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Two crossover regions in the dynamics of glass forming epoxy resins
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Broadband dielectric spectroscopy, heat capacity spectrog8apyethod, and viscosimetry have
been used to study the dynamic glass transition of two glass-forming epoxy resin$(gi@nyl
glycidyl ethey-co-formaldehydé and diglycidyl ether of bisphend\: In spite of their rather simple
molecular structure, the dynamics of these systems is characterized by two well-separated crossover
regions where the relaxation times of main transition and the two secondary relaxaténtsy
approach each other. The main transition has three partsa phacess at high temperature, the
process between the two crossover regions, andeth@ocess at low temperatures. Both the
y-crossover regionaround a temperaturd (y)~(1.4-1.5); and a relaxation timer.(y)

~10 ' 5] and theg-crossover regiofiaroundT(8) ~(1.1-1.2)y and 7(8)~10"° s] could be
studied within the experimentally accessible frequency—temperature window. Different typical
crossover properties are observed in the two regions. JFomssover region is characterized by
onset of the &',a) process, with a relaxation time about one decade greater than that of the
quasicontinuousd, y) trace. TheB-crossover region is characterized, besides splitting of maig and
relaxation times, by a change in the temperature dependence of the main-relaxation time as reflected
by a bend in the Stickel plot of the continuows («) trace, the separation of individual temperature
dependences of different transport properties such as impurity-ions diffusion coefficient and
viscosity, and a temperature-dependent main relaxation time that starts to be in acctatibveer
temperatureswith the Adam—Gibbs model. The cooperativity of the main process betweep the
and B crossover seems to be small. Below fherossover, cooperativity increases up to values of
orderN,~100 nearTg4, and configurational entropy seems to correlate with the main relaxation
time. © 2002 American Institute of Physic§DOI: 10.1063/1.1486214

I. INTRODUCTION been reported for several liquids. In these studies, concerned
with systems with only one secondary relaxation, the cross-
In condensed matter physics, increasing interest is depver effects usually occur in a narrow frequency—
voted to the glass transition phenomenon. In this field, som@mperature range, a marked region in the Arrhenius diagram
common aspects in the dynamics of different systems sugaboveT, generally called the crossover region. This region
gest that, despite material-specific aspects, some comm@an be characterizetsee, e.g., Refs. 1 and Dy several
basic interpretation should be found for the liquid to glassproperties:
transition. In particular, it is well known that various glasses (i) Splitting of the high-temperature process into the
from small molecules to polymers show a relatively similarcooperativen process and the local secondary pro@éésas
relaxation mag(i.e., temperature dependence of the characseen from above, or merging of theand secondary process
teristic times, with a main dynamic transitiofe anda pro-  into thea process, as seen from below.
cesg whose characteristic time tends to diverge close to the  (ji) Extrapolated onset of the dielectric and calorimetric
conventional glass transition temperatufg, and one or intensity of thea processli.e., Ae,—0, Ac,,—0 (Refs.
more secondary processgs, v, ...) that persist also below 7-9)] for scenario I(see below.
Ty. In the last few years an increasing number of crossover (jii) Bend in the trace of the maina(«) transition,
effects along the trace of the main dynamic transition haknown as Stickel bent’** corresponding to a change,
within a small temperature interval, of the Vogel-Fulcher—

Author to whom correspondence should be addressed. Email address@mman parameters for tizprocess to different parameters
daniele.fioretto@pg.infn.it for the a process. The Vogel temperatufg for the « pro-
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cess is, as a ruléescenario Il, see belowsmaller than the
Vogel temperature for tha process, i.e.To(a)<Ty(a).

(iv) Separation of the individual temperature depen-
dences of different transport properties such as self-diffusion
and viscosity*~® This is connected with théreakdown
of the Stokes—Einstein law of diffusidn.

(v) The plot of the logarithm of the characteristic time
for the main transition versus the reciprocal configurational
entropy (more precisely, versus 18%), inspired by the
Adam-Gibbs relatiof® shows a bend®

By proper extrapolations, characteristic crossover tem-
peratures for the above-mentioned effects are found to range
within a temperature interval of about 10'K° For the sake
of brevity, we will refer to the crossover temperature as an
average temperature value of the crossover region. For frag-
ile glass-formers a typical crossover temperafligés about
T.~1.2T4. The corresponding relaxation time region in the
Arrhenius diagram is typically aroung~10° s. However,
both values(r, and T./Tg) show a large variance in groups 0 S
of different subs_tances, as discussed in Refs. 1 and 21_. We 102107 10° 10' 107 10° 10° 10° 10° 107 10° 10° 10"
know also a series of substances whégdends systemati- frequency [Hz]
cally to the glass transition temperatufg— T4: the polyn-

alkyl methacryla@s, WhereTg is reached near the hexy| FIG. 1. (a) Real and(b) imaginary part of the complex dielectric constant
member? e*(w) for PPGE (selected dajaat several temperature831.8, 327.9,

A led at poini fect " 323.1, 317.9, 313.0, 308.0, 303.1, 298.3, 293.1, 287.5, 283.9, 278.9, 274.4,
s recalled at pointi), crossover effects are often ac- 5767 2663 262.1 KaboveT,, in the range 10?~3x 10° Hz. The solid

companied by the occurrence of a splitting phenomenon, i.elines represent a fit with two HN functions. In the inset: dielectric loss at
separation of the relaxation times of dynamic glass transitioisome temperature@13, 193, 173, 153, 133 )kbelow T4, showing they
and a secondary relaxation. In a rough preliminary classifiProcess and the less intengeprocess. The best fit with a symmetrical

. . ) N Cole—Cole function plus a HN function is shown by solid lines.
cation we can recognize two scenarios of the crossover

region>>?4 (see also Refs. 25—27n connection with the

type of splitting region: place in the dynamic behavior of the system. From broad-

Scenario | Separate onset of the process about one to band dielectric spectroscopy we have indication of two well-
two frequency decadéfrequency gapbelow the continuous P opy
separated crossover regioff3 crossover andy Crossover,

trace of thea and 8 processes. This last trace shows there & : a6 10 .
more or less pronounced bend in the Arrhenius diagram. ThYith 7¢(B)~10 *s and7o(y)~10 *s. We use addition-

crossover region can be defined by the extrapolation to zeraIIy viscosity measurements ar_1d heat capaqty s.pectroscopy
X ) » method to study the following two questions:
of the « intensity. . i’ .
. . . (A) Which property(ii)—(v) can be observed in the two
Scenario Il A continuous trace of the mairaf{a) tran- . .
. . : different crossover region§3 crossover andy crossover?
sition where the crossover region can be defined by the ex= : . "
. specially, can the two crossover regions also be classified
trapolation from low temperatures of the trace of ero-

L . . ; , . Within scenario | or scenario II?
cess, running into the main process with a large “angle” in

the Arrhenius diagram and with a usually small relaxation (B) What is the character of the part of the main transi-
. . 9 y tion between the two crossovers? Especially, is it more a
intensity[e.g.,Aeg<(Ag,,Ag,) nearT,].

high-temperature processimilar to thea process, therefore
I was speculated that .the molecular cage for' the . calleda’), or is it more a cooperative proce@milar to the
process is larger for scenario Il than for scenario I, inducin

L2 N % process, hence the name)?
for scenario Il “more continuity” between tha process and

th i th i . ) £ th The results for our low-molecular-weight epoxy resins
€ cooperativar process, with Increasing size of the coop-,; ;¢ finally compared with dielectric measurements from
erativity regions below the crossovér.

) : , literature on other substances with two secondary relax-
The aim of the present paper is the experimental study o tions

the dynamic glass transition in two epoxy resins: pie-

nyl glycidyl ethey-co-formaldehydgé(PPGH and diglycidyl

ether of bisphenok (DGEBA). The main interest for these ||, EXPERIMENT
systems is that they both show two secondary relaxationx Samples

that approach the main transition inside the experimentally ™ P
accessible frequency window. Following the tradition of The sample of DGEBA used in this study was purchased
polymer physics, the secondary relaxation at lower frequenfrom Shell Co. under the trade name of Epon $a8erage
cies is called the3 process, and that at higher frequency ismolecular weight~380 g/mol, corresponding to~0.14 in
called they process. We use the termmossover regiorto  the chemical formula reported in Fig(al]. It is a widely
indicate a temperature—frequency region where changes takesed commercial epoxy resin, and was measured as pur-
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to well above the glass transition temperature, in steps of 5
degrees. The results are compared with previously published
dielectric data in the frequency range from?16 2

X 10'° Hz (Ref. 8 and data at lower frequencies down to
10"2 Hz (Ref. 29. Altogether we present dielectric results
for DGEBA covering 12 decades of frequency, obtained in
the temperature range from 123.2 to 353.2 K.

The real and imaginary parts of the dielectric constant,
¢'(w) and e”"(w), of our samples are displayed in Figs. 1
and 2 at several temperatures. The isothermal data for the
dielectric constant were analyzed in terms of linear superpo-
sition of relaxation and conductivity contributioiadditive
ansatz, with each relaxation process described by a
Havriliak—Negami(HN) function:

10710° 10" 10°10° 10° 10° 10°

ASK |0'

e*(0)—8.=2,

X [1+(inHNk)l_ak]'Bk_ weg’

@

0 G . In Eq. (1) the indexk runs over the relaxation processes and
10210 10° 10" 10* 10° 10° 10° 10° 107 10° 10° 10" the conductivity effect is taken into account by the term
’ frequency [Hz] —iglweg (gq is the dielectric permittivity of vacuume., is

. . , . . :
FIG. 2. (a) Real and(b) imaginary part ofe* (w) for DGEBA (selected the high-frequency limit ofs’ outside the dispersion zone,

datd at several temperaturé853, 343, 333, 323, 313, 303, 298, 293, 288, and Ae  is the dielectric strength of each process. The fit
283, 278, 273, 268, 263, 259, 256) Khove Ty, in the range 10>-2  With this phenomenological function allows us to extract
X 10" Hz. The solid lines represent a fit with two HN functions. In the characteristic parameters for the different relaxation peaks,
inset: dlelectrlc_ loss at some temp_eratu(é§3, 20:_3, 183, 163, 143 K i.e., the frequency of maximum loss and the peak shape. The
belowT,, showing they process at higher frequencies and fhprocess at f f . g b Ivticall |

lower frequencies. The best fit with a symmetrical Cole—Cole function plusT€GUENCY Of maximunz™, fn,q, can be analytically calcu-
a HN function is shown by solid lines. lated from the HN fitting parameters by

m(1l—a)

chased. PPGE is an epoxy resin with average molecular fmax:(ZWTHN)_lsianl_a)(m
weight of 345 g/mol. It was obtained from Aldrich Chemi-

cals and was measured as received. The chemical formula of m(l—a)B
this material is given in Fig. @). The conventional glass (2(1—+ﬁ)
transition temperatures afg,=255+1 K for DGEBA and

Ty=258+ 1 K for PPGE. TheT values were obtained by an From this quantity a characteristic relaxation timeg,.y
equal-area construction from differential scanning calorim-=(2f__)"1, can be easily obtained, usually preferred to
etry (DSC) curves, acquired by a Perkin-ElImer DSC 7 appa-r,,, since it is a model-independent parameter. Concerning

sin~ U(1l-a)

: )

ratus, at a heating rate aff/dt=+10 K/min. the shape of the dielectric peak, the HN function gives the
asymptotic behavior ofe”(w) in the low- and high-
B. Measurements frequency limits as power laws;"< o™ and &"cw™ " re-

spectively, whose exponents are simply expressed in terms of
the HN shape parametets and B8 through the relationgn

Due to the strong permanent dipoles originating from the=(1—«a) andn=8(1-«).
presence of epoxy grougs-2.1 D per epoxy group both The real and the imaginary parts ef (w) have been
DGEBA and PPGE are particularly suitable for a dielectricfitted simultaneously by using the nonlinear least-squares
investigation. Measurements of the dielectric constantevenberg—Marquard routine. The uncertainties of the fitting
£*(w,T)=¢'—ie” in PPGE were carried out by means of parameters have been estimated by means of a Monte Carlo
an Alpha Novocontrol dielectric analyzéPisa & Main2 procedure. In particular, starting from each experimental
and an impedance analyzer HP4194%sa in the frequency spectrum 100 “artificial” data sets have been produced by
range from 102 to 10’ Hz. A network analyzer HP8753A means of the bootstrap Monte Carlo metfibdeplacing a
(Perugia was used to cover the frequency range froMtt0  random fraction of original points by duplicated original
3x10° Hz. Isothermal frequency scans were performed inpoints. Each data set has been fitted by means of the
the temperature interval from 357.8 to 133.2 K, during sev-Levenberg—Marquardt routine, giving a distribution of fitting
eral series of measurements. parameters. An estimate of the error of each parameter has

The dielectric constant of DGEBA was measured in thebeen obtained by the standard deviation of the probability
frequency range from 10 to 16° Hz by a Novocontrol BDS  distribution of the fitting parameters. Finally, the errors of the
4000 based on a Solartron FRA 12@8alle). The tempera- HN fitting parameters have been used to estimate the error of
ture interval was from 123.2 to 293.2 K, i.e., from far below the relaxation timeray.

1. Dielectric spectroscopy
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2. Heat capacity spectroscopy (HCS)

The dynamic effusivitypxcy (o, T)=prc,—ipkcy (k
is the heat conductivityp the density, and:; the dynamic
heat capacitywas measured by thew3method? in the fre- _
guency range from 0.2 to 2000 Hz. Nickel heaters with a N
thickness of about 70 nm on pdsther ether ketondPEEK) &
substrates were used. The temperature coefficient of resis- NE
tance was about 2000 ppm/K. The nickel heater was placed m:
in a Wheatstone bridge that was equilibrated automatically " . e
during the measurements. The remaining difference signal ERRS PG sgates™” DGEBA 4
across the bridge was preamplified by a low-noise preamp-
lifier (EG&G 5113. A 12-bit analog to digital converter was ol RTSICIL L ]
used to collect the data. Amplitude and phase of the third ’ chp"AA”'O'i‘_:l"% '-.__
harmonic were determined afterwards by a selective Fourier 0.0L  o8e%ai®" 2a202nan k583800804
transformation. Further experimental details about our setup 1.8-(c)' Cliadd = '
are described elsewhet&®? = PSS

Measurements on two different heaters were performed ~fn 1'4W |
for both epoxy samples: small nickel heaters ¢6mnt) =2 cas T ¥
were used for high frequenciés 1 Hz), large nickel heaters © ©
(5x10mnt) were used for low frequencie®.2—20 Ha. 01F l
This ensures the signal amplitude and precision to be large 0.0 % : 2|5T
enough at high frequenci¢amplitude~ w ~*?) and the ther- ©250 270 290
mal wavelength to be small compared to the heater dimen- T[°C]

sions at low frequencies as required by the data evaluatloll—le. 3. Real and imaginary parts of the HCS sigpalcy , as a function of

poncept. The samples were equilibrated for 30 min before afémperature fota) PPGE andb) DGEBA (2 Hz, triangle; 20 Hz, diamond;

isothermal frequency sweep was started 200 Hz, circle; 2 kHz, squayeThe method of determining the calorimetric
The frequency-dependent width of taepeak, 5T, and  parametersT, and 6T from a Gaussian fit to the imaginary part and

; it _ A(1/pkc,) from a tangent construction to the real part is shown in (@&t

th.e dynamlc gIa;s t_ransmon .temperatuTQ,, were deter where is%chronal data at 20 Hz for PPGE are used.

mined by Gaussian fits to the isochronal= const) data for

the imaginary partpxc;;(T). The calorimetrica intensity

was obtained from a tangent construction to the real part .

prcy(T) [see Fig. &)]. To get finallyA(1/c;) values from =0.05 mtn?/s2)_|._r,]0\n O_'I bat_t: was usecli t? (iogtrol thedgamfle

our 3w method output, the data were adjusted to heat Capac}_empera ure. 1he viscosity was calcuiated accordingy 1o

ties c; from temperature-modulated DS@MDSC) at w =ty kp from flow time t, .caplllary cqnstantk, and

=27/60 s. A fixed factor correction was used: all isochronest_empe_lta_u;r%dep?nde&t;ggg\sﬁy The densnyg(p - po(gl

of one 3w run were divided by a heater-specific mean value av( ) for was measured by a fouy=

of px. The error caused by this temperature- and frequency)éligsic'tyge picnoT(atte(jr tat rt]t_en;}perfltures btetweez t2h96 anld
independent mean valys correction is found to be smatf. and extrapolated to higher temperatures. erma

The isochronal HCS sweeps of Fig. 3 are transferred into
isothermalpxcy data versus frequency in Fig. 4.

3. Viscosity measurements

The shear viscosity was measured with a Rheometrics
Dynamic Analyzer RDA-Il and a Dynamic Stress Rheometer
DSR instruments from Rheometrics Scientific in plate-plate
geometry. Parallel plates with a diameter of 25 mm were
used in the temperature range from 276 to 379 K for PPGE
and in the range from 269 to 339 K for DGEBA. The sample
thickness was about 1.5 mm. A shear rate sweep over one
decade was performed at each temperature to prove the New-
tonian behavior of the liquid. The thermal expansion of the
tools(about 2.5um/K) and the samples was corrected during
the measurements. Some data points at temperatures between 1 >
267 and 259 K were added for DGEBA by extending log (f/ Hz)
the sample between two 8 mm plates to a hyperboloid

. - - FIG. 4. Real and imaginary parts picc; as a function of frequency for
with a final Iength of about 8 mr(for details see Ref. 35 PPGE (upper framg¢ and DGEBA (lower frame. The solid lines show an

In the temperature range from 332 to 45_3 K _ViSCOSitYexample of a HN fit to the dataorresponding td@ =274 K for PPGE, and
was measured by an Ubbelohde type viscosimeter (T=269.1K for DGEBA. The dashed lines are only guides to the eyes.

p

pe. -+ 10° (Pm'Ks™)

O
o

g
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10— . ' o chose to fit the high-temperaturél ¥ 303 K) spectra of
g ~ Ubbelohde | PPGE by constraining the shape of #aeelaxation to vary
% o DSR within the range of values found at lower temperatures,
E 6 ’; © ROA where the time—temperature superposition principle appears
= fpﬂﬁgﬁihde- to be well satisfied rf,=0.64+0.02n,=0.40+0.01). In
= W e RDA the case of DGEBA, the fit procedure of the spectra has been
_%5 24 x ref.[33] 1 repeated by exploiting the data at lower frequencies and
04 i adopting at the highest temperaturds>288 K) the crite-
% rion of keeping invariant the parametef,~ 0.4 as found at
-2 e g0 lower temperature. This criterion was motivated by the
250 300 350 400 450 time—temperature superposition principle and supported by
TIK] previous light-scattering resuffsfor the shape of the main

process in DGEBA over the same temperature interval as the
FIG. 5. Logarithm of viscosity vs temperature for PPGE and DGEBA, ob-present dielectric investigation. In fact, the mutual consis-
tained by different devices as explained in the legend. tency of dielectric and depolarized light-scattering shape pa-
rameters was observed, although the characteristic times of
the process revealed by the two techniques were different.
Since in case of light-scattering spectra there is no signature
of the secondary peak visible in the dielectric ones, a more
reliable determination of ther shape parameters could be
made, givingm,~0.9 andn,~0.43% In our dielectric fit

=(6.3+0.1)x 10 * K1 and po=1.2266- 0.0003 g/crm. dure the <h e ¢ as free.
Figure 5 shows the viscosity data for DGEBA and ppGEPTOCcEaUre the shape parameng; was set as Iree, anyway,
s value was found almost constant around (68e also

over the whole temperature range measured. For compariso'JIE, S . :
the same figure includes some viscosity data for DGEBA able |, thus validating the guess of a shape invariance. The

from dynamical mechanical measurements, carried out via Ba}rameters for the: relaxation of PPGE and DGEBA ob-

Rheometrics RMS 800 in the range from 255 to 374 K ancf?med from the HN fit at several temperatures are given in

ublished in a previous artid&where experimental details 12°!€ I with error estimates.
Ean also be fouF:1d P The isothermal HCS spectra of PPGE and DGEBA re-

ported in Fig. 4 show a well-defined peak in the imaginary
. RESULTS partpxcg(w), corresponding to the characteristic relaxation

' step in the real paI}iKC”)(w). In the frequency and tempera-

The isothermal dielectric spectra of PPGE and DGEBAture range investigated here only one relaxation process is

(Figs. 1 and 2 show clearly the presence of two relaxation observed. In principle, alrch’g isotherms could be approxi-
processes fol >T: the main(a) process and a secondary mated by a single HN function, giving for each temperature,
() process. As the temperature increases abiyuethe «  after reduction bypx, the frequency of maximumg, the
relaxation shifts toward higher frequencies, approaching thealorimetrica intensityAc,,, and the shape parameters, in a
secondary peak in the GHz region. FDK T, the main re-  manner similar to Eq(1). However, several sources of error
laxation is out of the accessible frequency window, and it ismake the data pxcy(w) subject to considerable
possible to identify a further very small second&g) pro-  uncertainty>>’and limit, together with the narrow frequency
cess whose loss peak position is intermediate between therange accessible, the possibility for determining a reliable set
and y processes$see inset in Figs.(b) and Zb)]. Concern-  of fit parameters. In the present case, only for a few tempera-
ing the spectral shape, both the main and secondary relakdres can the whole set of HN fit parameters be determined
ations of PPGE and DGEBA show a pronounced non-Deby&ith reasonable accuracy. In particular, the fit;nfc;(w)
charactefi.e., 8#1 and/ora#0 in Eq. (1)]; in particular, for PPGE at 274 K results imA(p«c,)=(5.96+0.30)
the B relaxation can be well represented by a symmetricax 10 % Pem 4K 257!, 7,y=(6.7£1.9x10 %s, m
Cole—Cole functior(i.e., 8=1) with a~0.5. The dielectric =0.68+0.04, andn=0.44+0.07, while the fit ofpxc ()
strength of thes relaxation is very small compared to that of for DGEBA at 269.1 K givesA(pkc,)=(5.37=0.55)
the a relaxation(e.g., we findAez below Ty to be around  x10™* FPem *K 2s™!, 7,y=(1.67x0.09)x10 s, m
0.05, that is about 1% df e, , for both PPGE and DGEB\ =0.67+0.06, andn=0.39+0.11. The corresponding fitting
so that we cannot follow its trace abo¥g any more. In the  curves are reported as solid lines in Fig. 4. For each system,
present analysis we neglect its contribution and use the suthe data at all other temperatures were fitted by fixing the
of two HN terms, one for thex and the other for they  shape parameters within the range allowed by these values.
relaxation, to describe the spectra abclg. The fitting  The results foc, and 7, are in fair agreement with those
curves are drawn as solid lines in Figs. 1 and 2, where thebtained in the corresponding temperature range from tan-
conductivity contribution has been cut off from the lower- gent construction and Gaussian fits to isochronal data. We
frequency part of the spectra for reasons of clarity. Due to th@ote that shape parameters obtained by HCS are not far away
progressive overlap of the and y relaxations, it becomes from those obtained by dielectric spectroscopy. Usually it is
more and more difficult to obtain meaningful values for thefound®*"~**that c;, peaks tend to be narrower and more
shape parameters by increasing the temperature. We thgsgmmetric than the corresponding dielectric loss curves.

expansion coefficienty, = (6.26-0.03)x10 * K~ and a
density at 273 Kpo,=1.1823+0.0003 g/cm were obtained
for DGEBA. The corresponding values for PPGE taken from
measurements in the range from 287 to 332 K wertge
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TABLE I. Havriliak—Negami fit parameters for the relaxation of PPGE and DGEBA at several temperatures. When a shape parameter was undergoing
additional constraints as explained in the text, the respective error is not reported.

PPGE DGEBA
T (K) Tun (9 m, n, Ag, T (K) Tun (9 m, n, Ag,
331.8 (7.6:3)xX10°°  0.63 0.41 2.%0.6 343 (9.3:2.3)x10°1° 1+0.03 042 0.60.3
327.9 (1.040.06)x10°®  0.63 0.40 3.+0.6 333 (2.40.5)x10°° 1+0.03 042 1.30.2
323.1 (1.8€:0.05)x10°%  0.64 0.40 3203 323 (5.20.5)x10°° 1+0.04 042 2.20.3
317.9 (3.6:0.2)x10°®  0.63 0.40 3404 313 (1.2%0.08)x10°®  0.95-0.03 0.41 2.%0.2
313.0 (6.6:0.2)x10°®  0.63 0.40 3803 303  (4.480.13)x10°% 0.88:0.02 041 3.50.4
308.0 (1.45:0.06)x10°7  0.63 0.39 4.3%0.4 298  (1.080.05)x10°7  0.87+0.02 0.41 3.205
303.1 (3.80.2)x1077 0.61x0.02  0.3%-0.02  4.4:0.2 293 (3.2+0.08)x10°7  0.88:0.02 0.39 4203
298.3 (1.020.03)x10°° 0.62£0.02  0.3%0.02 4.7-0.3 288 (8.£0.4)x107  0.86:0.03 0.4@:0.05 4.7-0.3
293.1 (4.130.06)x10°° 0.64-0.015 0.3%0.02  4.9-0.2 283  (3.7%0.12)x10°°®  0.86:0.03 0.40:0.04 5103
287.5  (2.196:0.013)x10°5 0.63t0.02  0.3%-0.02 5.3%0.15 278 (2.2+0.06)x10°° 0.83:0.02 0.3%-0.02 5.71:0.03
283.9 (7.80.3)x10°° 0.64:0.02  0.4@:0.02 5.6-0.2 273 (2.120.08)x10°*  0.85-0.01 0.46:0.01 6.21-0.03
278.9 (5.20.2)x10* 0.65-0.01  0.4@:0.01  5.8-0.2 268  (3.330.09)x10°%  0.85-0.01 0.40:0.01 6.83-0.05
274.4 (4.820.13)x10°% 0.65-0.01  0.43:0.01 6.38:0.05 263 (7.£0.3)x10°2  0.82£0.02 0.430.02 7.370.05
270.1 (5.22:0.17)x10°2  0.65:0.01  0.3%0.01  6.8-0.2 261 (3.202)x10°'  0.82:0.02 0.430.02 7.73:0.08
266.3 (5.20.1)x10°* 0.65:0.02  0.4@:0.01  7.2:0.2 259 (1.6%0.04)x1° 0.83:0.02 0.40:0.01  7.8:0.2
262.1 (1.020.08)x10"  0.670.03  0.4@:0.01  7.502 256 (2.2%0.06)x 10! 0.82£0.04 0.43:0.01  8.0:0.2
However, the significant uncertainty of HCS parameters re- 27—
strains us from going into a deeper comparison. N @)

The dielectric relaxation times,,, obtained from the
fitting procedure, together with the calorimetric characteristic
times 7. Obtained from the location of the peak in the
isochronal or isothermapxcy spectra, are reported in the
Arrhenius plot of Figs. 6 and 7 and compared with the vis-
cosity data. Thex trace of calorimetry and dielectrics coin-
cide within the experimental uncertainty, and their tempera-
ture dependence closely parallels thatjofFigure 8 shows a
convincing check of the relation, ., 7 in our samples, up
to 332 K in PPGE and 343 K in DGEBA. It displays that a
linear fit of 1097y Vs logz has slope 0.980.02 and 0.98 4
+0.02 in PPGE and DGEBA, respectively. According to
Tmax* 7, the viscosity data are rescaled up to the highest tem-
peratures measured, and shown as solid lines in the Arrhen-
ius plot of Figs. 6a) and {a). We notice that the proportion-
ality of 7,5, t0 7 in supercooled liquids has a physical basis
in the a-scale universality predicted by the mode coupling
theory and verified in different systents.g., see Ref. 40
but it is possible that at sufficiently high temperatures a
TmaxX 7T regime ensues, as predicted by the hydrodynami&lG. 6. () Arrhenius plot for PPGE. The temperature dependence of the
Debye model and recently observed in Iow-molecuIar-weighf’y”amic glass transition is reconstructed via the trace,@f=(27fmna) *

. . . . from &” (open circleg andp«cy (solid triangle$, and via the viscosity data
organic Compoundg However, the p055|ble differences in [the solid line shows experimental data of leg(}), with log x=8.3 andy

Figs. 6 and 7 due to ks Tmax] rescaling of the ViSCO_SitY_ in Pa 4. The dielectricy and B relaxation times are reported with diamond
data for temperatures higher than those represented in Fig.a8d squares, respectively. The dash line is an Arrhenius fit td &, y

have no significant effect on the analysis and discussion regelaxation datglog 7o(s)= —14.7+0.2, E,=6.67+0.15 kcal/mo]; its ex-
ported in the following trapolation aboveT is drawn with dot line. The dash-dotted line is an

. . . . Arrhenius fit to the g-relaxation data[log 7y ()= —14.6+0.3, E,=11.3
TOgether with the Secondary relaxation times, Flga) 6 +0.2 kcal/mo]. The B- and y-crossover regions are indicated by arrows.

and {a) give the complete relaxation map of our samples in) Temperature dependence of the dielectric strengths of PPGE. The inset
the supercooled and glassy state, as revealed by dielectisgows, in an enlarged scaléz,, (circles andAs,, (down tri_angleisabolve
spectroscopy, HCS, and viscosity measurements. As know@ , a”CI’_C:hI? C"",'O””I‘_et”@‘ ;qtf;S'WAcpt(“p tl”et‘”g'fsvt;]” “”'tsf't‘glK )-t

i . . e solid line is a linear fit ta\s,, , extrapolated to the onset temperature
the glass_ transition phe_nomenon IS _c_ommonly d‘_ascnbed a‘Ison. The dashed line is not a fit, but only a guide to the eyes, drawn to
an ergodic- to nonergodic-state transition diyds defined as  gemonstrate the compatibility of thec, trend with the dielectric onset.

the temperature at which the ergodicity is broken on the exError bars smaller than the symbol size are omitted.

log (17 [s])

5 6 7 8
1000/TK"]
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FIG. 7. (a) Arrhenius plot for DGEBA. The temperature dependence of the
dynamic glass transition is reconstructed via the trace,@f=(27f a0 *
from &” (open circles andpxcg (solid triangle$, and via the viscosity data b
(the solid line shows experimental data of leg("), with log xk=8.4 andy (b)
in Pa s, also including data from Ref.)3@he dielectricy- and -relaxation ) ) ) ) ) ) ) )
times are reported with diamond and squares, respectively. The dashed lifidG. 8. Main frame: dielectric relaxation timey,, vs viscosity 7 in a

is an Arrhenius fit to theT<T, v relaxation data[log7,(s)=—14.35  log—log representation, where the relatiog,,» corresponds to a linear
+0.13,E,=6.6+0.1 kcal/mol; its extrapolation abov@, is drawn with a behavior with slope 1(a) _The solid I|n_e(s|ope 0.9%:0.02 is a linear fit to
dotted line. The dash-dotted line is an Arrhenius fit to feelaxation  the data of PPGE over six decades, in the temperature range 276832 K.
data [log 7, ()= — 14.78£0.09, E,= 11.38+ 0.08 kcal/mo]. The g- and The straight lingslope 0.98:0.02 is a linear fit to the data of DGEBA over
y-crossover regions are indicated by arrofias. Temperature dependence of ten decades, in the temperature range 256-343 K. Inset: Conduetivity

the dielectric strengths of DGEBA. The inset shalus, (circles andAe ., reciprocal ViSCQSitW_l in & log—log representation. The straight lines are
(down triangley aboveT,, and the calorimetriar intensity Ac, (up tri- fits of the relationo "= const.(a) The flt_tlng line corresponds tn=_ 0.77
angles, in units J kgt K~3). The solid line is a linear fit td\e,, , extrapo- J_r_0.03 in the lower-temperature rangn)lld line) andn=0.94+0.03 in the
lated to the onset temperatufg,. The dashed line is drawn as a guide to Nigher-temperature ranggdashed ling for PPGE, and(b) to n=1.02
the eyes. Error bars smaller than the symbol size are omitted. +0.03 in the temperature range 300—378 K for DGEBA. Data correspond-
ing to characteristic temperatures are indicaffled the meaning off ; and
Ton SEE text

perimental time scale. The characteristic timgly) may

strongly depend on the experimental probe used and on thfie processes tend to merge. Then we cannot completely rule
cooling rate; in particular, in a typical dielectric experiment out the possibility of some influence of the analysis method
the out-of-equilibrium state occurs when the structural relaxon the higher temperature, values. However, such an in-
ation time approximately exceeds®1§. The dielectric value fluence does not affect the data for therelaxation in the

of Tg calculated in our Samples by foIIowing this criterion is region where the Separa’[ion from tbeprocess is two de-

given in the second column of Table Il, where good agreecades at least, since under this condition an analysis of the
ment with the calorimetric value from conventional DSC Cangy separation using the additive ansatz is always

be noticed. Also included in Table Il is the steepness indejustified*3#4“®In particular, we notice that a deviation from
m=d(log 7)/d(Tg/T)|r-7, which quantifies the fragility of the extrapolated Arrhenius behavior of thérace occurs just
the system in terms of its temperature behaviof gt aboveT, where the separation of theand y time scales is

At lower temperatures the system is in the nonequilib-nearly ten decades, and this is actually confirmed by decon-
rium glassy state. There, two secondary proce§8eendy  voluting thea andy processes according to alternative fitting
process coexist, both showing Arrhenius behavior. The cor-procedure®*°based on the Williams ansatz.*” Moreover,
responding fitting parameters are listed in Table Ill. The dotthe effect of different fitting approaches on the relaxation
ted segment in Figs.(8) and 7a) shows that at temperatures time values at higher temperatures has been pf‘@\nm to
higher thanT, the y trace deviates significantly from the affect qualitatively the trend of (T), and we have no rea-
extrapolation of the behavior beloWy . In particular, it first ~ son to think also the higher-temperature bending of the
becomes flattefi.e., lower apparent activation enejggnd trace to be an artifact of the evaluation method.
then goes on with increasing slofiee., increasing apparent Also the dc conductivityg, can be used as an efficient
activation energy which becomes comparable to that found probe of the dynamics of supercooled systems. It should be
below T,. Different approaches for analyzing relaxation noted that different samples of the same material might show
functions in the case of the overlap of the two processes argifferent absoluter values, since this is proportional to the
debated in literatur&':~*" and their repercussions are espe-amount of impurities in the sampl@ypically chlorine, in
cially expected in the Arrhenius diagram in the region whereepoxy compoundsHowever, the temperature dependence of
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TABLE Il Calorimetric and dielectric glass transition temperattifg, and temperatures used in identifying crossover effects in PPGE and DGEBA. The
methods to determin&g, T4, andT,, are described in the texT,g is taken from Ref. 60. The frequenay; is defined asv ;= w(Tp).

T L Ts Tas Ty logyo o To(Ag,—0)

(K) (K) m (K) (K) (K) (rad s (K) TITY Ton/ TS
PPGE 2581  258.4+r0.5  ~105  293-10 298  29&3 6.2 3915 1.15-0.02  1.510.03
DGEBA 255+1 253,705 ~95 27510 288  28%3 6.1 3514 1.12£0.02  1.380.02

o is not affected by this problem, and a single curve can béndicate a large variability in the set of VFT parameters de-
obtained that is representative of the whole temperature bescribing the lower-temperature dat@epending on the data
havior. The temperature dependence is expected to be closalgnge fitted and a possible underestimation®f. The best
related to that of viscosity. In particular, an inverse propor-VFT parameters obtained fat,,, and » in the high- and
tionality of o to » would be expected in the hydrodynamic low-temperature regions separated fyy are listed in Table
regime, though examples of supercooled liquids are not rardl. We observe that the set of parameters in Table I fitting
where a modified relation such asp"=const holds, with the data forT<Tg also fit the data up te-Tg+ 10 K com-
0<n<15° Actually, the inset of Fig. @) shows that a parably well.
simple proportionality is verified in DGEBAat least above It must be noticed that in a previous investigation of
306 K, where both conductivity and viscosity data are avail-DGEBA (see Fig. 5 of Ref. 50we interpreted the small
able for this system In contrast, a single regime does not deviation of conductivity data from the linear behavior in the
describe the data of PPGhset of Fig. &a)]. In this case the Stickel plot in a narrow temperature regit365—-380 K as
data in a log—log representation can be approximated bthe presence of a further deviation from a single VFT behav-
two straight lines, corresponding tw=0.77 at lower tem- ior. The possibility given hergFig. 9(b)] of accessing much
perature anch=0.94 at higher temperature, crossing aroundhigher temperatures with viscosity data leads us to exclude
293-298 K. the existence of such deviation and, within the experimental
The most traditional way of plotting relaxation times and error, to identify a single VFT regime frorig up to the
viscosity and conductivity data as a function of temperaturéhighest temperatures.
is the Arrhenius diagram, which magnifies the deviation from A further source of information about crossover effects
thermal activated behavior. On the other hand, a representatong the trace of the dynamic glass transition are the relax-
tion that goes into details of the temperature dependence aradion strengths. The fitting procedure of the dielectric spectra
magnifies deviations from Vogel—Fulcher—Tamm@rFT) gives the strengthde of main and secondary relaxations as
behavior at the same time is given by plotting the quantitya function of temperature for PPGE and DGEBA, as reported
[dlog;o(1/x)/dT] Y2 vs T, the so-calledStickel ploff! in Figs. 6b) and 7b), respectively. They show very similar
where x is the physical quantity usually reported in the trends and comparable absolute values. Below the glass tran-
Arrhenius diagram. In the Stickel plot a VFT behavior trans-sition temperature, thg-relaxation strengthle; shows a
lates into a linear behavior. Figure 9 shows that a VFT revery small value, systematically decreasing by increasing the
gime extending over a wide temperature range can be cetemperaturéby a factor of 3 over-100 K). In contrast, the
tainly identified in both systems at higher temperature. At they-relaxation strengtiA e ,, shows a relatively small value, but
same time it demonstrates a clear deviation of the lowersystematically increases by increasing the temperatowye
temperature data that could at first be approximated by &0% over~120 K). Above the glass transition temperature,
VFT equation with a different set of parameters. Since therghe rate of increase ake, gets much higher, accompanied
is not a sharp but a continuous change in the trace of the datsy a rapid decrease of therelaxation strengtihe ,. Figure
in the Stickel plot, a crossover temperatdrg can be iden- 7(b) shows that in DGEBA\ ¢, really becomes very small
tified with some difficulty: we located g where a bend starts and linearly extrapolates to zero at a finite onset temperature
in the higher temperature data, with a typical uncertainty of(Ae ,—0 for T—T,,). In the case of PPGE the data do not
about+10 K (see Table ). It should be noticed that intrinsic give direct access to theonset region, and a larger extrapo-
limits affect the Stickel procedure—it operates a shrinkage ofation of the linear fit[solid line in Fig. &b)] is needed to
several decades of dynamical data to a linear scale propolecateT,,.
tional to the temperature range, resulting in a smaller sensi- We end this section by introducing an additional indica-
tivity for the low-temperature side, where a huge slowingtor of dynamic crossovers that we have considered in the
down of the dynamics occurs in few tens of degrees—angbresent study, the cooperativily,, , which is the number of
different analytical strategig$®*?can be adopted for test- particles per cooperatively rearranging redft#t (CRR).
ing the applicability of the VFT equation and for identifying Calorimetric parameters from HCS are used to calcu\yje
changes in the temperature dependence of relaxatiorrtiataas the ratio between the volume of a CRR,= gi, and the
It is found that the results for the lower-temperature rangemean volume of one molecule, according to a Nyquist-type
are mainly affected, where the validity itself of the VFT fluctuation formula*~>®derived in the von Laue approach to
equation is questionable. Anyway, other procedures confirnthermodynamics’
the higher-temperature VFT regime in our déthe fitting
curves forT>Tjg are reported in Fig. 9 as straight lingbut N,=RT?A(1/c,)/MoST2~RT?A(1lc,)IMST?  (3)
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FIG. 9. Stickel plot(i.e., [d log;(1/x)/dT] Y2 vs T) for (a) PPGE andb)
DGEBA, obtained fromx= 7., 7 ando. The symbols are explained in
the legend. The straight line is a VFT fit to the high-temperature data.
Arrows indicate the temperature of bendidg,, and the temperatur&,,,,
where the dielectrier strength tends to zero.

In this formula, the isochoric specific hea} is approxi-
mated by the isobaric specific hegf, andA(1/c,) is cal-
culated asA(1/cy)=1/c, giass~ 1/Cp liquia With Cp giass @nd
Cp,liquid D€INg the specific heat values for the glass and the
liquid at the dynamic glass temperatufg from a tangent
construction Fig. 3(c)]. The average temperature fluctuation
of a CRR, 4T, is determined as the Gaussian dispersion of
cp(T).%° My is the molecular weight an& the molar gas
constant. The temperature dependence of cooperativity as
obtained from Eq(3) is presented in Fig. 10. It should be
noted that other approaches produce different expressions
and yield significantly different estimates for the size of the
CRR38%9

IV. DISCUSSION

The above-reported results show that our epoxy resins
have a rich relaxation map characterized by, at least, the
main (a,«) transition and two secondary processes labgled
and y. In this section two crossover regions will be recog-
nized, somehow related to thgand y processes and called
- and y-crossover regions. The following discussion will
also try to give an answer to the two questigAs and (B)
asked at the end of the Introduction, i.e., which of the cross-
over propertiegii)—(v) listed in the Introduction can be ob-
served in theB- and y-crossover region, and what is the
character of that part of the main transition between the two
crossovers. We will start with PPGE. The comparison with
DGEBA and other systems with two secondary relaxations
will be delegated to the last two subsectigisand B.
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4 \\;\\ 77777 linear 291 FIG. 11. Schematic sketch of the Arrhenius diagram nearytseossover
ol RN | region.
DGEBA .
260 280 300 320 indicate a behavior similar the (T). Actually, we have no
T(K) physical arguments for a linear extrapolationaf, and, if

any, such a large extrapolation does not give a reliable value
FIG. 10. Temperature-dependent cooperativity for PPGE and DGEBA. ThefOr the temperature wherkc,—0. Here we limit ourselves
lines are fits to the data using E@). The Vogel temperaturé®PGE:T, t te that the t t p b .h ior fof. i istent
=214 K; DGEBA: T;=209 K) was fixed and thé\ value was varied sys- 0_ no e_ a_ e temperalure behavior bty IS consisten
tematically to find the optimal fitbold line) and the corresponding cross- With going linearly to zero around the temperatiiyg deter-
over temperaturdPPGE: A=5.3, TS, =327 K, T{)~309K; DGEBA: A mined from dielectric data.
=5.5, Tg,=325 K, T{)~306 K). The thin lines are shown to give an im- Unexpectedly, dielectric relaxation times and viscosity
pression of adjus?m(i?)ts Wlth dlffgreAtvaIues and their gompgtlblllty W.Ith do not show any evidence of a Stickel be{pdoperty(iii) of
data. Correspondingy,; are given in the legend. The straight lines are linear the Introductiof at they crossoverFig. 9), i.e., the tempera-
fits to the dataPPGE:T(})~296 K; DGEBA: T{})~291 K). Typical errors 4 ) 9.9, 1.€., P ,
are indicated. ture dependence of dielectric relaxation time and viscosity
does not reflect the change from therace to thea trace
occurring with a one decade gapTa,. No evidence is also
A. y-crossover region given for a separation of the individual temperature depen-
dences of different transport properties, such as electric con-
ductivity and viscosity, and for an Adam-Gibbs b&hd

[properties(iv) and(v) of the Introduction.

Referring to the Arrhenius diagram and to the dielectric
intensityAe , for PPGE(Fig. 6), we find in the region where
the relaxation times of main transition andrelaxation ap-
proach each other, two properties that are typical of scenari
| described in the Introduction, namely the onset of the
process with linearly increasing dielectric intengipyoperty Referring again to the Arrhenius diagram and to the di-
(i) of the Introductiorh and the presence of a frequency gapelectric intensities in Fig. 6, we find now in the region where
in the Arrhenius plot between the extrapolated trace ofathe the relaxation times of main transition agdrelaxation ap-
process and the continuous trace of thand y processes. proach each other, two properties of scenario Il: the continu-
We refer to the region where the intensity extrapolates to ous trace of the main transition and, second, the wgak
zero and they process continues into the process of the relaxation, which runs into the main transition with a consid-
main transition as the-crossover regionThe onset extrapo- erable “angle” in the Arrhenius diagram. We call this region
lation for Ae , is rather long, about 50 K, but the linear trend the B-crossover region The definition of a temperature
is well documented in a large temperature interval below 33@vhere the separation of time scales between main and sec-
K. The onset of thex process is estimated &T,,=391 K, ondary relaxation occurs is not an unambiguous operation,
log;o( o rad/g)~10), see Table Il, and the frequency gap since reflects the mentioned difficulty, in theory and practice,
to the extrapolated process afl o, is aboutA log,o(w)~1  of analyzing the spectra in regions of strong overlap of the
decade, with a large uncertainty. The extrapolation of ¢he relaxation peaks. We refer to thgs splitting temperaturd 4
trace in the Arrhenius diagraffig. 11 above the glass tran- as the temperature where the linearly extrapolated Arrhenius
sition temperature is complicated by two things: a significantoehavior ofr intersects thex trace. In the extrapolation we
curvature and a declining of the trace below the linear obtainT ;=298 K and logug(rad/s)=6.2 (Table I)). Both the
extrapolation from temperatures lower thag. We recall  dielectric and the shear measurements of the main transition
that both effects of they trace are not an artifact from the show a significant Stickel bend at tilecrossovef property
data evaluation sincée , is large and the trace of the main (iii), Fig. 9]. The Vogel temperatures ar&y(T>Tp)
transition in the Arrhenius diagram is two or more frequency=240 K and To(T<Tz) =214 K, higher for the highest-
decades below the measurgdrace. temperature regime, in coincidence with the rule mentioned

ConcerningAcy,(T) data from HCS, given in inset of in the Introduction. There is an indication for start of sepa-
Figs. &b) and 1b) for comparison with dielectric data, they ration of the individual temperature dependences of viscosity

8, B-crossover region
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TABLE IV. Comparison of y-crossover andg-crossover properties for liquids of moderate molecular and structural complexity

PPGE. characterized by a single crossover redibff the main tran-
Property y crossover 3 crossover sition can be characterized as follows.

Above the crossover region we have th@rocess with
toerrf:ér(g&:;?rlfefégf low- ves No the higher Vogel temperature when fitted by a VFT equation.
Frequency gap Yes No In the molecular picture discussed in Ref. 24, the corre-
Scenario [ 1 sponding diffusion can be described as escaping of the par-
Stickel bend(iii ) No Yes ticle from a cag® formed by the nearest neighbors. The
Decoupling of7 and o (iv) ? Yes cooperativity is of ordeN,,~1 when determined by Eq3)
Adam-Gibbs bendv) ? Yes(Ref. 60

and decreases with higher temperatures. Such small cooper-
The roman numerals in parentheses are related to the prop@ti€s) of  ativities are unexpected and may be explained by an extraor-
the Introduction. dinary concentration of free volume as generated by the
Lévy distribution describing the escaping process. We may
think about a “cage door” of size of about one particle tem-
porarily opened by this concentration of free voluffie.

Below the crossover region we have thgrocess with
the lower Vogel temperature. The spatial aspect of its dy-
namic heterogeneity may be descriffBoly an island of high
mobility®® assisted by a cooperativity shell of low mobility.
The particle diffusion may be considered as generated by a
diffusion of this island(Glarum defect diffusioff). This is-
land of mobility may also be explained by an extraordinary
C. a process below the g crossover concentration of free volume from a \ae distribution. The

For the discussion of the process below thg cross- spatial scale, however, is larger than tha_t _for the high-
over we use the experimental cooperativity(T) obtained temperature process and may generate sufficient free space

from the 3o-method calorimetryFig. 10. A fair representa- for a secondary process at the island. In this molecular pic-

and electric conductivity in th@-crossover regiofproperty
(iv), Fig. 8]. Calorimetric data published elsewh&ndicate

a weak Adam—Gibbs bend in the same rediproperty(v);

in Table II, T 5g is the temperature above which the deviation
from the Adam—Gibbs relation, log:(ST) %, becomes ap-
preciablg. The discussion of Secs. IV A and IV B is summa-
rized in Table IV.

tion of its temperature dependence is usFafi)e* ture, the CRR as a representative subsystem for the main
" transition consists of two parts: the island of mobility and the
Ng=A(1-x)/X, (4)  cooperativity shell; the mobility contrast between these parts

with x a reduced temperature between Vogel temperatur$ responsible for the dynamic heterogeneity of thero-
(x=0) and a formal cooperativity-onset temperatuse ( C€SS- The cooperativity is then the number of particles per

SINY2,0), CRR; it increases sharply with low temperatures and reaches
“ . values of ordemN,~100 some 50 K below the crossover
X=(T=To)/(Tgy—To), 5 region.
whereA is a constant typically between 2 and %5T, the Since we have two crossover regions in PPGE, the ques-

Vogel temperature, anti, the cooperativity-onset tempera- 0N arises whether the main process between the two cross-
ture. For PPGE, Fig. 10 contaimé, data for temperatures OVers is more ama procesgin which case it will be called the
betweerT =264 K and 283 K, and thg-crossover region is @ Process because it is above thcrossover, or it is more
located around =298 K. In extrapolating Eq4) to find the ~ @na procesgin which case it will be called the’ process,
cooperativity-onset temperature we take the Vogel temperdiecause it is below the crossover. Reflecting the discussion
ture TO from the VFT parameters for the low- temperaturein the preViOUS SubseCtionS, Table IV, and the above Critel’ia,
part of thea trace(Table Il), To=214 K. Using Eq.4), we  We obtain the following indications.

obtain the best fit of the data of Fig. 10 f8r=5.3 andT¢, In favor of ana’ process, we have the small cooperat-
=327 K. This gives a more realistic onset temperature corlVity N,~1 obtained from the extrapolation at temperatures
responding toN,=1, T(N,=1)=T{)~309K (Fig. 10. higher than thes crossover. This result is deduced upon the
Considering the large uncertainty affectiidg,(~30%), a  condition that there is ndl, increase with increasing tem-
good fit of the data is still obtained with= 7.5, which gives ~Perature as observed for 19 systems studied so far by heat
T(~299 K. This value is not far from that which can be Capacity spectroscopy(apart from the indication of a weak
obtained from a linear extrapolation of the same data, givindV«(T) irregularity in theg-crossover region obrtho-cresyl
TW-296 K. These temperature values indicate that thélycidyl ethef). Other arguments for aa’ process are the
cooperativity-onset temperatufél) for PPGE as defined by location above a Stickel bend, above the start of-a de-

N,—1 is inside, or slightly above, the-crossover regiof? ~ coupling, and above a bend in the Adam—Gibbs plot.
In favor of ana’ process, we have the occurrence at

higher temperature of a dielectric onset with frequency gap,
i.e., the location below a crossover region of the type de-
scribed as scenario |.

We come now to the questidB) asked at the end of the Summarizing this subsection, we find more arguments
Introduction: What is the character of that part of the mainsuggesting that the main process betweenalaad y cross-
transition between the two crossover regions? In general, fasvers is ana process(hence,a’ process Accordingly, we

D. Of which type is the main process between B and
y crossovers, a’ or a'?
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should properly call the dielectric onset observed in thelego| T, UT  logo| ur
y-crossover region thea(,a) onset. However, the intensity |, | « ! econario 1 ”\

onset and frequency gap in thecrossover region indicate e R

that there is, in PPGE, a qualitative difference between the a\ o omset \\x

a’' process and the high-temperatwegrocess, i.e., below
and above they crossover. In particular, the presence of a
frequency gap between the extrapolatgdand a processes

at the y crossover could be interpreted, following general
scaling principles, as an indication of a length scale for the
a’ mode that is larger than that of ttemodes emerging
from the y process.

B crossover N

scenario 11 \
N
o
, B

6 +

p
o4

PPGE, DGEBA poly(e - caprolactone)

FIG. 12. Comparison of the Arrhenius diagrams for the epoxy reshis
E. Comparison between PPGE and DGEBA papej and polys-caprolactongfrom literature(Ref. 73 (schematically.

The overall behavior of both epoxy resins is the same
(Figs. 6, 7, 9, and 10 We find two crossover regions sepa- )
rated by a frequency difference of about four decades.jThe Very few of these samples do both secondary relaxations ap-
crossover belongs to scenario Il. The characteristic temperd&iPle frequency window below 10 GHz and is information
tures of crossover effects in DGEBA are compiled in Table jjabout dielectric strengths available. We will discuss below a
together with those for PPGE. Unlike PPGE, in DGEBA few previously investigated samples and compare their be-
low-temperature conductivity data for assessing the presendtvior with our €poxy resins.
of a o-7 bend (indicating the start of different temperature ~ Schematic Arrhenius diagrams for pofycaprolactong
dependences for the different transport activitiase not ~ from Fig. 9 of Ref. 73 and for our epoxy resiffsigs. 6 and
available, and the weak bend of the dielectjiprocess in- 7) show significant differences(Fig. 12. For polye-
tensityAe (T) at thep-crossover temperature is hardly per- caprqlacton}athe dielectrica onset c0|nC|de§ with thes
ceived. From Fig. 10, the cooperativity of the process, Merging, and the frequency gap to the continugysocess
extrapolated to thes-crossover temperature, is abohit, is a}bout two decades. We may imagine, purely' phenomeno-
~5 for DGEBA, i.e., a bit larger than that for PPGE. The logically, that the polfe-caprolactong scenario would
extrapolation ofNY2 gives N,=1 at Tgﬁ)Nzgl K for the €merge from our epoxy resin situation when taprocess
linear fit, andT({}~306 K for the best adjustment of Ef) frequency near the onset is about two frequency decades
with To=209 K (A=5.5 andT¢ =325 K). The cooperativity lower. Then the two crossover regions of the epoxy resins

' on : P ,

N, at the glass transition temperature, independently detefVould coincide and th@’ process between the two cross-
mined from DSC measurements N, (T,)=75+20 for OVers wo_uld disappear. For paj&ycaprolacton}.?the v pro-
PPGE andN,(T,)=110+30 for DGEBA % These values C€SS q((javllat(:]s less :rctahm t?e Ilngar tf‘xtrzpc;:atlpn, l;l_Jt a small
are consistent within the experimental errors with those exS'gmoldal shape ol théy trace In the Arrhenius diagram
trapolated according to E@4), and give comparable values S€€MS also to occur. As a whole, it seems that the difference
for the cooperativity lengtté, at the glass transition tem- between the two diagrams in Fig. 12 is caused by the differ-

perature for both PPGE and DGEBA,(T,)=3.3+0.3and €N¢® in the crossover frequency. _
3.8+ 0.4 nm, respectively A comparison of our data for PPGE and DGEBA with

As recalled in Sec. Ill, the determination @ as the those for another epoxy resin with two secondary relax-

temperature where the trace tends to diverge is not unam- &tions, ortho-cresyl glycidyl ethef® also indicates differ-

biguous(in fact, it ranges from the values reported in Table€NCeS- There is no dielectrig onset in they-crossover re-
Il to values more than 10 K lowgrlt is worth noting that ~ 9i0N, but thep as well asy crossover is accompanied by a

despite this large uncertainty the best adjustments of4iq. Stickel .bend, i.e._, a change in the temperature depeqdence of
with different values ofT, do not entail changes in the ex- the main relaxation time. In contrast, the data for tripheny-

trapolated values o) and N,(T,) that are significant lolmethane triglycidyl ethéf indicate, as far as data are
within the experimental errors. ¢ available in the temperature range below T.22many simi-

Note that the frequency—temperature positior8and y larities with the features of PPGE a_nd DGEBA.
relaxations in PPGE and DGEBA are nearly identidlble Another class of substances with two secondary relax-

IIl). This indicates that the molecular mechanism of the sec2lions are the poly-alkyl methacrylatgs. Due to the high

ondary relaxations in both substances is similar. This aspedfeduency of they relaxation in samples with high molecular
and the fact that there are two pronounced secondary prd/€ight, less is known about the details of a possipteoss-

cesses in cross-linked DGEBA systé&f may be the start- OVer- However, for short polp-butyl methacrylatg oligo-
ing point of further studies on this topic. mers the y-relaxation intensity increases with decreasing

chain length>® This is also reflected by an increase of the
calorimetric intensity and the cooperativity nedy, indi-
cating relations between local dynamics and main transi-
There are several substances with two secondary relation besides those in the well-investigategtcrossover

ations investigated in the literatut®.’® However, only in a  region/ %243

F. Comparison with other substances
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