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a b s t r a c t

Changes in the enthalpy and entropy on structural relaxation of Mg65Cu25Tb10 glass have been studied
after keeping its samples for varying periods of time ta at several temperatures Tas, and after keeping
for fixed ta at various Tas. At a fixed Ta, the decrease in the enthalpy and entropy occurred with time
according to a non-exponential kinetics. When the sample was kept for the same ta, but at different Tas,
the decrease in the enthalpy and entropy showed a peak at a temperature when the sample reached an
equilibrium state for that ta. The fictive temperature estimated from the entropy change was the same
as that estimated from the enthalpy change, thus suggesting that irreversibility of the thermodynamic
path in the glass-transition range does not have a significant effect on determining the entropy. The
ictive temperature
nthalpy and entropy

rate of heat release from the DSC heating scan was analyzed in terms of the model for non-exponential,
non-linear enthalpy relaxation. A single set of parameters that fitted the data for un-annealed glass did
not fit the data for the highly annealed glass. This is expected in view of the approximations made in the
model and the contribution from the JG relaxation. It is suggested that a model-independent method for
studying enthalpy relaxation would be more appropriate. A glass stored at ambient conditions showed
an endothermic peak that is attributed partly to the unfreezing of the JG relaxation and partly to those

distr
of the faster modes in the

. Introduction

A characteristic feature of glass is that its properties at a fixed
emperature change with time toward those of the equilibrium
tate [1–11], a phenomenon known as structural relaxation. It
ccurs also when a glass is slowly heated toward its glass softening
r Tg range [8,11]. In this process, (i) the net enthalpy H and entropy
decrease, (ii) the size of the co-operatively rearranging region
ould increase according to the configurational entropy theory

12], and (iii) the free volume fraction of the volume would decrease
ccording to the free volume theory [13]. There are also changes in
he dielectric, mechanical, optical and related properties of a glass
ith time, t, and temperature T, and these are modeled by using

ormalisms [14] that express the change in terms of a macroscopic
uantity fictive temperature Tf [15], defined as the temperature at
hich a liquid’s structures kinetically freezes on cooling. (It is also
efined as the temperature at which a glass would be in internal
quilibrium, or a glass and its melt would have the same phys-

cal property.) Tf of a solid is high when it is formed by vapor
eposition, hyperquenching a liquid, mechanical deformation and
ressure collapse of crystals, chemical reaction and lyophilization,
nd Tf is low when a glass is formed by slowly cooling a melt. Tf

∗ Corresponding author. Tel.: +1 905 525 9140; fax: +1 905 528 9295.
E-mail address: joharig@mcmaster.ca (G.P. Johari).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ibution of the �-relaxation times.
© 2010 Elsevier B.V. All rights reserved.

decreases continuously as a glass structure relaxes. Different prop-
erties yield different Tf values, and Tf determined by one technique
is unique for a given thermal history of the sample and is seen there-
fore as an indication of thermal history of glass. Properties of a state
obtained by rapid heating of a glass to T above Tg also change with
t, and in this case H and S increase, and Tf increases with time and
T [14].

Metal alloy glasses are formed by cooling the melt more rapidly
than for forming other glasses and their Tf is relatively high. During
storage or use as a device, their structure continuously relaxes and
they may crystallize over a long time period, to the detriment of
their useful properties. More recently, several ternary and quater-
nary compositions of metal alloys have been found to form a glassy
state by cooling the melt at a relatively slow rate of less than 5 K/min
[16–18]. These glasses differ from monocomponent glasses in that
they have entropy of mixing which is in addition to the usual con-
figurational entropy. A brief review of their thermodynamics has
been given in the Introduction of a paper on the calorimetric study
of the “memory effect” [19].

Like organic polymers and inorganic glasses, metal–alloy glasses
are seen to have a discipline of their own. But unlike other glasses,

(atomic) entities that form their structure have no rotational
degrees of freedom. Therefore all diffusive motions in metallic
glasses and melts are translational. Their structure also resem-
bles the structure of packed spheres of different sizes representing
atoms of different elements, interacting by relatively free electrons,

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:joharig@mcmaster.ca
dx.doi.org/10.1016/j.tca.2010.03.021
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kin to the model for which computer simulations are performed. It
as been occasionally considered that such glasses have both topo-

ogical and chemical short range order [20,21], but studies of glass
elaxation could not confirm its consequences [22,23].

Structural relaxation in metallic glasses has been extensively
tudied by Chen [24,25], Scott et al. [26–28], Berry and Pritchet
29,30], Egami et al. [31–34], Taub et al. [35,36], Johari et al.
19,22,23,37,38] and Tiwari et al. [39]. Based on the study of struc-
ural relaxation in multicomponent metallic glasses, Egami [21,40]
nd Elliot [41] concluded that there is a distinction between the
opological short range order (TSRO) and the chemical short range
rder (CSRO). They have discussed the change of TSRO and CSRO
f metallic glasses due to annealing or ageing. X-ray and electron
iffraction measurements have been used to test the validity of this
oncept but little is known about the atomic diffusion processes
ccurring either during the isothermal annealing or during heat-
ng toward Tg. Van den Buekel and Radelaar [42] proposed that
SRO is a slow process which begins after the completion of the
ast CSRO process. Based on their study of structural relaxation
n several Pd- and (Fe, Ni)-based metal–metaloid glasses and Zr-
Cu,Fe,Ni) binary and ternary metallic glasses, Inoue et al. [43] and
hen and Inoue [44] concluded that structural relaxation at low
emperatures occurs by local and medium range rearrangement of
he atoms with weak bonding. At high temperatures it occurs by the
ong range cooperative regrouping of metal and metalloid atoms.

Studies of several metallic glasses showed [22,23] that structural
elaxation can be simulated by the same non-exponential, non-
inear relaxation as used for polymeric and inorganic glasses, thus
ndicating a phenomenological similarity between metal–alloy and
ther glasses when the distribution of self-diffusion times is consid-
red. This similarity led to the conclusion that structural relaxation
f metallic glasses instead involves changes in both TSRO and CSRO.
etailed studies of structural relaxation by thermal cycling metal-

ic glasses in a temperature range below Tg led to the conclusion
hat those local groups of atoms, whose diffusion is fast enough to
llow loss of enthalpy and entropy on their approach to an equi-
ibrium configurational state of low energy on annealing, absorb
eat to reach their new equilibrium configuration state of higher
nergy at a higher temperature but still below Tg on heating at a
ertain rate. Hence each mode of atomic diffusion in the structure
as its own ‘mini glass-transition temperature’, and its apparent
eversible relaxation is a reflection of a broad distribution of times
rising from temporal and spatial variations in the atoms’ environ-
ent [22,23].
Here we report a detailed study of structural relaxation of a

ypical metal alloy glass of ternary composition, Mg65Cu25Tb10, by
sing accurate differential scanning calorimetry (DSC). We do so
y performing measurements of isothermal relaxation at a fixed
for different times t, and a fixed t at different T. We also deter-
ine the entropy change on structural relaxation and investigate
hether such a change can be reliably made from measurements

f the specific heat or calorimetric signal in an irreversible pro-
ess of structural relaxation. We further examine whether the
on-exponential, non-linear structural model for relaxation may
e valid for such glasses, and investigate the origin of a large
ndothermic peak that appears at T < Tg after (inadvertent) ageing
f Mg65Cu25Tb10 glass at ambient conditions. Earlier calorimetric
tudies of metallic glasses and of some general features of structural
elaxation are briefly reviewed.
. Experimental methods

Ingots of Mg65Cu25Tb10 glass were prepared by the group at
nstitute of Physics and Center for Condensed Matter Physics, Chi-
ese Academy of Sciences, Beijing, China, which they have also
Acta 503–504 (2010) 121–131

studied by other techniques. Their method of preparation was, (i)
arc melting of an accurately weighed mixture of pure elements
under a titanium-gettered argon atmosphere and (ii) transferring
the melt to a water-cooled copper crucible. To homogenize the
melt, the glassy solid was melted two to four times. Plate-like
specimens of thickness 1–3 mm, width 5–10 mm, and length of
50–100 mm and rod specimens of diameter 3–5 mm and length of
50–100 mm were produced by suction casting in a copper mold.
Its glassy nature has been already characterized by diffraction
methods and calorimetry [45–48] and their mechanical properties
[47,49,50] have been published.

The calorimeter used for the study was a Pyris Diamond
PerkinElmer DSC. The instrument was calibrated with indium and
zinc by using their melting points and their enthalpy of melting.
Argon was used as both a purge gas for the sample and a carry-
ing gas for the intra-cooler. During the course of measurements
on a sample, the baseline, temperature calibration and stability
of the equipment was frequently checked. An accurately weighed
amount of the sample (nominally 7–15 mg) was contained in an
aluminum-pan and crimp-sealed. It was transferred to the instru-
ment at ambient temperature. The DSC output in watts (J s−1)
divided by the sample’s mass was found to remain within 0.2%. This
showed that the effect of the sample’s mass on the measured val-
ues was negligible. The heating rate was 20 K/min and it served to
enhance the features observed for glass-softening and for structural
relaxation over the features observed for the 10 K/min or lower
heating rates used generally for studying other glasses. All cooling
and heating to reach a predetermined temperature of the sample
were done at 100 K/min rate. This minimized the errors arising from
structural relaxation that may have occurred during such cooling
and heating. DSC scans were obtained for all thermal treatment, i.e.,
heating, cooling and isothermally holding metal alloy glasses, but
only the scans obtained during heating through the glass-softening
range are shown here. The enthalpy and entropy changes were
calculated accurately by transferring the data to Microcal Origin
Software and performing all subtractions and integrations by using
its mathematical procedure.

3. Results

A Mg65Cu25Tb10 glass sample was first heated at a rate of
20 K/min in the calorimeter from 333 K to 573 K. This led to its crys-
tallization on heating to above 460 K, as indicated by a sharp and
deep exotherm in Fig. 1(A), which is only shown partly here. The
onset crystallization temperature Tx, was 460.8 K and the ultravis-
cous melt persisted over the 440–460 K temperature range. (These
data will be included in a detailed paper on crystallization.) In addi-
tion to the usual glass-transition endotherm, Fig. 1(A) shows an
endotherm at lower T that is spread over a 25 K range. This is due
to the structural relaxation on first heating of the as-cast sample
that had been stored for an unknown period. A new as-cast sam-
ple was repeatedly heated at rate of 20 K/min and cooled at rate
of 20 K/min three times from 333 K to 443 K. Fig. 1(B) shows the
DSC scans obtained. The (dH/dt) measured in the DSC scan was
multiplied by the atomic weight of Mg65Cu25Tb10 and divided by
the mass of the sample and further by the heating rate, qh. This
converted it to (dH/dT) in units of J/mol K.

The scan obtained on first heating shows an endotherm at
T < Tg corresponding to the irreversible relaxation in Fig. 1(A). Scan
1 in Fig. 1(B) obtained from another sample from the same as-

cast stock shows the same feature. Scan 2 that was obtained on
subsequent heating after cooling at 20 K/min rate show no such
low-temperature endotherm in Fig. 1(B), nor does scan 3 that was
obtained similar to scan 2. Scans 2 and 3 also show reversibility of
the sample’s state and its properties on heating and cooling several
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Fig. 1. (A) The DSC scan of an as-cast Mg65Cu25Tb10 glass obtained during heating at
20 K/min rate from 333 to 573 K. (B) A second as-cast sample was heated at 20 K/min
and DSC scan 1 was obtained. The sample was subsequently cooled at 20 K/min from
443 K to 333 K and then reheated to 443 K at 20 K/min and scan 2 was obtained.
Scan 3 was subsequently obtained by the same procedure of cooling and heating.
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Fig. 2. (A) The dH/dT plots against the temperature obtained after isothermal
annealing at 403 K for different annealing times. The numbers labeled to the curves
refer to the annealing time in minutes. (B) The difference curves plotted against the
temperature obtained by subtracting the DSC scan of the un-annealed sample (curve
0) from the DSC scan of the annealed samples. The numbers labeled to the curves
C) The difference between the heating scans 1 and 2 in (B) is plotted against the
emperature. The Tg of 414.2 K, as determined here from the usual line intersection

ethod for scans 2 and 3 in (B) is marked by arrow in (C).

imes. From these scans, we obtained Tg of 414.2 K by the inter-
ection point of two plots, one a tangent to the endothermic rise
nd the second an extension of the glass curve. The increase in the
pecific heat at Tg, �Cp, is 13.3 J/mol K for Mg65Cu25Tb10 glass for
h of 20 K/min.

To determine the decrease in enthalpy by structural relaxation
uring annealing (or storage) of a sample for different times, ta, we
se a procedure suggested by Lagasse [51], and used in previous
tudies [52–54]. It is illustrated in the insert in Fig. 2(B). In this
rocedure, an ultraviscous melt at a temperature, Teq, is cooled at
(chosen) high rate, qc, to a temperature, T0, which is 75–80% of

he calorimetric Tg. It is then heated at a chosen rate, qh, from T0
o Teq. The DSC scan obtained on heating in this case is for the un-
nnealed sample, or for ta = 0. The sample is then cooled from Teq

t the same rate, qc, to T0 and then heated at the fastest rate to
he chosen annealing temperature, Ta, kept at Ta for a period of
a minutes, cooled at the fastest rate to T0, and then immediately
eated to Teq at rate qh and its DSC scan obtained. This scan is for
he sample annealed for ta min at Ta. The procedure is repeated for
ifferent annealing periods, ta (1), ta (2), etc., for the same Ta. It is

lso then repeated but at different Tas. The sample is cooled back
rom Teq to T0 and then immediately heated at the fastest rate to a
ew Ta, say Ta (1), kept at Ta (1) for the same ta as at the previous
a. It is cooled back at the fast rate to T0 and then finally heated to
refer to annealing times in minutes. Insert in (B) is an illustration of the procedure
used for determining the relaxed values of the enthalpy and entropy, as described
in Section 3.

Teq to obtain a new DSC scan. The procedure is repeated for a fixed
ta but for different Ta. The overall procedure is also then repeated,
but by changing ta.

It is required that all DSC scans whatever their annealing con-
ditions should meet (i.e., have the same (dH/dt) value) at Teq, and
deviate only by an insignificant amount when the sample is deep
in the glassy state. If the scans do not meet at Teq, it would indi-
cate that crystallization has occurred during the annealing, cooling
and heating. Partial crystallization would reduce the (dH/dt) value
much more at T > Teq than in the partial glassy state. DSC scans for
different ta at a fixed Ta of 403 K are presented in Fig. 2(A) and those
at different Ta for a fixed ta of 3 min are presented in Fig. 3(A). These
clearly show no indication of crystallization. The scans also show
that the usual procedure for obtaining Tg by intersection of the two
lines, one extrapolated from the glass state and another drawn as a
tangent at the point of inflexion of the sigmoid-shape curve would
not yield the same Tg value, an aspect often overlooked in the DSC
studies.

Typical plots for Ta of the glass at 403 K are shown in Fig. 2(A).
The first scan for ta = 0 min is labeled 0, and the scans obtained
after annealing at 403 K for different tas are labeled accordingly.

The difference between the DSC scan at ta > 0 and at ta = 0, i.e.,
[(dH/dT)a − (dH/dT)un] is plotted against T in Fig. 2(B) and is also
labeled according to ta. Similar experiments were performed for Ta

of 363 K, 373 K, 383 K, and 393 K.
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Fig. 3. (A) The dH/dT plots against the temperature obtained after isothermal
annealing for 3 min at different annealing temperatures. The numbers shown refer
t
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o the annealing temperatures ordered according to the maximum of the curves.
B) The difference curves obtained by subtracting the DSC scan of the un-annealed
ample from the DSC scan of the annealed samples. The numbers shown refer to the
nnealing temperatures ordered according to the maximum of the curves.

Typical plots for ta of the glass for 3 min are shown in Fig. 3(A).
he numbers shown refer to the annealing temperatures ordered
ccording to the maximum of the curves. The difference curves
etween the un-annealed and annealed samples were obtained for
ach Ta and these are shown in Fig. 3(B). These also correspond
o [(dH/dT)a − (dH/dT)un] but for varying Ta. The numbers shown
lso refer to the annealing temperatures according to the order of
scending peak of the curves. Experiments were repeated for the
et of (five) Tas but for ta of 5 and 7 min.

. Discussion

.1. Isothermal structural relaxation of enthalpy and entropy

On isothermal structural relaxation H and S decrease with time,
nd density, frequency of vibrational modes, refractive index, and
lastic modulus increase. The phenomenon studied at temperature
ot far below Tg is widely known as physical ageing in the poly-
er discipline and as annealing in the glass-making discipline. It

s distinguished from another type of ageing that occurs at T far
elow Tg, such as the ageing of commercial silicate glasses at ambi-
nt temperature, whose density and refractive index also increase

ut by an almost imperceptible amount over a period of decades
hen a glass is kept at T of nearly half of its Tg, or lower. (For histor-

cal interest, we note that such ageing was first reported by James
rescott Joule who had observed that the zero temperature point of
gas thermometer made from a silicate glass shifted with time over
Acta 503–504 (2010) 121–131

a period of 38.5 years [55]. For details, a paper on silicate glasses
[56] may be consulted where this ageing is shown to have a differ-
ent mechanism than structural relaxation on physical ageing or on
annealing.)

For analyzing the t, and T-dependence of H and S, we first use a
general expression for the irreversible change and later use a phe-
nomenological model used for molecular liquids [14], polymers [8]
and inorganic melts [57]. The change in H is the sum of all the
changes that occur during the cooling of a liquid, during the time
of annealing and during the heating of a glass and are written as:

d�Ha =
(

∂�Ha

∂ta

)
Ta,qh,qc

dta +
(

∂�Ha

∂Ta

)
ta,qh,qc

dTa

+
(

∂�Ha

∂qc

)
Ta,ta,qh

dqc +
(

∂�Ha

∂qh

)
Ta,ta,qc

dqh (1)

where d�Ha is the difference between the enthalpy of the mate-
rial before and after the annealing experiment, qh is the heating
rate, qc the cooling rate, and other notations are as defined already.
(Note that the derivatives imply change only in one direction, as is
done in analyzing chemical kinetics equations and not in the usual
thermodynamic equations.) The corresponding change in S is given
by

d�Sa =
(

∂�Sa

∂ta

)
Ta,qh,qc

dta +
(

∂�Sa

∂Ta

)
ta,qh,qc

dTa

+
(

∂�Sa

∂qc

)
Ta,ta,qh

dqc +
(

∂�Sa

∂qh

)
Ta,ta,qc

dqh (2)

where the terms have the same meaning as in Eq. (1). The prefix �
is used to maintain that the quantities determined by experiments
are: H − H(0 K) and S − S(0 K), and not the absolute values of H and
S. Thus Eqs. (1) and (2) include the effect of structural relaxation on
the zero Kelvin values of the enthalpy and entropy. All four terms in
Eqs. (1) and (2) are of practical significance because they describe
the changes in the state of a glass when T fluctuates during its stor-
age, and its rate varies. The first term was determined here from the
plots in Fig. 2, and the second term from the plots in Fig. 3. Since qc

and qh in both sets of experiments were 20 K/min, the magnitudes
of the third and the fourth terms are zero.

4.2. Glass–liquid transition path and entropy

The spontaneity of structural relaxation makes the segment of
the Cp path in the glass-softening range of its plot against T is irre-
versible in the sense that cooling and heating at the same rate do
not yield the same values of Cp. Because of that, one may object to
determining d�Sa from Eq. (2) here. Therefore, we first examine
whether our analysis of the data to obtain d�Sa is valid, as follows:

We use the criteria that if Cp path is irreversible, the Tf deter-
mined from the Cp dln T integral would be very different from the
Tf determined from the CpdT integral. Therefore, if we analyze the
same set of DSC data in two ways, and determine TS

f from the Cpdln T
integral and TH

f from the CpdT integral and find the two to be the
same, our use of Cpdln T integral would be justified. To do so, we
determine the enthalpy change from the area between the curves,
i.e., the CpdT integral from the plots in Fig. 1(B), as described by
Moynihan et al. [58]∫ T ′ ∫ T ′
f

T

(C liq
p − Cglass

p )dTf =
T∗

(Cp − Cglass
p ) dT (3)

where T* is any temperature above the transition region, C liq
p is Cp

of the liquid, T′ is the temperature well below the glass transition
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Fig. 4. (A) The plots of Cp against T for determining TH
f

by matching the area shown
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383K, 393 K, and 403 K in Fig. 2(B) is plotted as a negative quantity
against ta in Fig. 5(A). The corresponding −d�Sa is plotted against
ta in Fig. 5(B). Similarly, d�Ha and d�Sa at different Ta and fixed
ta were obtained from the data in Fig. 3. The −d�Ha is plotted
against Ta in Fig. 6(A) for each set of ta of 3 min, 5 min and 7 min,
t 20 K/min from 443 K to 333 K, annealed for 120 min at 403 K and reheated at
0 K/min. (B) The same plots of Cp but against ln T for determining TS

f
by matching

he area shown by vertical lines with the area shown by horizontal lines. Note that
he CpdT integral yields the same Tf as the Cpdln T integral.

egion and Cglass
p is extrapolated Cp of the glassy state. C liq

p is lin-
arly extrapolated from the measured value and T ’

f is the fictive
emperature, which is noted here as TH

f . Errors arising from this
pproximation are higher the longer is the extrapolation. Moyni-
an et al. had used DSC scans for qh of 10 K/min, irrespective of qc

58]. In the current literature, qh of 20 K/min is used, because it is
ssumed that this rate yields Tg (= TH

f ) at which the structural relax-
tion time of the liquid is 100 s. (See Refs. [57,59] for its exceptions
ased on the width of the distribution.) Also, these quantities are
etermined by using the DSC scans on the premise that the ratio
f the heat flow (in J s−1) to qh, [(dH/dt)/qh], is proportional to Cp

f the glass, including the thermal effects of structural relaxation
n Cp. From area matching according to Eq. (3) we determine TH

f
f 411.3 K from scans 1 and 2 in Fig. 1(B). Similarly, we determine
H
f of 403.2 K for the sample that had been annealed for 120 min at
03 K from the plot in Fig. 2(A) by area matching shown graphically

n Fig. 4(A). Note that both TH
f values differ from the Tg of 414.2 K,

hat was obtained by the usual intersection method for scans 2 and
shown in Fig. 1(B).

To estimate TS, we replace dT in Eq. (3) by dln T to match the
f
rea for the entropy change

T ′
f

T

(C liq
p − Cglass

p )d ln Tf =
∫ T ′

T∗
(Cp − Cglass

p )d ln T (4)
Acta 503–504 (2010) 121–131 125

Similar area matching in Cp against ln T curves based on Eq. (4)
yields TS

f as 403.6 K as is shown in Fig. 4(B) for the sample annealed
for 120 min at 403 K. It is evident that TS

f and TH
f are the same within

the experimental and analytical errors, and therefore we may use
Eq. (2) for determining the net entropy change.

4.3. Enthalpy and entropy decrease on isothermal relaxation

The first and second coefficients in Eqs. (1) and (2) were deter-
mined from the area under the difference plots in Figs. 2(B) and 3(B).
This yields the enthalpy regained on heating the annealed sample,
which is equal to the enthalpy loss that occurred at a chosen Ta

and ta prior to heating. To determine the entropy loss on struc-
tural relaxation, the difference [(dH/dT)a − (dH/dT)un] was plotted
against ln T. The area under this plot gives the entropy regained
on heating which is equal to the entropy lost on structural relax-
ation at a chosen Ta and ta. If an exothermic dip-like feature also
appeared prior to the broad peak in the difference curve, as seen
in Fig. 3(B), the area of the dip was subtracted from the total area,
i.e., a baseline at dH/dT = 0 was used to obtain d�H and d�S. (This
dip-like feature in the DSC scans of annealed samples is indication
of a further enthalpy loss as a result of structural relaxation during
the heating of the sample, which appears when Ta is such that the
characteristic relaxation time is less than the value corresponding
to 1/qh.)

The d�Ha thus determined from the data for Ta of 363 K, 373 K,
Fig. 5. The enthalpy and entropy loss are plotted against the annealing time during
isothermal annealing of Mg65Cu25Tb10 metal alloy glass at annealing temperature
of 363 K, 373 K, 383 K, 393 K, and 403 K.
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Fig. 6. The enthalpy and entropy loss are plotted against annealing temperature
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The second term on RHS of Eq. (1) and (2) quantifies the effect of
uring isothermal annealing of Mg65Cu25Tb10 metal alloy glass for the annealing
ime of 3, 5, and 7 min.

s is indicated. The corresponding plots of −d�Sa are shown in
ig. 6(B). The −d�Ha and −d�Sa values include the decrease in the
nthalpy at 0 K, as well as that in the residual entropy, Sres (the
alue at absolute zero temperature) that occurs on annealing the
lass.

.4. Relaxation of �H and �S with time and temperature

We now determine the change in H and S on heating a glass by
sing the relations

H(T) = �H(Ta) +
∫ T

Ta

(Ca
p − Cun

p )dT (5)

S(T) = �S(Ta) +
∫ T

Ta

(Ca
p − Cun

p )d ln T (6)

here �H(Ta) and �S(Ta) are the total decrease that occurs on
nnealing at Ta and the integral term adds to their negative val-
es. Since H and S of a liquid are state functions, the plots of �H(T)
nd �S(T) against T for all ta and Ta conditions would merge when
iquid state is reached on heating. Since such plots are useful in
etermining both the relative change in H and S with T and the
anner of the change, we calculated �H(T) and �S(T) from Eqs.

5) and (6) by using the data from Figs. 2 and 3 and have plot-
ed these against T in Fig. 7(A) and (B) for Ta of 403 K. The curve
abeled 0 is for the un-annealed sample and other curves for ta

f 5, 10, 20, 60, and 120 min are as labeled. The corresponding

lots for the second set of experiment for fixed ta and varying
a are presented in Fig. 8. The un-annealed sample curve is as
abeled and the numbers shown refers to the ascending Ta for other
urves.
Fig. 7. The enthalpy and entropy loss of Mg65Cu25Tb10 metal alloy glass after
isothermal annealing at 403 K for different annealing times are plotted against the
temperature. The numbers labeled to the curves refer to the annealing time in
minutes.

We analyze our results first by using the simplest kinetic equa-
tions

∂�Ha(ta, Ta) = [�H(ta = 0, Ta) − �H(ta → ∞, Ta)]

×
[

1 − exp

{
−
(

ta

�(Ta)

)ˇ
}]

(7)

∂�Sa(ta, Ta) = [�S(ta = 0, Ta) − �S(ta → ∞, Ta)]

×
[

1 − exp

{
−
(

ta

�(Ta)

)ˇ
}]

(8)

where ˇ is a fitting parameter, which is equal to 1, for an exponen-
tial process and � the characteristic time for structural relaxation,
which in this model is assumed to be given by the Arrhenius rela-
tion, � = �0,A exp(E∗

A/RTa), with �0,A as the pre-exponential factor,
E∗

A the Arrhenius activation energy and R the gas constant. Eqs. (7)
and (8) were fitted to the data in the plots of d�Ha and d�Sa

against ta in Fig. 5. Best-fit of Eq. (7) to the data for the glass
annealed at 403 K in Fig. 5(A) yields, �H(ta = 0, Ta) − �H(ta →
∞, Ta) = 152 J/mol, � = 27.42 min and ˇ = 0.47. The corresponding
fit of Eq. (8) to the data in Fig. 5(B) yields, �S(ta = 0, Ta) − �S(ta →
∞, Ta) = 0.36 J/mol K, � = 27.42 min and ˇ = 0.47.
Ta, and it is determined also from the areas under the peaks in the
plots in Fig. 2(B) and the plots against ln T (not shown). When the
glass was annealed at selected Tas for a fixed period, −d�Ha and
−d�Sa reached a maximum value as is seen in Fig. 6. This results
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ig. 8. The enthalpy and entropy loss of Mg65Cu25Tb10 metal alloy glass is plotted
gainst the temperature after isothermal annealing for 3 min at different annealing
emperatures. The numbers shown refer to the annealing temperatures ordered
ccording to the left edge of the curves.

rom two competing effects: the first dominates at low Ta at which
is long and the decrease in d�Ha and d�Sa over a fixed ta is ini-

ially too small to be measurable and as � decreases rapidly when
a is increased and −d�Ha and −d�Sa increase. The second domi-
ates when Ta is high, structural relaxation is near completion in the
xed ta and the magnitudes of [�H(ta = 0, Ta) − �H(ta = ∞, Ta)]
nd [�S(ta = 0, Ta) − �S(ta = ∞, Ta)] decrease as Ta is increased.
hus the shape of the plot in Fig. 6 is determined by, (i) a kinetically
imiting process that increases the spontaneous loss of H and S as
a is increased and ta is kept fixed, and (ii) a thermodynamic limit-
ng difference between the initial and ultimate values of H and S as
a is increased. The peaks in d�Ha and d�Sa appear at a Ta when
ffect (ii) begins to dominate. Formally, for a fixed ta and varying
a, conditions for which d�Ha and d�Sa reach their peak value (at
peak) are given by

∂ ln �Ha(Ta)
∂Ta

= ˇtˇ
a E∗

A

�(Ta)ˇRT2
peak

(9)

∂ ln �Sa(Ta)
∂Ta

= ˇtˇ
a E∗

A

�(Ta)ˇRT2
peak

(10)
nd by rearranging the equations above

peak =
(

ˇtˇ
a E∗

A

−�(Ta)ˇR[∂ ln �Ha(Ta)/∂Ta)]

)1/2

(11)
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Tpeak =
(

ˇtˇ
a E∗

A

−�(Ta)ˇR[∂ ln �Sa(Ta)/∂Ta)]

)1/2

(12)

Because of lack of data we do not use Eqs. (11) and (12) here.
These are included for completion and their validity may be tested
when more extensive data become available.

It should be noted that Eqs. (7) and (8) are intended for direct
analysis rather than model fitting to a DSC scan, and these would
not be useful for describing the non-linearity effects resulting from
the structure dependence of the relaxation times. As discussed later
here, inclusion of the effects in model calculations also does not lead
to satisfactory results.

4.5. Molecular processes and structural relaxation

In 1937, Bernal [60] had concluded that Cliq
p varies with T partly

due to change in the liquid’s structure and partly due to change
in the molecular vibrational frequency. The change in the H and S
observed on heating a glass are therefore attributable to an increase
in the configurational and vibrational contributions at a fixed T. The
decrease in H and S on structural relaxation at a fixed Ta is therefore
due to attainment of configurationally low energy state as well as
vibrationally different, less anharmonic (low-energy) state of lower
Cp. On heating a glass, the configurational and vibrational contri-
butions decrease due to structural relaxation, and increase with
increase in T. The first dominates initially and the second domi-
nates in the later stage and their rates cancel out at T where the
peak appears in the plots in Fig. 6(A) and (B). While the physical
origins of the two effects are common to all glasses, the vibrational
contribution is usually ignored, even though it is significant because
configurational states of high energy also have low vibrational fre-
quencies and hence a large vibrational contribution.

For a metal–alloy glass, there is also an entropy of mixing that
is a part of the configurational entropy, and both would change
in the case any short range ordering of the structure, and both
would kinetically freeze on cooling at the same temperature and
unfreeze on heating. The maximum entropy of mixing for this glass
is equal to −R

∑
ixi ln xi, where R is the gas constant and xi is the

mole fraction of the component i. Its value for Mg65Cu25Tb10 glass
is 7.12 J mol−1 K−1.

4.6. Description in terms of a non-exponential non-linear model

A variety of models have been developed for fitting to the DSC
scans, and all of these admit to a phenomenology that is based
upon the original observations of Winter-Klein [61] and Tool [15]
and a mathematical treatment introduced by Narayanaswamy [62].
The model was applied to the DSC scans of molecular liquids
and polymers originally by Moynihan et al. [14], and an algo-
rithm for fitting to the DSC scan was developed by Hodge and
Berens [63] who used it to simulate the DSC scans for amor-
phous polymers. To examine the validity of such models, we fit
the Tool–Narayanaswamy–Moynihan formalism to our DSC data.
Accordingly [12,62,63],

� = A exp
[

x�h∗

RT
+ (1 − x)�h∗

RTf

]
(13)

where � is the characteristic relaxation time, �h* is the activation
energy, A is a parameter equal to � when both T and Tf are for-

mally infinity, and x is an empirical parameter referred to as the
non-linearity parameter, whose value is between 0 and 1. The nor-
malized relaxation function is written as, � = exp[−(t/�)ˇ], where
ˇ is the stretched exponential parameter and t is the macroscopic
time. Details of data fitting may be found in Refs. [54,57].
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Briefly, the DSC data were transformed into a normalized heat
apacity

p,norm =
(

Cp,meas(T) − Cglass
p (T)

C liq
p (T) − Cglass

p (T)

)
(14)

here Cp,meas(T) is taken as the measured (dH/dt) in a DSC scan
ivided by qh = dT/dt. Fig. 9 shows the normalized DSC scans
btained for un-annealed and annealed Mg65Cu25Tb10 glass. The
t to these scans was obtained with a least squares Marquardt
lgorithm by using temperature step of 0.5 K, and annealing time
tep of at least 1 s (for t > 2 ks, the annealing time step was equal to
n/2000). The best-fit parameters obtained for sample annealed for
0 min are: ln A = −118, x = 0.47, ˇ = 0.60, �h* = 423 kJ/mol, and the
imulated scans are shown by dash-dot lines. These parameters
re expected to describe the curves for all annealing conditions,
ut Fig. 9 shows that a good fit is obtained only for the sample
nnealed for 10 min. The fit is satisfactory for the un-annealed
ample and less so for the 5 min annealed sample, it is quite unsat-
sfactory for the 20 min, 60 min and 120 min annealed samples. The
iscrepancy indicates limitations of the model in predicting the
onsequences of structural relaxation on annealing over a long time
eriod.

To express the fit of the equations to the experimental data in

n alternative manner, we have calculated the relaxation time, �,
rom the simulated plots in Fig. 9. It is plotted logarithmically (to
he base 10) against 1/T in Fig. 10(A), and for clarity against T in
ig. 10(B). The plot in Fig. 10(A) is non-linear at T up to 10 K below

ig. 9. The TNM simulation of heating curves after isothermal annealing at 403 K
or different annealing times. The parameters for simulation are ln A = −118, x = 0.47,
= 0.60, �h* = 423 kJ/mol.
Fig. 10. The plots of the calculated relaxation time from the fitted curves in Fig. 9.
(A) Plots against 1/T. (B) Plots against T.

Tg, and is expected to become linear at lower temperatures when
the effect of distribution of times is reduced. This is a characteristic
of an Arrhenius temperature dependence and is expected from Eq.
(13) when T = TH

f in the equilibrium state.
Also � for the annealed sample cannot be reliably estimated

when the fit-parameters for un-annealed sample are used. In sum-
mary, the fit parameters for the annealed samples in Fig. 9 do not
yield reliable value for the enthalpy regain on heating the annealed
sample. For that reason, Eqs. (1), (2), (6) and (7) seems to be a bet-
ter description of structural relaxation, than a structural relaxation
model. There seems to be no independent manner of determin-
ing � from the DSC data to ascertain if the calculations yield the
correct value of �, but modulated calorimetry data provide such
values [64–66]. Nevertheless, they show that the structural relax-
ation of the glass has a broad distribution also of atomic diffusion
time.

The poor fit of the model to the data may also be due to the
approximations made in developing and using these models, which
we briefly note below:

(i) For calculating Cp,norm from Eq. (14) one uses linear extrapo-

lation of C liq
p from T � Tg to T � Tg, and of Cglass

p from T � Tg to

T � Tg. But Cglass
p itself increases non-linearly with T because

contributions from anharmonic forces of the potential func-

tion and from �-relaxation configurations (also known as the
JG relaxation) increase rapidly with increase in T. As a result,
the slope of Cglass

p against T plot increases as Tg is approached on
heating and linear extrapolation becomes questionable. Also,
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plots of C liq
p against T for ultraviscous liquids at T > Tg are curved,

and either C liq
p /dT < 0, as for 1-butene an N-type liquid, or

(dC liq
p /dT) > 0, as for o-terphenyl, a P-type liquid. For metal-

lic glasses, the high temperature data are insufficient for C liq
p

extrapolation.
(ii) The quantity dTH

f /dT of liquid is taken to be equal to 1. This
means that, on extrapolation, TH

f would reach zero at T > 0 K.
By extrapolating a supercooled liquid’s entropy to T < Tg, Kauz-
mann [67] had suggested that its entropy may become equal
to that of a crystal at a temperature TK. The Adam–Gibbs the-
ory [12] that relies on the Kauzmann extrapolation but instead
of the excess entropy Sexc of the liquid over the crystal phase,
uses the configurational entropy Sconf that is zero at TK or T2,
even though Sconf < Sexc. As an alternative to Kauzmann and
Adam–Gibbs extrapolations, interpolation of Cp between 0 K
and Tg has been suggested [68,69] following the argument
given by Simon [70]. In this interpolation, Sexc tends to zero
at 0 K. An analysis of the Cp data of amorphous polyethylene
provide support for the absence of the TK or T2 [71], and an anal-
ysis of the DSC data on a polymer [72] has suggested a similar
absence of TK. (Note that extra contributions from anharmonic
forces [68,73,74], and from motion of atoms or molecules occu-
pying higher volume sites in the glass structure would not
allow Sexc to become zero at TK.) In summary, dTH

f /dT would not
approach zero at T > 0 K. Rather it would decrease slowly from
its value of 1 to zero at 0 K. The plot of TH

f against T therefore
would be curved and would flatten out as T → 0 K. Our study
further shows that TS

f against T plot would also be curved and
would flatten out as T → 0 K.

iii) The parameter ˇ is assumed to remain constant with ta, T and
Ta, although it is acknowledged that ˇ is expected to change.
The studies here and earlier [53,74–77] show that ˇ changes,
thus confirming Douglass’s 1966 finding [78] that ˇ changes
with ta.

iv) It is assumed that there is no contribution to Cp from the
increasing strength of the JG relaxation on heating a glass.

Nevertheless, these models are found to be adequate for fitting a
SC scan over a narrow temperature range, implying that the com-
ined effects of the above-given approximations are insignificant in
omparison with the experimental errors. The parameters obtained
re useful for a self-consistent analysis of the DSC data. If the
bove-given effects were to be included, it would add to adjustable
arameters.We also note that Fig. 5 provides a direct analysis of
he data on time dependence of the enthalpy and entropy change
t fixed Ta. This is in contrast to the normalized Cp change observed
n heating when the TNM model is fitted to a DSC scan and the two
annot be compared. Also, in their studies, Hodge and Berens [63]
sed a temperature-step of 1 K for all simulations of the TNM model
nd found it to be satisfactory. We have used the step as 0.5 K for
reater accuracy and yet we have found large differences between
he measured and simulated DSC scans here for annealed samples,
s also in earlier studies [54].

.7. Endothermic relaxation in the glassy state

When the structure of a solid does not change with t or T, Cp

r (dH/dT) increases on heating. But, when its structure relaxes
p decreases, and its DSC scan shows first a broad minimum at

< Tg and thereafter a rise in (dH/dT) toward the liquid state value.
hen an already highly annealed glass is heated, the (dH/dT) does

ot show a minimum. One sample of Mg65Cu25Tb10 in this study
ad been kept for a period (unknown) of more than 6 months
t ambient temperature before its scan 1 shown in Fig. 1(B) was
Acta 503–504 (2010) 121–131 129

obtained. The scan shows no decrease below the (dH/dT) for the
glass, as ascertained by its rescan in Fig. 2. Instead it shows an
endothermic rise in (dH/dT) followed by a decrease and finally a
second endothermic rise in the glass-softening range of 420–440 K.
An apparently similar feature has been observed for several other
metal-alloy glasses [43,79], but in those studies a deep exotherm
appears after the endothermic peak, and Cp of the annealed and
the (un-annealed) quenched sample at higher T have the same
value. It was also found that when a glass formed by slow cool-
ing is annealed, it shows an endothermic peak and thereafter Cp

decreases to the value for the un-annealed sample and the two
values remain the same until C liq

p has been reached and in this
respect, the feature seen in Fig. 1(B) differs from the known fea-
tures. For metal–alloy glasses it was interpreted to indicate that
“the relaxation entities responsible for the short relaxation times
are operating more or less independently from each other while
the long time relaxation process which occurs near Tg is coop-
erative in nature” [79]. The two processes were seen to arise
“from a single continuous relaxation spectrum and it was pro-
posed that the structure of ultraviscous liquid is inhomogenous
and hence the glass transition was treated as a percolation pro-
cess” [79]. In more recent discussion of metal–alloy glasses similar
features have been attributed to the onset of the JG relaxation
[80].

For a further analysis, we plot the difference between scan 1 and
2 against T in Fig. 1(C). It indicates that if there were an exother-
mic effect, it has been overwhelmed by the low temperature
endotherm. In the period of several months at ambient temper-
ature, the glass structure became highly relaxed even though it
was prepared originally by relatively slow cooling. In earlier studies
where the effect of the distribution of relaxation times was inves-
tigated in the glassy state [22,23], several metal–alloy glasses were
cooled from T < Tg, annealed and then heated back to the same T < Tg,
i.e., thermally cycled in a T range below Tg, a similar but much
smaller endothermic peak was observed. That endothermic peak
was attributed to the unfreezing of the faster relaxation modes in
the distribution of the main or the �-relaxation process. If JG relax-
ation occurs at a rate comparable to these faster modes, its own
strength would decrease on annealing, as is already known [81–84],
and would be recovered on heating the glass. The recovery would
appear as an overshoot of the type usually observed at T > Tg and
attributed to the �-relaxation. But when the rate of the JG relaxation
is close to that of the �-relaxation or they appear at temperatures
relatively close to each other, recovery of the of the JG relaxation
configurations would be accompanied by the recovery of the faster
modes in a distribution of the �-relaxation contributions. Thus the
JG relaxation in a DSC scan can be distinguished only if its relaxation
rate is much faster than that of the faster modes of the �-relaxation
and its magnitude relatively large.

Ichitsubo et al. [85–87] have found evidence for inter-dispersed
regions of low and high densities in the structure of a glass. Thus
they envisaged the structure of a glass as a composite of weakly
bonded and strongly bonded regions. By studying accelerated
crystallization caused by high-energy ultrasonic waves traveling
through metal alloy glasses, they deduced that atoms in the weakly
bonded regions or “islands of mobility” in the glass structure have
a lower vibrational frequency. As these regions do not resist a shear
stress, they argued that when the volume fraction of such regions
is large their Poisson’s ratio is large. Since annealing decreases the
fractional population of such regions, it would decrease the Pois-
son’s ratio.

We envisage that when the majority of the atoms in a glass struc-

ture at T < Tg are kinetically frozen-in, the rapid approach towards
an equilibrium of a small, but increasing number of locally diffusing
atoms produces a small overshoot at a temperature determined by
its diffusion rate and the rate of heating. In this view, the endother-
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ic peak observed on heating an annealed glass is a reflection of
he sum of a multitude of Cp overshoots, each corresponding to
“mini glass–liquid transition” of the localized groups of atoms.

uperposed on it is the recovery of configurations of atoms in local
egions that produce a JG relaxation without causing the glass to
how viscous flow over a short period. The entropy of mixing of
.12 J mol−1 K−1 would also unfreeze on heating to the liquid state,
nd some of it may also unfreeze at a lower T where JG relaxation
ithin the localized group of atoms unfreezes at T < Tg. The fraction

f that entropy loss would be relatively small. This contribution is
bsent in a mono-component glass.

. Conclusions

Isothermal structural relaxation of Mg65Cu25Tb10 glass, in
hich atomic diffusion determines the kinetics, follows a stretched

xponential relation with a parameter that remains constant with
he annealing time. For the same annealing period at different
nnealing temperatures, the decrease in H and S shows a peak as
he sample reaches an equilibrium state for that annealing period.

The fictive temperature estimated from the CpdT integral is
he same as that estimated from the Cpdln T integral. The non-
xponential, non-linear enthalpy relaxation model fits the heating
SC scan data for structurally unrelaxed sample, but not for the

elaxed samples, i.e., a single set of parameters does not describe the
ehavior on heating of a highly structurally relaxed Mg65Cu25Tb10
lass, and the non-exponential parameter is less than that deter-
ined from isothermal structural relaxation.
Mg65Cu25Tb10 glass stored at ambient conditions shows an

ndothermic peak in dH/dT on heating at T < Tg and the usual dH/dT
vershoot at T > Tg. This peak is due partly to the unfreezing of
he JG relaxation in the glassy state and partly to the unfreezing
f the faster modes in the distribution of the �-relaxation times.
t may be seen as the sum of a multitude of ‘overshoots’ in the
pparent Cp still in the glassy state, and to correspond to local-
zed motions when localized group of atoms kinetic unfreeze. This
s qualitatively similar to the overshoot observed in a DSC heat-
ng scan. This is one aspect of the distribution of diffusion times in
ocal regions that arises from spatial and temporal distinctions of
he atomic environment in the structure of a glass. Similarity of the
tructural relaxation effects with polymers and other glasses show
hat thermodynamics and kinetics provides no distinction between
he changes in the topological and chemical short range orders in
he metal alloy glass.
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