volume of the
compressed regions than in the expanded regions.19 Thus

	1, ending up with the net negative change in the total
volume. In the free-volume model, on the other hand, com-
pression is impossible because of the hard-sphere potential
�
=0�, thus the volume change is carried totally by the ex-
panded regions �free volume� �Fig. 5�.

We also note that the relaxation kinetics of the com-
pressed region is described by the process with Kohlrausch
index near 1, meaning that the relaxation kinetics is near
Debye type and the distribution of relaxation times is narrow.
This is also consistent with the fact that due to steep rise in
the repulsive part of the interatomic potential, the distribu-
tion in the local atomic volume in the compressed region is
small. As a consequence of the observation �b� and Kohl-
rausch index near 1 for the compressed regions, we see that
at the initial stage, both types of defects are annihilated while
at the last stage, only the expanded �n-type� defects are an-
nihilated. This is totally consistent with Fig. 3, which shows
that in the initial stage the enthalpy change per volume
change is much larger, by a factor of 3–4, than that in the
later stage. When two types of defects �p-type and n-type�
are annihilated the local volume changes cancel each other,
leaving a smaller change in total volume. As a consequence,
the enthalpy change per total volume change is much larger.

The different kinetics in two regions, compressed and ex-
panded, indicate that n-type and p-type defects can annihilate
themselves independently, not necessarily through recombi-

TABLE I. Fitting parameters calculated by Eq. �2�.

�vobs �cm3 /g� �vc �cm3 /g� �vd �cm3 /g� �c �d �c �s� �d �s�

As quenched 3.7�10−5 −7.9�10−4 1.1�10−3 0.90 0.68 7494 9409
Preannealed 4.4�10−5 −1.0�10−4 1.4�10−3 0.62 0.52 704 902

FIG. 4. Direct plot of room-temperature-specific volume
change, �v�t�, against the enthalpy change, �Hg�t�.

FIG. 5. Changes in volumes, vd�t� �n-type� and vc�t� �p-type�,
with time at 461 K, with and without preannealing, and they are
illustrated as subtracted their initial values. Note that they almost
cancel each other, leaving small changes in the total volume.
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nation as defects in semiconductors. Since there is no trans-
lational invariance in glasses, the defects can relax locally by
emitting long-range stress fields. Our results show that a
small change in the fictive temperature results in large dif-
ference in the kinetics. We note that the Pt60Ni15P25 BMG is
a fragile glass with the fragility m=67.2,7 so that a small
change in the fictive temperature can produce large changes
in the density of defects.

In Ref. 11, we reported that the kinetics of structural re-
laxation in a bulk Pd40Ni40P20 glass with annealing up to
6�104 s at 549 K shows a single relaxation mode. How-
ever, this conclusion was based on the linear plot. By plot-
ting the results in logarithmic scale and continuing the an-
nealing up to 1.2�105 s, we have found that a two-steps
relaxation process manifests itself, which is also well de-
scribed by two-components model. This result leads us to
conclude that the structural relaxation of BMGs may be un-
derstood, in general, in terms of the two-components model.

Slipenyuk and Eckert experimentally examined the rela-
tion between the enthalpy and the volume changes in
Zr55Cu30Ni5Al10 BMG �Ref. 23� during the structural relax-
ation. Their results indicate �H /�v f 	7.58 kJ /g, where �v f
is a normalized volume change during relaxation. This value
gives 5.89 eV/atom using the molecular weight, Mw=74.9,
of Zr55Cu30Ni5Al10 glass and is about 2.8 times larger than
the formation energy, 2.07 eV/atom,24 of a single vacancy in
a Zr crystal. In the case of the present result, �H /�v
	140 kJ /cm3=12.6 eV /atom, is estimated from the initial
stage in Fig. 2�b�, using Mw=133.6 and the as-cast density,
das. The formation energies of a single vacancy in the corre-
sponding crystals are reported to be 1.4 and 1.7 eV/atom for
Pt and Ni �Ref. 25� atoms. Therefore, the formation energies
of free volume per one atomic volume are about 7–9 times
larger than those of single vacancies in the crystals. On the
other hand, in the two-components model, the volume
changes due to the relaxation of the n- and p-type defects
nearly cancel each other. Consequently, the actual change in
volume in absolute value is much larger than the observed
change. The actual absolute value of volume change,
pLp��vd�+ pL�1− p���vc� is equal to 2.3�10−4 cm3 /g during
the relaxation, and is about six times larger than the total
volume change observed, ��vobs�=3.7�10−5 cm3 /g, as indi-

cated in Table I. As a consequence, the formation energy of
free volume is reduced to 12.6 /6	2.1 eV /atom and it is of
the similar magnitude with the formation energy of a single
vacancy in the crystal. Whereas the kinematical behavior of
enthalpy during relaxation in Fig. 2�b� may appear to be
describable by a single-component model rather than the
two-components model, this result is also compatible with
the two-components model because the change in enthalpy
due to annihilation of both the n- and the p-type defects
results in positive heat release. As a result, the net relaxation
curve is the superposition of two stretched exponential relax-
ation curves, with slightly different � and � values, and ap-
pears as a single stretched exponential function. In Fig. 1, we
also show the fit with a single stretched exponential relax-
ation function, in addition to the fit with the two-components
model. Obviously, the single-component curve is not in an
agreement with the data.

We note that the relaxation process includes, in general,
the chemical short-range ordering �CSRO� process5,26 as well
as the topological short-range ordering �TSRO� process, and
the present data may reflect some of the CSRO process.
However, the coupling of the CSRO to volume is relatively
weak,27 and usually faster than the TSRO relaxation.26,27

Also generally the CSRO relaxation occurs over the tem-
perature range significantly below Tg.26,27 Because the
present study of volume and enthalpy relaxation was carried
out in the close vicinity of the glass transition, we conclude
that the effect of the CSRO relaxation is negligible.

In conclusion, we have shown through careful measure-
ments of changes in volume and enthalpy that the structural
relaxation in Pt60Ni15P25 BMG cannot be described by a
single-component model, such as the traditional free-volume
model but requires at least two components. We suggest that
the local-density-fluctuation model involving both high- and
low-density regions can satisfactorily elucidate the results.
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