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Influence of the glass transition on the secondary relaxation of an epoxy resin
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The dynamics of diglycidyl ether of bisphenol-A~DGEBA! was studied by employing broadband dielectric
spectroscopy over a wide temperature range extending from below to above the glass-transition temperature.
Dielectric spectra reveal the existence of two relaxation processes: the structural relaxation, slowing down for
decreasing temperature and freezing atTg, and a secondary process present in both liquid and glassy phase.
Above the glass transition the temperature behavior of the structural relaxation time is properly described by a
Vogel-Fulcher-Tamman equation with the singularity atT05234 K. The analysis of the variation of the
relaxation strength versus temperature of both processes clearly shows the onset of the structural relaxation at
Ton'350 K. Below this temperature the two relaxations progressively separate their time scales and change
their shapes. The occurrence of the glass-transition phenomenon is markedly evidenced by the changes of the
relaxation strength and of the low-frequency slope of the secondary relaxation.@S0163-1829~97!08830-9#
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INTRODUCTION

The glass transition is no longer considered a distingu
ing feature of a few systems but rather a physical phen
enon which can occur in every material provided that
melt is cooled at sufficiently high rate. In fact, as a melt
cooled, the relaxation processes progressively slow do
and, if the cooling rate becomes faster than the relaxa
rate, nonequilibrium structures can be eventually frozen
a glassy solid obtained.

In recent years many efforts have been devoted to find
unified description of the complex behavior of supercoo
liquids going through the glass transition. Much of the the
retical approaches, such as Adam and Gibbs’ free volume
more recent percolation models1–3 and the scaling form dis
cussed by Dixon,4 deal with the dynamics of the structur
relaxation only, though it is experimentally well known th
secondary relaxations and splitting of the single hig
temperature process into at least two processes~a slow co-
operative process and a faster secondary one! is a very com-
mon scenario in both glass-forming simple liquids5,6 and
polymeric systems.7 Such subglass relaxations are genera
characterized by an Arrhenius temperature behavior of
relaxation time and have been associated with localized
tions of different origin.8–11

A special interest in such phenomena was induced by
mode coupling theory12,13 ~MCT! which, since its early for-
mulation, predicted the bimodal relaxation as a main feat
of the glass transition.

Moreover, a bifurcation of two relaxation processes w
experimentally found in some systems close to the crit
temperature,Tc , of the MCT.14 More generally, recent di-
electric investigations have shown that the decoupling
structural and secondary relaxations is a crucial feature of
560163-1829/97/56~6!/3016~6!/$10.00
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relaxation of both glass-forming simple liquids and pol
meric systems for temperatures higher than the g
transition.7,15

In this paper we analyze the dielectric behavior of stru
tural and secondary relaxation of dyglycidyl ether
bisphenol-A~DGEBA! epoxy resin, a system which shows
secondary relaxation strong enough to be easily detecte
the whole region from the decoupling of the structural rela
ation down to temperatures below the glass transition, in
glassy state. Dielectric measurements were made in a w
frequency and temperature interval and the temperature
havior of the whole set of dielectric parameters, i.e., rel
ation times, relaxation strengths, and shape parameter
analyzed to have an insight into the splitting phenomen
and into the characteristics of the dynamics of the sys
near the glass transition.

EXPERIMENT

The epoxy resin used in this study was a commerc
sample~EPON828 by Shell Co.! of a low molecular weight
liquid diglycidyl ether of bisphenol-A~DGEBA! with an ep-
oxy equivalent weight of about 190. The complex dielect
constant of the sample was measured over a frequency r
spanning from 103 to 1010Hz, by using two different tech-
niques. In the low-frequency interval~ 103– 107 Hz! the im-
pedance analyzer HP4194A was employed. The appar
and the measurement procedure were previously describ16

In the high-frequency interval~ 107– 1010 HZ! measurements
were carried out via Hewlett-Packard Network Analyse
~HP8753A and HP8720C!. Dielectric spectra were collecte
for temperatures ranging from 163 to 363 K.
3016 © 1997 The American Physical Society
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RESULTS AND DISCUSSION

Some representative dielectric spectra of the real~e8! and
imaginary~e9! parts of the dielectric constant for DGEBA a
different temperatures are shown in Figs. 1~a! and 1~b!, re-
spectively. They confirm the existence of two relaxatio
the structural relaxation~or a! and one secondary proce
which, in this system, is referred as ag relaxation. In fact, in
DGEBA systems theb relaxation was assigned to the m
lecular group including the hydroxyl group, which i
EPON828 gives a negligible contribution being present o
in a ten molecules only. The discussion on these assignm
has been presented elsewhere.17,18 As the temperature in
creases, thea relaxation shifts toward higher frequencie
where it merges into theg peak whose position slightly de
pends on temperature. The spectra of our system sho
non-Debye and asymmetric behavior of both main and s
ondary relaxations as it is expected for the relaxations
complex systems. In fact, both low and high molar ma
supercooled systems shows a non-Debye behavior and
is no evidence of the existence of an universal law descri
by a common fitting function. Among the several pheno
enological equations proposed to describe the observed
haviors, the Kohlrausch-Williams-Watts~KWW!,19 in the
time domain, and the Havriliak-Negami~HN!,20 in the fre-
quency domain, are the most widely employed. Both w

FIG. 1. Dielectric spectra of«8 and «9 vs frequency for the
epoxy resin at different temperatures. Solid lines from fitting eq
tion.
:
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introduced to describe the dielectric behavior of amorph
polymers, and successively recognized also suitable to fit
relaxation behavior of low molar mass glass-forming liquid
The HN equation is a generalization of both the Cole-C
and Cole-Davidson equations which account for the diel
tric behavior of many simple liquids. Concerning the claim
universality of the KWW function, consider the work o
Jonscher21 who analyzed 100 systems and found no expe
mental evidence of the universality of the KWW function
low frequencies, and the analysis of Havriliak an
Havriliak22 for nearly 1000 compounds who came to t
same conclusion using a different method. On the ot
hand, Alvarezet al.23 compared the relaxation time distribu
tions of KWW and HN functions and demonstrated that ea
value of the stretching parameter in KWW corresponds t
specific pair of shape parameters in the HN function. T
result was confirmed more recently by Havriliak an
Havriliak24 using a direct fitting procedure. It has bee
shown that for representing the dielectric relaxation data
HN function is more general than the KWW, being the a
ditional parameter necessary to take into account for the
havior of both of low- and high-frequency slopes of th
relaxation.22 About the matter, a model which related th
high- and low-frequency slopes of the relaxation with intr
and intermolecular interactions~large- and small-scale
modes!, respectively, was proposed2,25 and confirmed by the
experimental analysis of the behavior of low molar mass a
polymeric systems.2,26 In a system where a bimodal relax
ation is found, the most suitable fitting function is a sup
position of two relaxation functions. In the case of our sy
tem the experimental data were conveniently fitted by
superposition of two Havriliak-Negami functions:

«~v!2«25
~«02«1!

@11~ ivt1!12a1#b1
1

~«12«2!

@11~ ivt2!12a2#b2
,

~1!

wheree~v! is the complex dielectric constant;«0 is the com-
pletely relaxed dielectric constant;«2 is the unrelaxed dielec
tric constant of theg relaxation;«1 is the unrelaxed~relaxed!
dielectric constant with respect to thea~g! relaxation;
a1 , b1 , t1 anda2 , b2 , t2 are the shape parameters a
the relaxation times of thea andg relaxation, respectively
The fitting equation was suggested by the behavior of
relaxations when their time scales were sufficiently ap
i.e., just above the glass-transition temperature; then Eq~1!
was maintained up to the high temperature except for the
highest temperature measurement points where a single
function was employed. The use of a simple superposition
two relaxations could not be satisfactory especially in
splitting region, where the two relaxations can couple, an
different model equation could be considered. A suita
model equation was very recently proposed by Arbeet al.27

who described the dielectric response in the splitting reg
of polybutadiene on the basis of the low temperature m
and secondary relaxation processes and recovered the a
ment between viscosity and the characteristic time of
main relaxation around the splitting region. This interesti
approach leads to results appreciably different from th
obtainable from Eq.~1! only when the time scales of the tw
relaxations are closer than two decades. In our case this

-
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TABLE I. The dielectric parameters and their standard deviations calculated by fitting the experimental data at different temp
T by Eq. ~1!.

T
~K!

«0 «1 «2 1-a1 1-a2 b1 b2 t1 ~s! t2

~s!

163 2.4560.01 2.7360.01 0.3060.02 0.9260.15 ~3.162.1!31026

173 3.4960.01 2.7460.02 0.3360.01 0.8860.13 ~1.1060.57!31026

183 3.5260.01 2.7560.03 0.3660.01 0.8260.14 ~5.1260.90!31027

193 3.5660.01 2.7760.03 0.460.01 0.7660.13 ~2.6160.90!31027

203 3.6060.01 2.7760.05 0.4060.01 0.7760.15 ~1.0460.40!31027

213 3.6460.01 2.7760.08 0.4360.01 0.7460.17 ~4.7461.90!31028

233 3.7260.01 2.7660.08 0.4660.01 0.7560.15 ~1.460.46!31028

243 3.7960.02 2.6860.03 0.4960.01 0.6760.06 ~7.363.0!31029

253 4.0060.02 2.7160.03 0.5160.02 0.6760.07 ~5.662.0!31029

263 11.960.5 4.6660.05 2.6860.03 0.4960.01 0.7460.06 ~1.1060.35!31021 ~3.5860.69!31029

268 11.660.4 5.0760.03 2.6560.03 0.5260.01 0.7260.05 ~3.6260.93!31023 ~3.2060.49!31029

273 11.3060.05 5.3060.03 2.6560.02 0.8360.01 0.5360.01 0.4860.01 0.7060.04 ~1.7860.05!31024 ~2.9560.30!31029

278 11.0560.01 5.5060.04 2.6760.02 0.8460.01 0.5560.01 0.4960.02 0.7060.04 ~2.0760.06!31025 ~2.6060.23!31029

283 10.7560.01 5.7060.07 2.6560.02 0.8760.02 0.5760.02 0.4560.02 0.6860.05 ~3.6760.10!31026 ~2.2060.22!31029

288 10.5460.02 5.9760.13 2.6960.02 0.8760.02 0.5660.02 0.4660.05 0.7060.05 ~8.8460.31!31027 ~1.7060.18!31029

293 10.2360.01 6.0760.21 2.6560.02 0.8660.02 0.5760.03 0.4760.04 0.6960.06 ~3.0360.15!31027 ~1.5860.18!31029

298 9.9860.01 6.2860.29 2.5960.03 0.8860.02 0.5960.03 0.4760.04 0.6760.07 ~1.1060.06!31027 ~1.0160.17!31029

303 9.7460.01 6.3060.27 2.6060.03 0.8860.01 0.6060.02 0.4860.05 0.7060.06 ~4.4560.31!31028 ~8.061.4!310210

313 9.2460.01 6.5560.38 2.5660.05 0.9260.03 0.6960.04 0.4960.09 0.6060.12 ~1.1360.16!31028 ~6.161.9!310210

323 8.8460.02 6.9060.58 2.6060.05 0.9860.04 0.7660.03 0.4760.14 0.5360.06 ~4.7360.68!31029 ~4.260.9!310210

333 8.4560.01 7.2060.45 2.5060.19 0.9960.05 0.8060.03 0.5360.18 0.5160.07 ~2.0960.49!31029 ~3.060.8!3 10210

343 8.0860.03 7.4960.34 2.4060.01 1.060.1 0.8160.01 0.5360.25 0.5160.03 ~9.9965.10!310210 ~2.1760.40!310210

353 7.7160.20 2.4060.06 0.8360.01 0.4860.02 ~1.4060.08!310210
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dition is approached for a few experimental points only,
the temperatures higher than 313 K; consequently the t
perature behavior of the parameters would be, in any c
slightly affected by that treatment.

On this basis, the fitting procedure was simultaneou
performed on both«8 and «9 data by Eq.~1!. Since the di-
electric relaxation function depends nonlinearly on the
rameters, we used a fitting procedure based on
Levenberg-Marquardt method.28 The values of the dielectric
parameters obtained by the fitting procedure are listed
Table I. The dielectric measurements were mainly affec
by the calibration procedure so that the errors are not n
mally distributed and an estimate of the accuracy of the
electric parameters~errors of the parameters! could be ob-
tained by means of the bootstrap Monte Carlo method.28

The relaxation times,t1andt2 of the a andg relaxation,
respectively, have been reported in Fig. 2 as a function of
reciprocal temperature. The temperature dependence o
average structural relaxation timet1 is non-Arrhenius, with
an apparent activation energy that increases with decrea
temperature. This behavior has been described by the em
cal Vogel-Fulcher-Tamman equation, that can be written
the following form:29

t15t01 expS DT0

T2T0
D , ~2!

wheret01 is the relaxation time in the high temperature lim
T0 is the temperature of the structural blocking. Some
thors identifyT0 with the Kauzmann temperature.30,31 D is
r
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the fragility parameter which controls the departure from
Arrhenius law and is useful to distinguish between stro
~high D! and fragile~low D! glasses. The values of the pa
rameters obtained by fitting Eq.~2! to the relaxation time
t1 are

t015~1.260.3!310212 s; D5~3.160.1!;

T05~234.260.6! K.

FIG. 2. Relaxation times,t1 andt2, of the a andg relaxation,
respectively, vs reciprocal temperature 1/T. Solid lines from fitting
equations. Error bars smaller than the symbol size are omitted
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The glass-transition temperatureTg can be conventionally
defined as the temperature at whicht1 becomes 102 s, i.e.,
comparable to the maximum reasonable measurement
in a relaxation experiment;32 accordingly the valueTg5257
K was calculated by Eq.~2!. SuchTg value is about 23 K
greater thanT0 and is consistent with previously reporte
calorimetric measurements.33,34

The characteristic time of theg relaxation below and
aboveTg were fitted by the Arrhenius equation:

t2~T!5t02 expS Ea

RTD , ~3!

whereEa is the activation energy per mole andR is the gas
constant;t02 is the relaxation time in the high temperatu
limit. The following values of the parameters were obtaine

t025~7.062.7!310214 s; Ea5~5.760.2! K cal/mol.

The data of secondary relaxation in Fig. 2 show a percept
change of the slope at the glass-transition temperature bu
accuracy of the experimental data is not sufficient to supp
any specific conclusion on this point. We limit ourselves
point out that, in some systems, a change of the activa
energy of secondary relaxations at the glass transition
observed35 while, in other systems, the activation energy w
found stable.8 More evident changes have been observed
the temperature behavior of«0 , «1, and «2 near the glass
transition as described in the following.

The temperature dependence of the relaxed dielectric
stant «0 is described by the Kirkwood-Fro¨hlich equation,
which, under the assumption that orientational effects
early superimpose, can be written36

~«02«`!~2«01«`!

«0~«`12!2
5

4p

9KT( Ni^m i
2& . ~4!

This equation exploits the Onsager internal electric field a
relates the relaxed,«0, and completely unrelaxed,«` , di-
electric constants to the volume concentration of dipo
Ni , and to the mean square dipole moment of each dip
specieŝ m i

2&. Equation~4! predicts that the quantity on th
left-hand side, indicated in the following asf («0), depends
linearly on the reciprocal temperature and approaches ze
very high temperatures. The experimental results plotted
Fig. 3 confirm the theoretical predictions of Eq.~4! except
for the intercept forf («0)50 which occurs atT'700 K.
Here the«`value was calculated from the optical refracti
index n51.5. The zeroing of the overall strength at a fin
temperature was also observed in other systems and it
generally ascribed to the dipole-dipole interactions not co
pletely taken into account by the model.37,38

Thea-relaxation strength,D«15(«02«1), behaves as the
overall relaxation strength, («02«2)~Fig. 4!, but with a dif-
ferent slope. It zeros at the temperatureTon'350 K, where
the onset ofa relaxation occurs. The existence of an on
for the a-relaxation strength has been recently reported
the poly~n-alkylmethacrylate!s7,35 and for polybutadiene,27

the linear increase of thea-relaxation strength with decreas
ing temperature has been also verified by simulations wi
modified Fredrickson model.15
e
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Theg-relaxation strength,D«2, was found to increase with
temperature both below and above the glass transition~Fig.
4!; its slope markedly changes through the glass transit
TheD«2 data well above and well belowTg can be fitted by
two different linear equations which cross together at
temperatureTx'238 K, which lies in between the glass tra
sition and the Kauzmann temperature. This result clea
points out that not only the structural relaxation but also
secondary one is markedly sensitive to the glass transit
Near the glass-transition temperature, secondary proce
are located in a time scale more easily accessible to spe
scopic investigations than to the structural relaxation wh
characteristic time attains values too long to be experim
tally detected. This means, in particular, that during the m
surement the secondary relaxation strength can be consid
as an equilibrium quantity, the related relaxation time be
much shorter than the measurement time. Consequently
observed change of the slope of the secondary relaxa
strength could be useful to characterize the glass-trans
temperature itself. The relaxation strength of the second
process, D«25(«12«2), equals the overall relaxation

FIG. 3. Dielectric functionf («0) plotted vs reciprocal tempera
ture 1/T. Solid line from linear fit equation.

FIG. 4. Dielectric strengths plotted vs reciprocal temperature
T. Solid lines from linear fit equations.
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strength for temperatures higher thanTon. As the two relax-
ations have merged, i.e., above the onset temperatur
could be meaningless to distinguish betweena andg relax-
ation; in fact, in principle the relaxation is no more the sa
as below the merging temperature, even if it could be v
close to either the main or secondary relaxation, depend
on which is the bigger one. Accordingly, on the basis of o
experimental data we conclude that the relaxation at t
peratures above the onset temperature seems to be m
related to the previousg relaxation.

To the best of our knowledge, at the present time there
no models of the glass transition which involve second
relaxation and their temperature behavior. Moreover, non
the numerous models that have been developed to trea
laxation phenomena is able to completely model the dyn
ics of the systems, i.e., positions and intensities of all of th
relaxations as functions of the temperature and freque
starting from the molecular structure.39–42

Concerning the strength of dielectric subglass relaxati
for temperatures belowTg , a molecular model has been d
veloped to account for the increase ofD«2 for increasing
temperatures in polymers,43 by assuming that belowTg an
isolated-chain model is adequate to calculate the relaxa
strength. Such a model describes the subglass moti
modes by two states of unequal energy; consequently,
temperature dependent population of the states leads
relaxation strength which increases with temperature.
higher temperatures, the increase of the strength of sec
ary relaxations aboveTg was observed in many othe
experiments.6,35,44–46However, we found no indications con
cerning how the total relaxation strength is apportioned
tween the structural and the secondary relaxations. It is
sonable to think that local motions can couple with diffusi
motions dominating at temperatures higher thanTg and con-
tinue with even larger frequencies; it is expected that
effect of the coupling can vary greatly from system to syst
so that, in principle, the strength of the secondary relaxa
can both increase~as in the case here discussed! and de-
crease. To this respect, experimental data describing how
total relaxation strength aboveTg is divided between thea
and subglass relaxations have to be considered a critica
for detailed molecular models.

Further significant information can be obtained from t
analysis of the shape parameters:m1512a1, n15(1
2a1)b1 andm2512a2 , n2(12a2)b2; they represent the
low- and the high-frequency tails of their respective rela
ation spectra:47,48

«9}vm1,2 for v!v01,2,

«9}v2n1,2 for v@v01,2,

wherev01,2 are the angular frequencies at the maxima of«9
for the a andg relaxation, respectively. The observed te
perature dependence of these parameters@Figs. 5~a! and
5~b!# means that the time-temperature scaling law does
apply to this system in the whole range analyzed; in parti
lar m1and m2 display a stronger temperature depende
thann1 andn2. The failure of this scaling law proves that th
simplified MCT does not apply to our system; an extend
version of the MCT theory,13 though specifically develope
it
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for polymers, might be considered and this analysis will
probably carried out in future investigation. The monoton
increase ofm1 and n1 with increasing temperature agree
with the predictions of the model relating the high-frequen
part of the dielectric loss curve to the local-chain dynam
and the low-frequency one to the correlation of segments
different molecular chains.2 In fact, this model predicts tha
the increase ofm1 with the temperature is produced by th
corresponding reduction of the intermolecular interactio
and the hindrance of the local chains. The correspond
increase ofn1 is originated by the increase of the mobility o
local chains. In the system here considered, the param
m2 of the g relaxation@Fig. 5~b!# features a linear depen
dence on the reciprocal temperature belowTgand shows a
marked change of the slope near the glass-transition temp
ture. This result demonstrates that, besides the strength,
the shape of the secondary relaxation is modified by the g
transition. Moreover, it has to be noticed thatm2 andn2 are
getting the same value as temperature decreases; this m
that the secondary relaxation at low temperatures is
proaching the Cole-Cole behavior as observed in many o
glass-forming systems.44 For the system here considered, t
coupling between motions associated to the main and
ondary relaxations can give a rationale of the observed

FIG. 5. Shape parameters,m andn, for ~a! the main relaxation
and ~b! the secondary relaxation. Dashed lines are guides for
eyes.
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havior. However, further investigations on different syste
are needed to clarify this point.

CONCLUSIONS

In this paper broadband dielectric spectroscopy has b
exploited for studying the dynamics of diglycidyl ether
bisphenol-A~DGEBA!. Two relaxation processes have be
evidenced: the structural relaxation freezing atTg , and a
secondary process present in both liquid and glassy ph
The fitting procedure of the experimental data was based
the superposition of two Havriliak–Negami functions a
provided all the parameters describing the relaxations.
full analysis of the temperature behavior of relaxation tim
y

i,

R

.

rt

Sc
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se.
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e
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relaxation strengths, and shape parameters of both proce
was performed. In particular, the onset of the main relaxat
occurs well above the glass transition~ Ton5350 K!; while,
as the glass-transition temperature was crossed, a chan
the shape parameters and the relaxation strength of the
ondary relaxation was observed. The temperature beha
of all parameters was exploited to discuss a possible scen
describing the temperature evolution of the main and seco
ary relaxation and their relationships. The correlation of
fitting parameters with the physical behavior of the system
satisfactory; the analysis we adopted to describe the beha
of this glass forming system provided reliable results an
deeper insight in the secondary relaxation behavior near
glass transition.
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