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Abstract

The results of a study on the isothermal crystallization kinetics and melting behavior of poly(e-caprolactone) (PCL) in miscible thermo-
setting polymer blends of epoxy resin (ER) and PCL are reported. Blends of PCL and bisphenol-A-type ER were cured with 4,4"-methy-
lenebis(3-chloro-2,6-diethylaniline) (MCDEA) and compared with blends of PCL with uncured bisphenol-A-type ER, i.e. diglycidylether of
bisphenol-A (DGEBA). The crystallization behavior of PCL in blends is strongly influenced by factors such as composition, crystallization
temperature and curing. The time dependence of the relative degree of crystallinity at high conversion deviates from the Avrami equation.
The addition of a non-crystallizable component into PCL causes a depression of both the overall crystallization rate and the melting
temperature. The influence of curing on the crystallization and melting behavior of PCL is rather complicated. In general, curing leads to
an increase of the overall crystallization rate of the blends and enhances the nucleation rate of PCL. Experimental data on the overall kinetic
rate constant K, are analyzed according to the nucleation and growth theory. For the uncured blends, the surface free energy of folding, o,
increases with increasing DGEBA content, whereas for the cured blends, o, remains almost unchanged with the variation of composition.

© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Crystallization kinetics in miscible blends of non-crystal-
line/crystalline polymers have been extensively studied [1—
14]. Generally, a depression of the growth kinetics of the
crystallizable component is observed upon addition of the
non-crystallizable component. The depression in growth
kinetics has been attributed to a reduction of chain mobility
due to an increase of the glass transition temperature (7) of
the blends, as well as to dilution of the crystallizable compo-
nent at the growth front, to changes in free energy of nuclea-
tion as a result of specific interactions, and to competition
between the advancing spherulitic front and diffusion of the
non-crystallizable component into interlamellar and interfi-
brillar regions. However, the study of the crystallization
kinetics in miscible polymer blends where one of the
components is crystallizable and the second is highly cross-
linkable has received relatively little attention [15]. In such
system, curing results in chain extension, branching, cross-

* Corresponding author. Tel.: +32-16-32-74-40; fax: +32-16-32-74-90.
! Present address: Institut fiir Makromolekulare Chemie, University of
Freiburg, 79104 Freiburg, Germany.

linking and significant changes in chemical and physical
properties of the non-crystallizable component, which may
influence the chain mobility and the free energy of nuclea-
tion, and hence may have dramatic influence on the crystal-
lization of the crystallizable component. Indeed, we have
found that the crystallization kinetics of crystallizable
component in thermosetting polymer blends [15-18]
changed significantly after curing.

Poly(e-caprolactone) (PCL) is a semi-crystallizable
polymer and it has been found to be miscible with many
other polymers [19-25]. Crystallization kinetics of PCL in
miscible blends with other linear polymers has been well
studied [5-7]. However, to our knowledge, there is not a
detailed study on thermosetting system. Accordingly, we
selected the system of PCL with a thermosetting polymer,
i.e. epoxy resin (ER).

In a previous paper [26], we reported on the miscibility of
PCL with an ER, showing that PCL is miscible not only with
uncured bisphenol-A-type ER, i.e. diglycidyl ether of
bisphenol-A (DGEBA), but also with 4,4"-methylenebis(3-
chloro-2,6-diethylaniline) (MCDEA)-cured ER over the
entire composition range. After curing, no phase-separated
structures were detected in the molten state and in the glassy
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amorphous state of the blends. However, crystallization in
such a system is very complicated and needs to be carefully
studied. In this paper, we report the results of our study on
isothermal crystallization kinetics of the uncured DGEBA/
PCL blends as well as of the MCDEA-cured ER/PCL
blends. Special attention will be focused on the influence
of curing on the crystallization of PCL in the blends.

2. Experimental
2.1. Materials and preparation of samples

The PCL was obtained from Janssen Chemica, Belgium;
it had a weight-average molecular weight M,, of 94,000 with
M /M, = 2.79 when measured by GPC in tetrahydrofuran
at room temperature using polystyrene standards. The
uncured ER is DGEBA (Epikote 828EL, Shell, Netherlands)
and has an epoxide equivalent weight of 190. Prior to use, it
was degassed under vacuum at 120°C for at least 24 h to
remove any volatile impurities. MCDEA (Aldrich, USA)
was used as curing agent. Uncured DGEBA/PCL blends
were prepared by mixing DGEBA and PCL at 90°C for a
sufficiently long time and then slowly cooled and kept at
room temperature.

To prepare the MCDEA-cured ER/PCL blends, PCL was
first dissolved in DGEBA with continuous stirring at 90°C.
Then MCDEA was added to the mixture as the curing agent
with continuous stirring until a homogeneous ternary
mixture was obtained. MCDEA was used in stoichiometric
epoxide/amine ratios. The samples of ternary mixture were
cured successively at 130°C for 2 h, 150°C for 2 h and
170°C for 2 h.

2.2. Differential scanning calorimetry (DSC)

The calorimetric measurements were made on a Perkin—
Elmer DSC-7 differential scanning calorimeter in a dry
nitrogen atmosphere. Indium and tin standards were used
for calibration for low and high temperature regions, respec-
tively. The sample weight used in the DSC pan was about
8 mg. The samples were first heated to 100°C and main-
tained at this temperature for 5 min in order to remove
prior thermal histories. They were then cooled to the appro-
priate crystallization temperature, T, at a rate of 100°C/min.
The heat generated during the development of the crystal-
line phase was recorded up to a vanishing thermal effect and
analyzed according to the usual procedure of evaluating the
relative degree of crystallinity, X;:

1

(dH/dr) dt
X = 40
J (dH/dr) dr
Ty

where ¢ is the time at which the sample reaches isothermal
conditions, as indicated by a flat base line after an initial
spike in the thermal curve.

To study the melting behavior, the isothermally crystal-
lized samples were subsequently reheated to 80°C at a rate
of 20°C/min. The melting temperature, Tﬁn, was attributed
to the maximum of the endothermic peak.

3. Results and discussion
3.1. Overall crystallization rate

Typical crystallization isotherms, obtained by plotting X,
against time ¢, are reported in Fig. 1 for various uncured
DGEBA/PCL and MCDEA-cured ER/PCL blends. It can
be seen that the crystallization isotherms display character-
istic sigmoidal. Furthermore, the slope of all isotherms
decreases with increasing 7., indicating progressively
slower crystallization rates. This means that, in the used
experimental conditions, nucleation is the dominant factor,
determining the overall crystallization rate. The half-time of
crystallization, ?;,, defined as the time required for the
development of half of the final crystallinity was evaluated
from these curves. In Fig. 2, the obtained ¢, values are
plotted against 7, for pure PCL as well as for both uncured
and cured blends. From Fig. 2, the following observations
result. First, incorporation of non-crystallizable component
into PCL depresses the overall crystallization rate of PCL.
Second, the overall crystallization rate decreases substan-
tially with increasing concentration of the non-crystallizable
component for both the uncured and the cured blends.
Finally, the overall crystallization rate of the uncured
DGEBA/PCL blends is significantly lower than that of the
corresponding cured blends.

It is well known that the overall crystallization rate is
determined by both the nucleation rate and the growth
rate. Under the conditions we used, the nucleation process
is the rate-controlling step. On other hand, it is believed that
in miscible crystallizable thermosetting polymer blends, the
curing would greatly reduce the overall crystallization rate
due to the enhancement of glass transition temperature (7).
Therefore, the results presented above suggest that the
curing of ER promotes the nucleation of PCL, and hence
enhances the nucleation rate of PCL. Similarly, it has been
observed that the crosslinking of novolac resin enhanced the
nucleation rate of poly(ethylene oxide) (PEO) in novolac/
PEO blends [18].

The kinetics of the isothermal crystallization from the
melt of both the uncured and cured blends was analyzed
on the basis of the Avrami equation [27]:

log[—In(1 — X)] =log K, + nlog ¢ 2)

where K, is the overall kinetic rate constant and n the
Avrami index which depends on the nucleation and growth
mechanism of the crystals [28].

Typical plots of log[—In(l — X,)] vs. log ¢ for various
uncured and cured blends are shown in Fig. 3. It can be
seen from Fig. 3 that the experimental data are fitted by
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Fig. 1. Development of the relative degree of crystallinity with time for isothermal crystallization of uncured DGEBA/PCL and MCDEA-cured ER/PCL
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the Avrami equation only for the early part of transforma-
tion. However, the time dependence of the relative degree of
crystallinity at high conversion deviates from the Avrami
equation. A similar deviation from the Avrami equation has
been reported by Ong and Price [5] for PCL/poly(vinyl 8
chloride) blends. Wunderlich also showed that the Avrami

equation is usually only valid at low conversion [29].
In order to evaluate K, and n, only the experimental data

at low conversion were used. The values of K, and n deter- =
mined by the intercepts and slopes, respectively, of the =
N v
h / /v / (o]
| ]
o)
? A

straight lines shown in Fig. 3 are listed in Table 1.

In almost all cases, the values of n are nonintegral, in
contrast with the theoretical prediction. Nonintegral values
are generally accounted for by mixed growth and/or surface
nucleation and two-stage crystallization. Grenier and

Prud’homme [30] have shown that experimental factors 5L

such as an erroneous determination of the ‘zero’ time or

of the melting enthalpy of the polymer at a given time can

320

305
T

1 1
310 315

300

cause 7 to be nonintegral.

It is noted that the values of n for the pure PCL are in the
neighborhood of 6. As Morgan [31] illustrated, the relative
larger value of n is expected for branching crystals. Macro- Fig. 2. Half-time of crystallization #,, as a function of crystallization

molecular crystals are known frequently to have an inherent temperature 7.
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Fig. 3. Plots of log[—In(1 — X,)] vs. log 7 for isothermal crystallization of uncured DGEBA/PCL and MCDEA-cured ER/PCL blends. The figures indicate the

respective crystallization temperatures in K.

or a supercooling caused branching mechanism. From Table
1, it can be further seen that curing of the blends resulted in
an increase of the n-value, suggesting that the nucleation
mechanism has changed after curing. For the uncured
DGEBA/PCL blends, the exponent of temperature, n, is
between 3.3 and 4.2. For the MCDEA-cured ER/PCL
blends, the n is between 4.0 and 5.7. The relative large
value of n for the cured blends is probably due to the
branching mechanism of macromolecular crystals. From
the discussion above, it is clear that the crystallization
mechanism of PCL in the blends changes greatly after the
curing.

3.2. Melting behavior and equilibrium melting points

The maximum of the re-melting DSC curve was consid-
ered to be the observed melting temperature, T, corre-
sponding to different crystallization temperatures, T..
Table 1 also presents the observed melting temperature,
Tﬁn, for the pure PCL as well as for both the uncured
DGEBA/PCL blends and the MCDEA-cured ER/PCL
blends. It is interesting to note that the 30/70 DGEBA/
PCL blend show a double-melting temperatures at all the
isothermal crystallization temperatures investigated. Fig. 4

shows the DSC thermograms of the 30/70 DGEBA/PCL
blend after the isothermal crystallization at 293 K. It can
be seen that there are two melting peaks at all the heating
rates (Curves A—D). With increase of heating rates from 2.5
to 15°C/min, the higher melting temperature almost remains
unchanged, whereas the lower melting temperature
increases substantially. The magnitude of the higher
temperature endotherm decreases relative to lower tempera-
ture endotherm with increasing heating rate. Fig. 4 also
shows the DSC thermogram of the 30/70 DGEBA/PCL
blend quenched from 85 to 20°C and reheating at 20°C/
min (Curve E). No endotherm was observed, indicating
that no crystallization happened during the quenching
process. There are many papers concerned with the
double-melting peaks of PCL and its polymer blends [23—
25]. In an investigation by Defieuw et al. [24] on PCL/
phenoxy blends, the isothermal crystallization process was
interrupted after different time intervals and the DSC melt-
ing trace was immediately recorded. The highest melting
endotherm reaches a constant area and position on the
temperature scale after short time isothermal crystallization
time (primary crystallization), whereas the lower melting
peak only appears after much longer crystallization time
(secondary crystallization). A similar phenomenon was
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Table 1
Values of the overall kinetic rate constant K,, the Avrami index »n and the
melting temperature T, at various crystallization temperature, T,

T.K)  Th(K) K,(min™)  n

Pure PCL 311 333.2 549%x10°2 63
312 333.2 205%1072 6.1
313 333.9 572x 1073 6.2
314 333.9 276x107° 6.0
316 334.6 7.05%107* 6.0
10/90 DGEBA/PCL 310 331.3 979%107° 33
311 3315 321x107° 3.5
312 332.1 1.63x107° 3.3
313 3324 6.51x107* 3.5
20/80 DGEBA/PCL 302 327.2 340%x1072 39
303 327.6 1.56 X 1072 42
305 328.2 479%107° 3.8
306 3285 1.77x 1073 4.0
307 329.1 857x107% 39
30/70 DGEBA/PCL 293 318.2/3222 923x107° 42
294 318.7/322.1 5371070 42
295 319.6/322.1  343x107° 40
296 319.8/322.1 176x107° 40
297 320.2/322.1 133x107° 3.8
10/90 ER/PCL 310 333.1 838x1072 42
311 333.3 525%10°2 43
312 333.6 1.72% 1072 4.4
313 333.8 526107 53
314 334.2 3.94x107° 52
20/80 ER/PCL 308 333.6 154x10°2 45
309 333.7 1.11x 1072 43
310 333.9 6.56x107° 42
311 334.1 375%x107° 4.1
312 334.2 331x107° 4.0
30/70 ER/PCL 304 3315 952%x107* 53
305 331.6 6.40x107* 5.1
306 331.7 330x107% 5.1
308 332.0 330x107° 5.7

also observed by Rim and Runt [25] in miscible PCL/poly-
(styrene-co-acrylonitrile) blends. According to the mechan-
ism proposed by Rim and Runt [25], the lower temperature
endotherm was considered to be due to the melting of origi-
nal crystals, whereas the higher temperature endotherm was
due to the melting of the recrystallized materials. Therefore,
in calculation of equilibrium melting point of the 30/70
DGEBA/PCL blend, the lower melting temperature corre-
sponding to the melting of original crystals was used.

Plots of T;n vs. T, are shown in Fig. 5. It can be seen that,
in the range of T, examined, T, increases linearly with T,.
The experimental data can be fitted by the Hoffman—Weeks
equation [32,33]:

T =¢T. + (1 — H)Ty A3)

where Ty, is the equilibrium melting point, ¢ = 1/ the
stability parameter which depends on the crystal thickness,
whereas 7y is the ratio of the lamellar thickness £ to the
lamellar thickness of the critical nucleus £* at T,. In Eq.

Endo —
U>

<

30 40 50
Temperature (°C)

2

o

Fig. 4. DSC heating thermograms of 30/70 DGEBA/PCL blend after
isothermally crystallized at 293 K. Heating rate: (A) 15°C/min; (B) 10°C/
min; (C) 5°C/min; (D) 2.5°C/min; (E) for the sample quenched from 85°C
and reheating at 20°C/min.

(3), ¢ may assume the values between 0 and 1. ¢ =0
implies T, = T,?,, whereas ¢ =1 implies T}, =T..
Consequently, the crystals are most stable for ¢ = 0 and
are inherently unstable for ¢ = 1.

As shown in Fig. 5, the values of Ty, can be evaluated by
extrapolating the least-squares fit lines of the experimental
data according to Eq. (3) to intersect the line of T}, = T,.
The ¢ parameters can be determined from the slope of these
fit lines. Both, the values of Ty and of ¢ for all studied
compositions are listed in Table 2. A depression of Ty is
evidently observed for both the uncured and the cured
blends, and the magnitude of the depression increases
with increasing amorphous component. The T, depression
is a common phenomenon for the miscible blends contain-
ing one crystallizable component [34]. It can also be seen
that the Ty is depressed more dramatically for the cured
blends than that for the uncured ones. An increased g
depression in the cured blends implies that the interaction
parameter for the cured blends is even more negative than
that for the uncured blends. This can be accounted for by the
existence of hydrogen bonding between the hydroxyl groups
of MCDEA-cured ER and the carbonyl groups of PCL as
revealed by FTIR studies in our previous work [26]. The
curing reaction between epoxy groups and amine groups
results in the formation of hydroxyl groups in the
MCDEA-cured ER molecules which can form a large
number of hydrogen bonds with the carbonyl groups of
PCL.

In Table 2, the values of the stability parameter ¢ range
from 0.123 to 0.459, suggesting that the crystals should be
fairly stable. It is interesting to notice from Table 2 that the
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Fig. 5. Plots of the observed melting temperature T',, vs. T, for (a) uncured
DGEBA/PCL blends and (b) MCDEA-cured ER/PCL blends.

¢ values of the uncured blends are all larger than that of the
pure PCL suggesting that the stability of the crystals in the
uncured blends is lower than in the pure PCL. However, the
¢ values of the cured blends are all smaller than that of
the pure PCL, which can be considered to be due to the
relatively smaller £ value of the uncured blends.

3.3. Temperature dependence of K,

The kinetic theory of polymer crystallization developed
by Hoffman et al. [35-37] has been generally used to
analyze experimental crystallization data concerning the

spherulite growth rate. According to this theory, the
dependence of the growth rate G on the crystallization
temperature, 7;, and the undercooling, AT = Tyl — T, is
described by the following equation:

—AF” —AQ*
G= V2G0 CXP(T)CXP(ICB—T) (4)

where Gy is a pre-exponential factor, generally assumed to
be constant or proportional to T,, AF” the activation energy
for the transport of the crystallizing units across the liquid—
solid interface, A®@" the free energy required to form a
nucleus of critical size, R the gas constant and kg the
Boltzmann constant, whereas v, the PCL volume fraction.

According to Boon and Azcue [2], A®" in Eq. (4) can be
expressed as

AP K, 20T Inv, )
kyT,  fT.AT =~ boAH;AT
Zbyoo Tl
K,==—2—_"¢m 6
& kg AH; ©)
2T,
- __—c 7
f T + T, @

where K, is the nucleation factor, f the correction factor for
the heat of fusion, o and o, the interfacial free energies of
the unit area parallel and perpendicular, respectively, to the
molecular chain axis, by the distance between two adjacent
fold planes, AH; = 136 J/g [38] the enthalpy of fusion per
unit volume of the crystalline component and Z a coefficient
that depends on the growth regime: Z = 4 in Regimes I and
III, and Z = 2 in Regime II [39].

The transport term AF” in Eq. (4) may be estimated with a
satisfactory precision using the WLF equation [40]:

AF* = GiTe

=_ —tle 8
C2+Tc_Tg ()

where C; and C, are constants (generally assumed as

4120 cal/mol and 51.6 K, respectively) and 7T, the glass

transition temperature whose values are listed in Table 2.
For the overall crystallization rate, we used G = CK;/",

Table 2
Values of the equilibrium melting temperature Ty, the stability parameter
¢ and the glass transition temperature 7,

T3 (K) ¢ T, (K)*
Pure PCL 344.0 0.334 210
10/90 DGEBA/PCL 342.4 0.343 225
20/80 DGEBA/PCL 341.5 0.354 231
30/70 DGEBA/PCL 340.1 0.459 237
10/90 ER/PCL 341.0 0.255 233
20/80 ER/PCL 338.5 0.162 249
30/70 ER/PCL 3354 0.123 231

* These values are taken from previous work [26].
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Fig. 6. Plots of the quantity f(K,) vs. 1/(fT.AT) for uncured DGEBA/PCL and MCDEA-cured ER/PCL blends.

where C is a constant. Assuming [41] that o = 0.1b)AH;
and taking into account relations (4), (5) and (8), the follow-
ing expression is obtained:

G

1
K)=—InK, —Invy + — L
fKa) = In Ky —lnv, R(C, + T, — Ty)

02T In v,
AT
K

g
AT )

The plots of fiK,) vs. 1/(fT.AT) for both the uncured and
the cured ER/PCL blends are shown in Fig. 6. The experi-
mental data fit the straight lines quite well. From the slopes
and the intercepts of these lines, values of K, and A, can
be obtained. They are listed in Table 3. By using Eq. (6), the
K, values can further be used to evaluate o for all the
studied compositions. These values are also summarized
in Table 3. In calculation, we have employed the following
parameters: o = 0.1byAH;, Z =4, by = 4.38 X 1078 cm,
R = 1.987 cal/(mol K) and kg = 1.380 X 10~> J/K.

=lnA0_

Table 3
Values of the nucleation factor K, the surface free energy of folding o, and
the pre-exponential factor A,

K, (K? o (J/m?) A
Pure PCL 8.26 x 10* 432%x1072 1.09 x 10°
10/90 DGEBA/PCL 1.08 x 10° 5.68x 1072 1.22x 10"
20/80 DGEBA/PCL 1.48 x 10° 7.81x 1072 243 % 10"
30/70 DGEBA/PCL 231x10° 12.19% 1072 1.12x 10"
10/90 ER/PCL 7.14% 10* 3.76 %1072 3.99% 10"
20/80 ER/PCL 7.89 % 10* 419% 1072 7.45x% 10"
30/70 ER/PCL 7.36 x 10* 3.95x 1072 2.67% 10"

In Figs. 7 and 8, the values of o, and A, are plotted vs.
composition, respectively. For pure PCL, the value of o, is
4.32% 10 "% J/m>. As De Juana and Cortazer [7] indicated,
o, is very sensitive to the equilibrium melting points used in
the calculation. This is also evident from the literature
where so many different values are given for o, of the
pure PCL. These values range from 2.7 X 10 ~% J/m? given
by Ong and Price [5] to 11.2X 1072 J/m* obtained by
Goulet and Prud’homme [6]. As shown in Fig. 7, o, of
the uncured blends increases with increasing content of
the non-crystallizable component. This is probably related
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Fig. 7. Plots of o, vs. the weight fraction of PCL for uncured DGEBA/PCL
blends (M) and MCDEA-cured ER/PCL blends (O).
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Fig. 8. Plots of log A vs. the weight fraction of PCL for uncured DGEBA/
PCL blends (l) and MCDEA-cured ER/PCL blends (O).

to the fact that during crystallization, non-crystallizable
molecules may easily form entanglements with PCL
molecules, favoring the formation of large loops on the
surface of PCL lamellar crystals. This process will cause
the increase of both terms that contribute to o, i.e. the
surface enthalpy and entropy of folding (o, = H, — TS.)
[8]. The observation that o, increases with increasing
DGEBA content should be ascribed to the fact that the
variation of the enthalpic term overwhelms that of the
entropic one. However, the surface free energy of folding
o, remains almost unchanged with variation of composi-
tion, suggesting that neither the enthalpic term nor the
entropic term is dominant in the cured blends. The pre-
exponential factor A, also depends on the composition for
both the uncured and the cured blends (Fig. 8). The value of
A, of the cured blend is lower than that of the corresponding
uncured blend; however, the value of both the uncured and
cured blends is larger than that of the pure PCL.

4. Conclusions

It was found that the crystallization behavior of PCL from
the melt is strongly influenced by the composition, the
crystallization temperature, and the curing. At high conver-
sion, the time dependence of the relative degree of crystal-
linity deviates from the Avrami equation. The addition of a
non-crystallizable component into PCL causes a depression
of both the overall crystallization rate and the melting
temperature. The influence of curing on the crystallization

of PCL is rather complicated. In general, curing results in an
increase of the overall crystallization rate in the blends and a
more profound depression of equilibrium melting point. The
curing was also found to change the nucleation mechanism
of PCL and enhance the nucleation rate. The surface free
energy of folding o, shows an increase with increasing ER
content for the uncured blends, whereas o, of the cured
blends remains almost unchanged with variation of compo-
sition. The curing reduces the pre-exponential factor A.
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