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Abstract

Glasses are inherently non-equilibrium materials, and consequently, their properties evolve toward equilibrium in a process known as structural

recovery or physical aging. Recently, several authors have suggested that the equilibrium liquid line is not reached even when properties have

ceased to evolve. In this work, we present measurements of the enthalpy recovery of polystyrene (PS) at temperatures ranging from 90.0 to

103.0 8C, for aging times up to 200 days. The results are analyzed in the context of the TNM model of structural recovery. In addition, we analyze

data in the literature to determine whether enthalpy recovery ceases prior to the material reaching the equilibrium liquid line obtained by

extrapolation of the liquid line above Tg. The results suggest that, in fact, the liquid enthalpy line is reached at temperatures below Tg when

equilibrium is reached, i.e. when properties cease to evolve.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Glassy materials are characterized by their thermodynamic

non-equilibrium nature; as a result, the physical and

mechanical properties of these materials evolve toward the

equilibrium state. This behavior is termed structural recovery

or physical aging in the literature, with structural recovery

generally referring to evolution of volume and enthalpy, and

physical aging generally referring to changes in mechanical

properties. Several reviews have been written [1–4]. A

fundamental understanding of structural recovery and physical

aging is important for predicting the long-term performance of

these materials.

The Kovacs–Aklonis–Hutchinson–Ramos (KAHR) model

[5] and the Tool–Narayanaswamy–Moynihan (TNM) model

[6–8] of structural recovery are equivalent multi-parameter

phenomenological models, which describe the phenomenol-

ogy associated with the glass transition, including the non-

linearity and non-exponentiality of structural recovery.

Although the TNM/KAHR model is known to be inadequate

for describing behavior over a wide range of thermal histories
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due to the dependence of the model parameters on thermal

history [1–3,9–17] arising, perhaps, from a dependence of the

relaxation time on thermal history [18], the model is able to

describe, for example, structural recovery after down jumps

over a limited temperature range. An implicit assumption in

the TNM/KAHR model is that the structural recovery of

glassy materials proceeds until the material reaches its

theoretical limit, the extrapolated liquid line. According to

Hutchinson and Kumar [19], Kovacs [20] demonstrated that

volume recovery proceeds to the extrapolated liquid line, but

in most dilatometric studies, whether or not the volume at

equilibrium (vN) corresponds to the expected liquid line is not

explicitly stated. Similarly, in calorimetric studies, including

adiabatic calorimetry [21–23], whether or not the enthalpy at

equilibrium corresponds to the expected liquid line is not

explicitly stated.

For the case of enthalpy recovery, whether the enthalpy at

equilibrium corresponds to the expected liquid line cannot be

explicitly measured since enthalpy is not an absolute quantity.

However, one can determine whether the enthalpy loss at

equilibrium (DHaN) corresponds to that expected if the liquid

line is reached. The value of DHaN for a perfect quench from

T0 to an aging temperature (Ta) below Tg equals the product of

DCp and the difference between the initial fictive temperature

(ZT0 for a perfect quench) and the aging temperature

DHaNZDCpðT0KTaÞ (1)
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where DCp is the step change in the heat capacity at glass

transition temperature. Based on this equation, the slope

KdDHaN/dTa is expected to be equivalent to DCp. However,

due to the breadth of the glass transition region and for finite

cooling rates, DHaN will be lower than predicted by this

expression for aging temperatures near Tg. Consequently, the

value of KdDHaN/dTa obtained from enthalpy relaxation data

may be lower than the value of DCp. This observation has, in

fact, often been misinterpreted with researchers suggesting that

the liquid enthalpy line is not reached at equilibrium [24–26].

Moreover, based on the fact that KdDHaN/dTa was less

than DCp, Cowie and co-workers took DHaN to be a fitting

parameter in their model of structural relaxation [24–26]. They

fit their enthalpy relaxation data using a stretched exponential

(KWW) function

dh ZDHaNKDHaðtÞZ dh0exp K
t

t0

� �b
( )

(2)

where DHa(t) is the enthalpy loss at aging time t, dh0 is the

initial enthalpic departure from the equilibrium, t0 is the

characteristic relaxation time, and b is the non-exponentiality

parameter in the Kohlrausch–William–Watts (KWW) function

[27,28]. In addition to allowing DHaN to be a fitting parameter,

the characteristic relaxation time t0 in the Cowie–Ferguson

model is a constant in contrast to the TNM/KAHR approach.

As a result, Eq. (2) fails to account for the non-linearity of the

relaxation process and cannot readily describe asymmetry of

approach data [3,5].

In spite of the shortcomings of the Cowie–Ferguson model,

Cowie and coworkers fit enthalpy relaxation data, which had

not reached equilibrium using their model and obtained values

of DHaN significantly lower than those predicted from the

extrapolation of liquid line [24–26]. Hutchinson and Kumar

[19] have correctly argued that Cowie’s underestimation of

DHaN arises from their omission of the non-linearity of the

process. However, the postulate put forth by Cowie and

coworkers that the theoretical enthalpy limit is not achievable

promoted the development of a configurational entropy model

by Gómez-Ribelles et al. [29–31], in which the relaxation time

is a function of temperature and configurational entropy Sc, and

the equilibrium configurational entropy is assumed to be higher

than the limiting configurational entropy from the extrapolated

liquid line [29–31]. Gómez-Ribelles and coworkers determined

the heat capacity difference between the so-called equilibrium

state and the extrapolation from the liquid line, d, upon curve

fitting isothermal aging data to the configurational entropy

model. However, the isothermal aging data in their experi-

ments did not reached the actual equilibrium state; as a result,

even though the model can describe the experimental data for

short aging times, it does not necessarily predict the correct

long-time equilibrium data. In addition to the Cowie–Ferguson

and the Gómez-Ribelles models, Colby’s scaling model [32]

also implies that there exists a critical temperature, Tc, below

which the theoretical enthalpy limit is not achieved; this

temperature is said to be approximately 10 8C below Tg for

polymers.
In this paper, we address whether the theoretical enthalpy

limit is reached during enthalpy relaxation. New measurements

are carried out for polystyrene at temperatures ranging from the

vicinity of glass transition temperature to 90 8C, approximately

10 8C below the nominal Tg, for up to 200 days. In addition, the

enthalpy relaxation data on other polymers and small molecule

glass formers in the literature is re-examined for cases where

equilibrium was achieved at multiple aging temperatures in an

effort to generalize our conclusion that the liquid line is

reached when equilibrium is achieved (i.e. when enthalpy stops

evolving).
1.1. TNM model

The TNM model describes the evolution of the enthalpic

departure from the equilibrium, dh, during isothermal aging

after a temperature jump from equilibrium as follows

dh ZDHaNKDHaðtÞZ dh0exp K

ðt
0

dt

t0

0
@

1
Ab

8<
:

9=
; (3)

where DHaN is the equilibrium enthalpy loss at the aging

temperature, DHa(t) is the enthalpy loss at aging time t, dh0 is

the initial enthalpic departure from the equilibrium, t0 is the

characteristic relaxation time, and b is the non-exponentiality

parameter in the Kohlrausch–William–Watts (KWW) function

[27,28]. The characteristic relaxation time t0 is a function of

temperature and the departure from equilibrium, the latter of

which accounts for the non-linearity of structural relaxation

[5,6,8]:

ln t0 Z ln AC
Dh

RT
C

ð1KxÞDh

RTf

(4)

where ln A is the pre-exponential factor, Dh is the apparent

activation energy, x is the non-linearity parameter, and Tf is the

fictive temperature, which is related to dh by

Tf Z Ta C
dh

DCp

(5)

Eq. (4) is based on the TNM formalism. Eq. (3) assumes a

perfect quench when jumping to the aging temperature. For

multi-step thermal histories or finite temperature ramps,

Boltzmann superposition [33] is applied [5,8]. For the narrow

temperature investigated and at temperatures below the

nominal Tg of the material, the Arrhenius temperature

dependence of the equilibrium relaxation time (when TfZT)

assumed in Eq. (4) has been shown to be valid [34]; i.e. the

equilibrium relaxation time is found to not follow the expected

WLF/VTHF [35–38] temperature dependence below the

nominal Tg. This assumption is also verified by data presented

later in this work.
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2. Methodology

2.1. Materials

The polymer used in this study is polystyrene, Dylene 8

from Arco Polymers, with a number-average molecular weight

of 92,800 g/mol, a weight-average molecular weight of

221,000 g/mol, and a z-average molecular weight of

423,000 g/mol. This polystyrene is identical to that used in

the earlier study by Simon et al. [34].

2.2. DSC measurements

A Perkin–Elmer Pyris 1 differential scanning calorimeter

(DSC) with an ethylene glycol cooling system set to 5 8C was

used for enthalpy recovery measurements at aging tempera-

tures ranging from 90 to 103 8C and for measurement of the

dependence of limiting fictive temperature, T 0
f , on cooling rate

for cooling rates ranging from 0.01 to 30 K/min. For aging

studies, the sample was held at 130 8C in the DSC for 3 min to

erase its thermal history and was subsequently quenched to

the aging temperature at 30 K/min. For aging treatments

ranging from 5 min to 24 h, aging was carried out in the DSC

itself using a single sample of 10.74 mg for all runs. Each

aging experiment was repeated three times. After aging for a

specified time, the sample was quenched from the aging

temperature to 40 8C at 30 K/min and then heated to 130 8C at

10 K/min to collect the aged scan. After the aged scan, an

unaged scan was collected by quenching the sample directly

from 130 to 40 8C at 30 K/min and then the unaged scan was

immediately run by heating to 130 8C at 10 K/min. The

enthalpy loss (DHa) during the aging process was determined

by the difference in the areas under the aged and unaged scans

[39]. Since the unaged scans were those collected immedi-

ately after the corresponding aged scans, the error introduced

by instrument baseline drift is minimized. We note that the

highest cooling rate in this study, 30 K/min, is realized down

to 80 8C with an ethylene glycol cooler set to 5 8C, which is

sufficient to cover the glass transition region of polystyrene at

this cooling rate.

Since the time required to reach equilibrium at 90.0 8C is

on the order of weeks, aging at this temperature was also

performed outside the DSC in a Fisher Isotempw oven after

an initial pretreatment in the DSC of holding the sample at

130 8C for 3 min and then quenching it to 90.0 8C at

30 K/min. Three replicates were measured at each aging time

ranging from 2 h to 200 days for oven-aged samples. In

addition, to ensure that systematic temperature variations did

not influence the results, additional samples were put in the

oven at day 23 and aged for 1, 2, 7, 14, and 21 days with

three replicate samples again used for each aging time.

Oven-aged samples with weights of 10.40G0.58 mg were

placed in a heavy steel box with flowing dry nitrogen. The

sample temperature in the oven was monitored by an Omega

DP460 temperature indicator, which was calibrated with a

1560 Black Stack from Hart Scientific. The sample

temperature variation was G0.6 8C over 5 days. After
aging for a specified time, the samples were removed from

the oven and placed in the DSC furnace at 90.0 8C; the

samples were held at 90.0 8C for 3 min and then quenched to

40 8C at 30 K/min. Aged and unaged scans were performed

to determine enthalpy loss as described above. The data

obtained from the samples aged at 90.0 8C in the DSC and in

the oven at the overlapping aging times of 2, 4, 8, and 24 h

were comparable (as shown in the results) indicating that all

aging treatments were equivalent.

The effect of cooling rate (qc) on the limiting fictive

temperature ðT 0
f Þ was determined using a single sample of

9.68 mg. The sample was held at 130 8C for 3 min and cooled

to 50 8C at a specified rate, and subsequently heated to 140 8C

at a rate of 10 K/min; at the end of the run, the sample

temperature was reduced to 50 8C. (Note that heating to 140 8C

was necessary to ensure observation of the full enthalpic

relaxation peak for the slowest cooling rates). For the slowest

cooling rates of 0.01 and 0.03 K/min, the specified cooling

rates were applied only in the expected glass transition range

from 101 to 85 8C and from 110 to 70 8C, respectively; a

1 K/min was applied in the remainder of the temperature range

from 130 to 50 8C in order to reduce run time. Each experiment

was repeated three times. The limiting fictive temperature T 0
f

was determined by the method proposed by Moynihan et al.

[8,40,41]

ðT[Tg

T 0
f

ðCplKCpgÞdT Z

ðT[Tg

T/Tg

ðCpKCpgÞdT (6)

where Cpl and Cpg are the liquid and glass heat capacities,

respectively, and Cp is the apparent heat capacity of the

material measured by DSC. Accordingly, the heat flow of the

DSC curve was integrated and the limiting fictive temperature

was determined by the interception of the extrapolation of the

liquid enthalpy line and the glassy enthalpy line. The standard

error of the limiting fictive temperature was within G0.2 8C

for the three replicate runs.

The temperature and heat flow of the DSC were calibrated

with a liquid crystal standard (C)-4-n-hexyloxyphenyl-4 0-(2 0-

methylbutyl)-biphenyl-4-carboxylate (CE-3) and with indium

at a heating rate of 10 K/min. Following the calibration, the

isothermal temperature of the DSC was corrected by the

difference of the melting point of indium at 0.1 K/min and that

at 10 K/min [42]. The temperature calibration of the DSC was

maintained within G0.1 8C, and it was checked with indium

at regular intervals. The standard errors in the enthalpy loss

for polystyrene aged at all temperatures in the DSC and in the

oven are within G0.05 and G0.15 J/g, respectively; the error

from the DSC data is less than that previously reported by

Simon et al. [34].
2.3. Model calculations

The Tool–Narayanaswamy–Moynihan (TNM) model

was used to fit the enthalpy recovery data measured in the

current study and that obtained in our earlier study [34].
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The computer program used to determine the TNM model

parameters was SRS602 written in Visual Basic 6.0 by

Sobieski [42]. An imperfect quench was applied for

modeling the enthalpy relaxation data by including a cooling

ramp from 130 8C to the aging temperature at 30 K/min

followed by the isothermal aging. The Marquardt algorithm

was used during the parameter search [43]. The apparent

activation energy Dh/R was fixed; its value was determined

based on the cooling rate dependence of the limiting fictive

temperature and the aging temperature dependence of the

time required to reach equilibrium. The other three

parameters, the non-linearity parameter x, the non-exponenti-

ality parameter b, and the pre-exponential factor ln A, in the

model were then determined by the curve fitting procedure.

The DCp used in the model (0.265 J/g/K) was determined

from the cooling run at 30 K/min in the DSC measurements.

We not that in our previous work [34], we reported a DCp of

0.25 J/g/K consistent with what is used here. However, in our

previous work we also used DCp of 0.22 J/g/K in the

modeling because we assumed a prefect quench and that

KdDHaN/dTZDCp.
3. Results and discussion

3.1. Enthalpy loss as a function of aging time for polystyrene

Fig. 1 shows the enthalpy loss as a function of aging time

for polystyrene at temperatures ranging from 88.0 to 103.0 8C.

The data at 90.0, 95.6, 99.0, 100.0, and 103.0 8C are from the

current study, and the data at other aging temperatures are

from our earlier study [34]. The enthalpy loss data at 95.6 8C

obtained from the present study and from our earlier study are
Fig. 1. Enthalpy loss as a function of aging time for polystyrene. Symbols are

shown in the legend. For the aging data at 90.0 8C, 7 shows the data aged in the

oven, " shows the data from the oven check run starting from day 23, and 6

shows the aging data in the DSC. For the aging data at 95.6 8C, @ shows the

data from the current study and , shows the data from our earlier study [34]. In

addition, the data at 88.0, 91.0, 94.0, 95.6, and 97.8 8C are from the earlier study

by Simon et al. [34].
plotted in different symbols and show comparable behavior,

indicating the experimental consistency of the two studies.

The enthalpy loss increases linearly with aging time at a rate

of approximately 0.6 J/g per logarithmic decade of time and

levels off when equilibrium is reached. The time required to

reach equilibrium (tN), as well as the equilibrium enthalpy

loss (DHaN), increases with decreasing aging temperature. At

the lowest aging temperature at which the equilibrium was

achieved, 90.0 8C, the enthalpy loss levels off at an aging time

of approximately 28 days [log(ta/s) Z6.4]. The enthalpy loss

data for the samples aged at 90.0 8C in the DSC and in the

oven are plotted in different symbols, as are the samples put in

the oven at day 23. No discrepancy is observed between the

different aging treatments although the data for the oven-aged

samples do show more scatter because the temperature

stability in the oven (G0.6 8C over 5 days) is considerably

lower than that in the DSC. However, neither the time

required to reach equilibrium nor the logarithmic aging rate

are sensitive to these fluctuations, presumably because the

relaxation time at equilibrium and the time required to reach

equilibrium are orders of magnitude larger than the time scale

for temperature variation in the oven.

The dependence of the enthalpy loss at equilibrium (DHaN)

on aging temperature for the data shown in Fig. 1 is shown in

Fig. 2 for temperatures where equilibrium was reached within

the scatter of the data (i.e. for all aging temperatures except

91.0 and 88.0 8C); DHaN is calculated by averaging the values

after the enthalpy change has leveled off. The TNM model

successfully predicts the dependence of DHaN on Ta for a

cooling ramp of 30 K/min from 130 8C as shown by the solid

line; the model parameters are listed in Table 1. The dashed

line shows the slope of 0.265 J/g/K, the value of DCp on

cooling. The data and the model show a transition region with

a width of about 20 K, below which the slope of DHaN versus
Fig. 2. Equilibrium enthalpy loss as a function of aging temperature for

polystyrene. The data obtained from the current study is shown as B and the

data from the earlier study by Simon et al. [34] is shown as ,. The two sets of

data overlap at TaZ95.6 8C. The solid line shows the TNM model fit, and the

dashed line shows a DCp of 0.265 J/g/K and a Tfo of 99.3 8C.



Table 1

The TNM model parameters used to model the enthalpy relaxation data in the

current study and those reported by Simon et al. [34]

Parameters Enthalpy relaxation

Current study—

imperfect quench

Simon et al.—perfect

quench

Dh/R (kK) 126.6 100.4

b 0.53 0.74

x 0.37 0.36

log tN at TgZ97 8C (s) 2.69 3.03

ln (A/s) K335.83 K264.25

Tfo (8C) N/Aa 100.7

DCp (J/g/K) 0.265 0.22b

a N/A, not applicable.
b The value of DCp used in the model in Ref. [34] was not the experimental

value; rather, in that work, we assumed DCpZKdDHaN/dT.

Fig. 4. Logarithmic time required to reach equilibrium as a function of aging

temperature, with & showing the data from the current study and C showing

the data from the earlier study by Simon et al. [34], as well as the logarithmic

cooling rate versus the limiting fictive temperature shown as :. The solid line

represents the fit with Dh/RZ126.6 K, and the dashed line represents the VTHF

equation [34]: log tN/tN,refZK12.8C370/(TKTN), where TNZ69.8 8C,

TrefZ98.7 8C, and tN,refZ2512 s.
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Ta is equivalent to DCp. For experiments conducted at higher

aging temperatures, which are necessary for achieving

equilibrium in a reasonable time scale, the slope of DHaN

versus Ta is expected to be less than DCp, not because aging

does not progress to the theoretical liquid line as suggested by

Cowie et al. [24–26], but because of the breadth of the

transition region. Our result is consistent with one of the

arguments put forward by Hutchinson and Kumar [19] for

why DHaNsDCpDT, although we show here that the breadth

of the glass transition region can by itself satisfactorily

explain the dependence of DHaN on temperature. The issue of

the temperature dependence of the heat capacities raised in

Ref. [19], which we neglected, is anticipated to become more

important as the temperature range of measurements is

extended.

The data in Fig. 1 are transformed to dh (ZDHaNKDHa)

and are plotted in Fig. 3 with only the average of repeat runs

shown. The fit of the TNM model to the experimental data is

shown as solid lines in the figure; the model parameters are the

same as those used to fit the DHaN versus Ta data shown in
Fig. 3. Enthalpic departure from the equilibrium as a function of aging time for

polystyrene for the data in Fig. 1 showing the average of repeat runs. Symbols

are the same as in the caption for Fig. 1.
Fig. 2, and a cooling rate of 30 K/min from 130 8C was used for

modeling both sets of data. We note that in our previous work

we assumed a perfect quench in our model calculations; as a

result, the parameters for Dh/R, b, and ln A differ significantly

as indicated in Table 1. This finding is consistent with the

results [42] from model fits to volume data for imperfect and

perfect quenches.

The time required to reach equilibrium (tN) as a function of

aging temperature is plotted in Fig. 4 along with our earlier data

[34]. The time required to reach equilibrium was determined by

fitting the enthalpy loss data near equilibrium to the KWW

function for each aging temperature and calculating the time

required to reach dhZ0.01 J/g [34]. Also plotted in Fig. 4 is the

dependence of limiting fictive temperature T 0
f on the cooling

rate obtained from both the experiments and the TNM

modeling. The cooling rate dependence of the limiting fictive

temperature and the aging temperature dependence of the time

required to reach equilibrium are both expected to follow the

same trends, and to provide the apparent activation energy Dh
[8,41]:

Dh

R
ZK

d lnjqcj

d 1=T 0
f

� � Z d ln tN
dð1=TaÞ

(7)

The values of Dh/R determined from the cooling rate

dependence of T 0
f and the aging temperature dependence of

tN are 146.5 and 107.0 kK, respectively. Note that an average

value of Dh/RZ126.6 kK was used in the TNM modeling

shown in Figures 2 and 3. The values of the apparent activation

energy for polystyrene obtained in the current study lie on the

high side of the range reported in Refs. [10,13,44–48] as shown

in Table 2. The values of Dh/R are comparable with those for

Dylene 8 previously obtained in our laboratory [34,49]. We

also note that the Dh/R determined by the cooling rate



Table 2

The apparent activation energy Dh/R for polystyrene

Mn

(g/mol)a

Dh/R (kK) Reference

From cooling rate

dependence of T 0
f or

Tg

From fit to

the TNM

or KAHR

modelb

Enthalpy 15,700 (m) 77 – [13]

36,000 (m) 125c – [44]

38,100 (m) 137 66 [45]

68,000 (m) 129.6 – [46]

110,000

(m)

101.0 – [47]

200,000

(m)

– 176 [10]

84,600 78.6 82.5 [10]

92,800 – 100.4 [34]

146.5, 107.0d 126.6d This work

198,000 78 – [48]

Volume 92,800 125.6, 148.3 146.1 [34,49]

a m stands for monodispersed.
b The TNM model fit in this work and the fit to the volume relaxation data

assumed an imperfect quench, whereas all the other model fits assumed perfect

quenches.
c 80 kK without the data at 0.00172 K/min.
d 146.5 kK was obtained from the cooling rate dependence of fictive

temperature, whereas 107.0 kK was obtained from the temperature dependence

of the time required to reach equilibrium. An average value of 126.6 kK was

used in the TNM modeling.

Fig. 5. Equilibrium enthalpy loss as a function of aging temperature for

polystyrene reported by Rault [56]. The solid line shows the TNM model fit,

and the dashed line shows a DCp of 0.265 J/g/K and a Tfo of 99.8 8C.
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dependence of T 0
f for polystyrene is higher than that determined

by model fits to the enthalpy relaxation data as has been

described previously [2,34,45]. However, some researchers

have reported comparable values of Dh/R determined from the

curve fitting approach and from the cooling rate dependence of

T 0
f [10]. Hodge proposed that this discrepancy might be

attributed to the thermal transfer effects [2]; however, this was

shown not the case [50].

The Vogel [36] Tammann–Hesse [37] Fulcher [38] (VTHF)

dependence of the time required to reach equilibrium versus

aging temperature is depicted as the dashed line in Fig. 4 using

parameters found earlier (log aTZK12.8C370/(TKTN),

where TNZ69.8 8C, TrefZTNC28.9 8C) [34]. Although the

temperature range investigated in this work is only 15 K, the

aging temperature dependence of tN and the cooling rate

dependence of T 0
f below Tg, especially at the lowest

temperatures, both deviate from the WLF/VTHF temperature

dependence and show no evidence for the existence of a critical

temperature at which the relaxation time diverges. This

behavior agrees with the result for polycarbonate reported by

O’Connell and McKenna [51] and with our previous results for

polystyrene [34] and selenium [52], as well as with the

theoretical work of Di Marzio and Yang [53]. The data shown

in Fig. 4 are also consistent with the assumed Arrhenius

temperature dependence in the TNM/KAHR model. On the

other hand, although WLF/VTHF temperature dependence has

been observed below Tg by Schick et al., their experimental

data only covers temperatures to 5 K below Tg [54,55].
3.2. Is the theoretical enthalpy limit achievable?

In order to determine the generality of our conclusion that

the theoretical enthalpic liquid line is reached when the

enthalpy stops evolving, we examined the dependence of

equilibrium enthalpy loss on aging temperature for other

polymers and small molecule glass formers using data reported

in the literature. We examined aging data in which the enthalpy

change had leveled off for at least three or more temperatures

including data for polystyrene (PS) [56], polycarbonate (PC)

[56,57], and polyetherimide (PEI) [58], as well as data for

small molecule glass formers such as selenium (Se) [52] and

triphenylethene (TPE) [56].

The enthalpy relaxation of polystyrene was investigated

by Rault [56] after a quench at 50 K/min from above Tg. The

enthalpy change observed at equilibrium is plotted in Fig. 5

as a function of aging temperature. The TNM model

prediction for DHaN (Ta) using an imperfect quench at a

cooling rate of 50 K/min from 130 8C is shown as the solid

line in Fig. 5 using the same set of TNM model parameters

with DCp of 0.265 J/g/K as were used for modeling our data.

The model describes the data well and describes the breadth

of the transition range similar to the results shown in Fig. 2.

Note that the slope of the linear fit to the data at all aging

temperatures yields a value of KdDHaN/dTa of 0.24 J/g/K,

approximately 14% lower than the experimentally measured

value of DCp of 0.28 J/g/K (presumably measured on

heating, which gives slightly larger values of DCp than are

observed on cooling [49]). As mentioned previously, the fact

that data at the highest aging temperatures shows a slope

considerably lower than the experimental value of DCp is not

due to aging not progressing to the theoretical liquid line as

suggested by Cowie et al. [24–26], rather it is due to the

breadth of the transition region.

The dependence of DHaN on Ta for polycarbonate is

shown in Fig. 6 for the data from Rault [56] and from Bauwens-

Crowet and Bauwens [57]. The TNM model prediction, shown



Fig. 6. Equilibrium enthalpy loss as a function of aging temperature for

polycarbonate [56,57]. The solid line is the TNM model fit.
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as the solid curve, was constructed using the parameters from

the literature (Dh/RZ150 kK, xZ0.19, bZ0.46, ln(A/s)ZK
355.8 [59], and DCpZ0.23 J/g/K [56]) and assuming a cooling

rate of 30 K/min. The nominal cooling rates from Rault and

Bauwens-Crowet and Bauwens’ studies were reported to be 50

and 320 K/min, respectively; nevertheless, a reasonable

description of the data is obtained assuming the literature

values of the TNM parameters and a cooling rate of 30 K/min.

Again, the fact that the slope of DHN versus Ta is less than DCp

can be attributed the breadth of the glass transition and not due

to failure to reach the liquid line at equilibrium.

The slopes of equilibrium enthalpy loss versus aging

temperature for polyetherimide, selenium, and triphenylethene

also show comparable or slightly lower values compared

with the DCp measured from DSC scans, as shown in Table 3,

along with values for the polystyrene and polycarbonate

studies already discussed. We suggest that the lower values of

KdDHaN/dTa for selenium and triphenylethene also result

from the breadth of glass transition region.
Table 3

The slopes for the equilibrium enthalpy loss versus aging temperature data,

KdDHaN/dTa, and DCp measured from DSC scans

Material Aging

studies

DSC scans Difference

(%)

Reference

KdDHaN/

dTa (J/g/K)

DCp (J/g/K)

PS 0.26G0.01a 0.265 K1.9 This work,

[34]

PS 0.24G0.02 0.28 K14 [56]

PC 0.21G0.01 0.23 K8.7 [57]

PC 0.11G0.01 0.23 K52 [56]

PEI 0.23G0.02 0.22 4.5 [58]

Se 0.12G0.01 0.13 K7.7 [52]

TPE 0.33G0.02 0.34 K2.9 [56]

a Data was obtained by linearly fitting the enthalpy loss data versus aging

temperature below 98 8C.
4. Conclusions

Enthalpy relaxation of polystyrene was measured at

temperatures ranging from the vicinity of glass transition

temperature to 90 8C, 10 K below Tg, for aging times up to

200 days. Seven sets of enthalpy relaxation data were also

re-examined for polymers and small molecule glass formers in

the literature for cases where equilibrium was achieved at

multiple temperatures. The slopes of the equilibrium enthalpy

loss versus aging temperature, KdDHaN/dTa, were compared

with the DCp measured by DSC scans. The lower values of the

slopes, KdDHaN/dTa, are attributed to the breadth of glass

transition region, rather than being due to an inability to reach

the theoretical enthalpy line as suggested by Cowie and

Ferguson and others [24–26,29–31]. Our analysis backs up

the arguments of Hutchinson and Kumar [19] regarding the

importance of the breadth of the transition region on the

temperature dependence of DHaN. Most importantly, our

results indicate that the liquid enthalpy line is reached at

temperatures below Tg when equilibrium is reached, i.e. when

properties cease to evolve.
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[30] Gómez Ribelles JL, Monleón Pradas M, Vidaurre Garayo A, Romero

Colomer F, Más Estellés J, Meseguer Duen̂as JM. Macromolecules 1995;

28:5878–85.
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