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ABSTRACT: To illustrate the crystallization properties of
soft segments in shape-memory polyurethane (SMPU) ion-
omers, a series of SMPU ionomers with various ionic group
contents and two kinds of counterions were synthesized
with a prepolymerization method. An isothermal crystalli-
zation kinetic method was used to analyze the effects of
ionic groups within the hard segments on the crystallization
of the soft segments in a heating and cooling routine similar
to that in a shape-memory function. The more ionic groups
there were within the hard segments, the lower the crystalli-
zation rate was of the soft segments. The crystallization
mechanism of the SMPU ionomers was quite close to that of
a control sample on the basis of similar Avrami exponents;

the counterion category also had some influence on the
crystallization rate. Meanwhile, the melting behavior after
isothermal crystallization reflected the fact that the thermal
history of the hard segments had a huge effect on the crystal-
lization mechanism of the soft segments. Especially for the
SMPU ionomer quenched from 2408C, the crystallization
time dependence of the secondary crystallization was rather
significant, but for the SMPU ionomer quenched from 708C,
the primary crystallization of the poly(e-caprolactone) soft
segment was predominant. � 2007 Wiley Periodicals, Inc.
J Appl Polym Sci 107: 599–609, 2008
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INTRODUCTION

Segmented shape-memory polyurethanes (SMPUs)
are thermoplastic block copolymers with unique me-
chanical properties due to the thermoresponsive
shape-memory effect. Because of the presence of soft
and hard segments, the former comprising the re-
versible phase and the latter forming the frozen
phase, the original shape of the materials can be
restored when they are heated above a certain tem-
perature after being strained. This unique feature
has made this type of material attract serious
research interest from both academia and industry
in the past 2 decades.1–19 Li and coworkers3,20,21

investigated the relations between the shape-memory
effect and the molecular structure of segmented
polyurethane (PU) with poly(e-caprolactone) (PCL)
as the soft segment.3,20,21 The authors concluded that
the high crystallinity of the soft-segment regions at
room temperature was a prerequisite for the seg-
mented copolymers to demonstrate shape-memory
behavior. Accordingly, a lower limit of the PCL mo-
lecular weight (�2000–3000), below which the PCL

segments were not able to crystallize under the usual
processing conditions, was then established. The im-
mediate conclusion is that crystallization plays an
important role in shape fixation in segmented PU. In
addition, it was observed by Bogdanow et al.22 that
the crystallinity, crystallization rate, and physical
mobility of the PCL soft segment during crystalliza-
tion depend on the hard-segment content, the length
of the soft segment, and the total molecular weight
of the block copolymer [poly(ether urethane)s
(PEUs) in their case]. Taking into account these inter-
related parameters, the authors concluded that (1)
crystallization was inhibited by the shortening of the
crystallizable block resulting from the enhanced
number of interconnections between the soft and
hard segments and (2) the crystallizability of the
PEUs was inversely proportional to the total molecu-
lar weight of the polymer: the highest degree of
crystallinity could be achieved with the lowest mo-
lecular weight PEUs. Therefore, it can be concluded
that the soft-segment length, hard-segment content,
and total molecular weight play important roles in
the crystallization of the crystallizable soft phase in
segmented PU.

In recent years, numerous studies on PU ionomers
have emerged because of their superior mechanical
and thermal properties. For example, the tensile
strength, modulus, and elongation at fracture of PU
ionomers in the form of thin films can be increased
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because of the presence of Coulombic forces between
the ionic centers within the polymer backbone.7,23,24

Kim et al.7 demonstrated the existence of a shape-
memory effect in segmented PU ionomers based on
PCL with various structural parameters, such as the
soft-segment length, hard-segment content, and ionic
groups.7 Their differential scanning calorimetry
(DSC) results indicated that for PCL [weight-average
molecular weight (Mw) 5 4000]-based PUs with a
70% soft-segment content, the PU nonionomers and
ionomers showed similar thermal behavior, except
that the nonionomers had a slightly lower heat of
crystallization and heat of fusion, which implied an
enhancement of the microphase separation in the
ionomers. However, when the soft-segment content
was 55% and the soft-segment length was the same,
its crystallization was observed solely in noniono-
mers and not in ionomers. Accordingly, it is con-
cluded that a twofold effect of ionic groups within
hard segments exists and that the molecule has a dif-
ferent physical structure. As a result, the microphase
separation has different morphologies, leading to
diverse soft-segment crystallization, which greatly
affects the shape-memory property. In general, the
effects of ionic groups on the crystallization of the
soft segment cannot be ignored, especially for seg-
mented PU. This effect can thus be used as design
guidance for novel segmented PU ionomers having
unique physical properties.

As previously report, the introduction of ionic
groups into the hard segment is expected to cause a
segmented PU ionomer to possess some novel func-
tions, such as antibacterial activity,25 ionic conducti-
vity,26 high tensile modulus and tensile strength at
room temperature,7 and increased water vapor per-
meability.24 To understand the role played by ionic
groups within the hard segment on the shape-mem-
ory function, the first step is to elucidate the effects
of ionic groups within the hard segment on the crys-
tallization of the soft segment. To assess the effec-
tiveness of the shape-memory effect in practice, the
copolymers are subjected to a testing routine includ-
ing the heating, deforming, and cooling of samples.
The testing cycle calls for a through understanding
not only of the crystallinity and melting temperature
(Tm) of crystallization but also of the crystallization

rate and crystallizability. In this study, a series of
PCL-based segmented SMPU ionomers with various
ionic group contents and counterions were synthe-
sized. The effects of different ionic group contents
and counterions on the crystallizability and melting
behavior were studied with isothermal crystalliza-
tion kinetics. Two parameters in the Avrami equa-
tion depending on the nucleation details, n [the
Avrami (Ozawa) exponent, the value of which
depends on the mechanism of nucleation and the
crystal-growth geometry] and K (a rate constant con-
taining the nucleation and growth parameters), were
determined for SMPU ionomers.

EXPERIMENTAL

Sample preparation

SMPU ionomers were synthesized from PCL diols,
4,40-diphenylmethane diisocyanate (MDI), 1,4-buta-
nediol (BDO), and N,N-bis(2-hydroxyethyl)isonicoti-
namide (BIN). The formulation of the PU samples is
shown in Table I. PCL diols (Daicel Chemical Indus-
tries, Ltd., Tokyo, Japan) with Mw � 10,000 were
dried and degassed at 808C under 1–2 mmHg for 24
h for PU synthesis. Extra-pure-grade MDI (Kasei
Kogyo Co, Ltd., Tokyo, Japan), BDO, and BIN
(Sigma-Aldrich Chemical Co., St. Louis, MO) were
used to synthesize the SMPU ionomer samples. Ace-
tic acid (HAc; International Laboratory, San Bruno,
CA) and 1-iodooctane (C8I; International Laboratory)
were used to neutralize BIN with the same number
of moles.27,28 Dimethylformamide (DMF) (Ajax Fine-
chem Ltd., Auckland, New Zealand) was dehydrated
with 4-Å molecular sieves for several days in
advance before its use as a solvent in PU synthesis.
The SMPU ionomer samples were then placed in a
dry nitrogen atmosphere before use.

The reaction to prepare the prepolymer with PCL
and MDI was carried out at 808C for 2 h in a
500-mL, round-bottom, four-necked flask filled with
nitrogen and equipped with a mechanical stirrer, a
thermal meter, and a condenser. Following the
chain-extension process with BDO and/or BIN for
another 2 h, the neutralization reaction was carried
out at 658C for 2 h through the subsequent addition

TABLE I
Formulation of the SMPU Ionomers

Sample PCL (wt %) BIN (wt %) PCL (mol) BIN (mol) BDO (mol) MDI (mol) HAc (mol) C8I (mol)

75-0 75 0 1 0 9.07 10.07 0 0
BIN75-6 75 6 1 3.81 3.91 8.71 3.81 0
BIN75-11 75 10.56 1 6.7 0 7.7 6.7 0
BIN75-6-C8 75 6 1 3.81 3.91 8.71 0 3.81
BIN75-11-C8 75 10.56 1 6.7 0 7.7 0 6.7

600 ZHU ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



of a stoichiometric amount of the HAc or C8I
agent.27,28 SMPU ionomer films were prepared
through the transfer of some of the PU solution to
Teflon molds and allowed to solidify at 608C in air
for 24 h. To remove the residual DMF, the films
were held at 758C under a vacuum of 1–2 mmHg for
24 h subsequently. The nominal thickness of the
films was about 100 lm.

In this study, we fixed the soft-segment content
and length in the SMPU ionomers to investigate the
effect of the ionic group content on the crystalliza-
tion of PCL (number-average molecular weight 5
10,000)-based SMPU. The series of SMPU ionomers
neutralized with HAc are named by the abbreviation
of the ion chain extender followed by 3 numbers, as
shown in Figure 1. The first two numbers denote the
soft-segment content, and the third number repre-

sents the BIN weight. For example, sample BIN75-11
contained 75 wt % soft segment, approximately
11 wt % BIN, and the default neutralization agent
HAc. Sample 75-0 contained no BIN but only MDI,
BDO, and PCL (number-average molecular weight 5
10,000) and was used as the control sample in this
study. The samples neutralized with C8I are named
similarly to those neutralized with HAc; for instance,
for BIN75-11-C8, ‘‘-C8’’ illustrates that the neutraliza-
tion agent was C8I.

DSC measurements

The thermal properties of the PU samples were
investigated with DSC (Diamond, PerkinElmer, Wal-
tham, MA), purged with nitrogen gas, and cooled
with a cooler (Intracooler II, PerkinElmer). Indium

Figure 1 DSC (a,b) cooling and (c,d) heating scans for the SMPU ionomers.
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and zinc standards were used for calibration. To
ensure a consistent thermal history for the melting
process, the samples were heated to 2408C and kept
there for 3 min. After that, they were cooled to
21008C at a cooling rate of 108C/min and then
heated to 2408C at a rate of 108C/min, and the ther-
mograms were recorded and compared.

Isothermal crystallization

Isothermal crystallization experiments were per-
formed with a PerkinElmer Diamond differential
scanning calorimeter, and the heating and cooling
routine and isothermal crystallization temperature
(Tc) were quite similar to those used in a shape-
memory function investigation.29 The sample (�4–6
mg) was initially heated to 708C at a rate of 108C/
min and held there at 708C for 5 min to remove the
thermal history of the crystallizable phase; then, it
was rapidly (608C/min) cooled to a designated Tc,
and it was held at this temperature to the end of the
exothermic crystallization. The heat of fusion during
the isothermal crystallization process was recorded
as a function of time. Tc was chosen from a practical
range of 16–288C.

The amounts of heat generated during the devel-
opment of the crystal phase were recorded and ana-
lyzed according to the usual equation used for eval-
uating the relative degree of crystallinity (Xt):

Xt ¼
R t
t0
ðdHdt Þdt

R t¼‘
t0

ðdHdt Þdt
(1)

where t0 and t 5 ‘ are the time at which the sample
reaches isothermal conditions (as indicated by a flat
baseline after an initial spike in the thermal curve)
and the time at which the dominant sharp exother-
mic peak ends, respectively. H is the enthalpy of
crystallization at time t. After isothermal crystalliza-
tion, the sample was heated to 1008C, and Tm, indi-
cated by the maximum of the endothermic peak,
was recorded.

RESULTS AND DISCUSSION

DSC measurements

The thermograms of all the studied SMPU ionomers
showed the exothermic crystallization peak of the
soft segments in the cooling scan and the endother-
mic melting peak of the soft segments in the reheat-
ing (second heating) scan, as shown in Figure 1. The
crystallization and melting behaviors of the hard
segments could not be detected in this testing cycle.
Brunette et al.30 studied a model hard-segment com-
pound, BDO-MDI, with DSC and Fourier transform

infrared spectroscopy, which revealed the tempera-
ture dependence of hydrogen bonding, and they
concluded that sufficient annealing at 1508C could
effectively convert the noncrystalline domain struc-
ture into the crystalline state, which gave rise to a
well-defined high-temperature transition at 200–
2308C.30 For the hard segment MDI-BDO in PCL-
based segmented PU, Li et al.31 reported that the
melting peak of the hard segment in a DSC heating
scan could not be detected in film-cast specimens
with a hard-segment content of 7.77–18.7 wt % and a
soft-segment length of 7000.31 However, the endo-
thermic peaks appeared in DSC thermographs for a
specimen with an 18.7 wt % hard-segment content
after an annealing treatment. Bogart et al.32 investi-
gated compression-molded PU samples composed of
MDI, BDO, and PCL (number-average molecular
weight 5 2000) with DSC. In a DSC heating scan,
they found that the endothermic peaks of the hard
segments began to be detected when the hard-seg-
ment content was 45 wt % or greater, and an
increase in the hard-segment content increased the
size and peak position temperature of the hard-seg-
ment melting endotherm; this was due to the fact
that longer hard segments produced better phase-
separated systems that were more readily crystalliz-
able.32 Therefore, in our DSC testing, the absence of
melting peaks of hard segments should have been
caused by the relatively low hard-segment content,
insufficient annealing time, and relatively low
annealing temperature during the film-casting proce-
dures. The thermal property data are shown in detail
in Table II. The Tc value of the soft segments in the
cooling scan increased significantly with increasing
ionic group content, and the enthalpies of crystalliza-
tion of the soft segments in the four SMPU ionomer
specimens were quite similar but higher than that of
the control sample (75-0). Generally, the enthalpy of
crystallization in a cooling scan can be used to inves-
tigate the crystallizability of a specimen. Therefore,
the resultant data from the cooling scan suggest that
the soft segments of SMPU ionomers have stronger
crystallizability. Accordingly, it can be observed that,
in the reheating scan, the melting point of the soft
segments and the melting enthalpy of the soft seg-
ments of these two series of SMPU ionomers (neu-
tralization by HAc or C8I) were higher than those of
75-0. The crystallinity of the segmented PU ionomer
samples was calculated from the enthalpy of 100%
crystalline PCL (32.4 cal/g) given by Crescenzi
et al.33 Therefore, it could be concluded that, in com-
parison with the control sample, the crystallinity of
the soft segment in segmented PU was significantly
raised with the existence of ionic groups within the
hard segment. According to the mechanism of the
shape-memory effect proposed for segmented
copolymers in previous studies,3,9,21 the crystalline
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soft segment is responsible for the fixity of deforma-
tion. Therefore, it is expected that higher crystallinity
of the soft segment will facilitate temporary defor-
mation fixity and subsequently improve the fixity ra-
tio. Besides, there are dual-melting features in all the
DSC reheating thermograms shown in Figure 1. A
similar signature was also observed for a 30/70
diglycidyl ether of bisphenol A/PCL blend,34 binary
blends of solution-chlorinated polyethylenes with
PCL, blends of poly (hydroxyl ether of bisphenol A)
(phenoxy) with PCL,35,36 and PCL/poly(styrene-co-
acrylonitrile)(SAN).37 In a study of phenoxy/PCL by
Defieuw et al.,36 the isothermal crystallization pro-
cess was interrupted after different times, and the
DSC melting trace was immediately recorded. The
higher melting endotherm was at a fixed tempera-
ture after short isothermal crystallization times (pri-
mary crystallization), whereas the lower melting
peak appeared only after much longer crystallization
times (secondary crystallization). The secondary
crystallization was supposed to occur in the amor-
phous phase segregated during the primary crystalli-
zation of PCL, resulting in a slower crystallization
process as this happened in the presence of a higher
phenoxy concentration. In our study, a similar rou-
tine was used to investigate the dual-melting behav-
ior of SMPU ionomers. To remove the effect of
recrystallization in the cooling process, a sample was
quenched to Tc from 708C with a high enough cool-
ing rate (608C/min). The Tc value was 208C, as
shown in Figure 2. In the previously applied routine,
the high temperature, 708C, and the low tempera-
ture, 208C, corresponded to the deforming tempera-
ture and fixing temperature of the shape-memory
function cycle, respectively, as reported previously
by our group.29 Just like the results in the investiga-
tion of phenoxy/PCL blends studied by Defieuw
et al., Figure 2 shows that the highest melting endo-
therm resided in a constant area and position from
45 to 508C in the heating scan after isothermal crys-
tallization for various times; however, the lower
melting endotherm kept moving upward with an
increase in the isothermal crystallization time from
0.5 to 120 min. After isothermal crystallization at Tc

5 208C, the main melting peak area was from the
primary crystallization, and this was not as obvious
as the dual-melting peak behavior in the heating
scan after cooling at 108C/min from 2408C, as shown
in Figure 1. Therefore, this investigation was re-
peated for sample BIN75-11 under a different ther-
mal history as follows: (1) isothermal crystallization
at 208C after quenching from 758C, (2) isothermal
crystallization at 208C after quenching from 1208C,
and (3) isothermal crystallization at 208C after
quenching from 2408C. The results presented in Fig-
ure 3 suggest that the specimen quenched from
2408C showed a significant dual-melting peak after
isothermal crystallization for a short time such as
5 min, but for a longer time, a single melting peak
appeared that might be from the two overlapping
peaks. For the samples quenched from 75 and 1208C,
the primary crystallization was still predominant
after various isothermal crystallization times. In
addition, as shown in Table II, the highest crystallin-
ity of the PCL soft segments was observed for the
film-cast specimens neutralized with C8I, such as
BIN75-11-C8. Instead, in the second heating scan, the
highest crystallinity of the PCL soft segments
appeared in specimens neutralized with HAc, such
as BIN75-6. Just as previously described, the distinct
dual-melting peaks, related to the secondary crystal-
lization, appeared only for the sample quenched
from 2408C. For the samples in the first heating scan,
the thermal history was film casting at 65 and 708C
for 24 h and cooling at room temperature. However,
in the second heating scan, the samples were all
treated with heating up to 2408C to remove the pre-
vious thermal history and then with cooling at
108C/min to 21008C, and they accordingly showed
obvious dual-melting peaks. Therefore, the thermal
history and neutralization agent both had a signifi-
cant influence on the crystallization of the PCL soft
segments in these two series of SMPU ionomers.

Analysis of the isothermal crystallization kinetics

The overall kinetics of the isothermal crystallization
of crystalline soft segments from a melt can be ana-

TABLE II
Thermal Properties of the SMPU Ionomers

Sample

First heating at 108C/min Second heating at 108C/min Cooling at 108C/min

Tms (8C) dHms (J/g) Crystallinity (%) Tms (8C) dHms (J/g) Crystallinity (%) Tcs (8C) dHcs (J/g)

75-0 49.20 39.37 38.6 43.46 35.62 34.9 9.17 32.33
BIN75-6 46.94 39.81 39.0 46.63 (41.09) 50.60 49.6 12.14 44.87
BIN75-11 47.46 41.75 40.9 48.50 (43.29) 49.45 48.5 19.59 43.97
BIN75-6-C8 53.05 52.67 51.61 45.51 (49.21) 46.12 45.19 17.27 44.50
BIN75-11-C8 53.21 52.75 51.69 45.68 (49.03) 42.07 41.22 18.91 41.48

dHcs 5 enthalpy of crystallization of soft segments; dHms 5 melting enthalpy of soft segments; Tcs 5 crystallization tem-
perature of soft segments; Tms 5 melting point of soft segments.
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lyzed on the basis of the Avrami equation.38 This
crystallization theory is widely accepted to describe
the physical behavior of a variety of crystallization
processes, such as semicrystallization in polymers,
polymer blends, and copolymers.39–44 We use a
modified Avrami equation called the Ozawa equa-
tion to describe the crystallization kinetics:

XðtÞ ¼ 1� expð�KtnÞ (2)

This can be linearized into the following form:

log½�lnð1� XtÞÞ� ¼ n log tþ log K (3)

where X(t) represents the relative amount of crystal-
lization, which is plotted in Figure 4 for different Tc

values and in Figure 5 for SMPU ionomers with

various ionic group contents at 288C. Therefore, if

the crystallization rate is compared according to the

Figure 2 Heating scan after isothermal crystallization at 208C for various times.
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time needed to finish the isothermal crystallization,
it can be observed that the higher Tc is, the lower
the crystallization rate will be; the crystallization rate
decreased with an increase in the BIN content in this
series of SMPU ionomers, whether the neutralization
agent was HAc or C8I. Also, the choice of the neu-
tralization agent had some influence on the crystalli-
zation rate.

Theoretically, if eq. (3) can adequately follow the
crystallization process, a plot of log{2ln[1 2 X(t)]}
against log t should yield a straight line with slope
n and intercept log K. Double logarithmic plots of
log{2ln[1 2 X(t)]} against log t for SMPU ionomers
with various temperatures are shown in Figure 6.
Each plot represents the linear dependence of
log{2ln[1 2 X(t)]} against log t, but with a slight
deviation from the prediction when both parameters
are large, indicating the existence of a secondary
crystallization of PCL that occurs consecutively with
the primary crystallization. The study of PCL (Mw 5
80,000) by Kuo et al.45 suggests that the PCL with a

higher Mw value has the same tendency at a later
stage in the crystallization process. The deviation
can be attributed to the secondary crystallization
involving fibrillar growth between the primary
lamellae of the spherulite and leading to the occur-
rence of spherulite impingement.

The values of n and K for a particular sample can
be determined from the initial linear portions of the
double logarithmic plots shown in Figure 6. The
results for different samples are summarized in Ta-
ble III. n of the control sample and SMPU ionomer
at 16–288C in our experiment was around 2.0 and
presented a slightly increasing trend with increasing
temperature. This was a manifestation of the similar
crystallization mechanisms in the control sample and
SMPU ionomers with various ionic group contents
quenched from 708C.

The half-crystallization time [t(0.5)] is defined as
the time at which the crystallinity is equal to 50%. It
is related to Avrami parameter K and can be deter-
mined with the following expression:

Figure 3 Heating scan after isothermal crystallization at 208C for various times [during the first heating to remove the
thermal history, the maximum temperature was 708C for BIN75-11, 1208C for BIN75-11(120), and 2408C for BIN75-11(240)].
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K ¼ ln 2=½tð0:5Þ�n (4)

Table III summarizes the Avrami parameters for the
soft segments of the PU ionomers. K, calculated

from eq. (4), agrees well with that obtained experimen-
tally and shown in Figure 6. It suggests that the Avrami
equation analysis is adequate for describing the crystal-
lization mechanism of this series of SMPU ionomers.46

Figure 4 Development of the exothermic curve and relative crystallinity with time for isothermal crystallization.

Figure 5 Development of the relative crystallinity with various ionic group contents for isothermal crystallization at
288C.
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Usually, the rate of crystallization is mathematically
defined as the inverse of t(0.5). The values of t(0.5) for
different samples are summarized in Table III. It illus-
trates the fact that the crystallization rate decreased
significantly with the introduction of the asymmetri-
cal chain extender BIN. The greater the BIN weight
content was, the lower the crystallization rate was,
whether the neutralization agent was HAc or C8I. In a
comparison of BIN75-11 and BIN75-11-C8, we found
that the crystallization rate was much higher for the
former specimen; this can be judged from the lower
t(0.5) value for BIN75-11.

An understanding of the BIN weight percentage
dependence of Avrami parameter K is slightly more
involved. Just as in the previous study reported by
Chen et al.,27 the incorporation of an ionic compo-
nent into hard segments can disrupt the order of the
hard segments, although increased cohesion among
ionic groups does exist in some specific cases. There-
fore, the insertion of ionic groups into hard segments
can change the extent of phase mixing and subse-

quently influence the crystallization of the crystalline
soft segment through the variation of the order of
the hard domain. Therefore, in the isothermal crys-
tallization testing routine (cooling from 708C to room
temperature, i.e., 208C), the presence of BIN ionic
groups slows the crystallization process significantly,
although the crystallization mechanism does not
obviously change. From a practical viewpoint, it is
supposed to have a huge influence on the shape-
memory function under specific programming condi-
tions in this kind of SMPU ionomer, and this relation
between the structure and properties will be further
studied in our future work.

Equilibrium melting temperature (Te)

A dominant sharp exothermic peak in the reheating
DSC thermogram of our samples is considered to be
the primary Tm. Figure 7 clearly reveals that Tm

increased linearly with Tc. The experimental data
can be fitted well by the Hoffman–Weeks equation:47

Figure 6 Plots of log{2ln[1 2 X(t)]} versus log t for isothermal crystallization at the indicated temperatures.
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Tm ¼ UTc þ ð1� UÞTe (5)

where F 5 1/g is the stability parameter depending
on the crystal thickness (g is the ratio of the lamellar
thickness to the lamellar thickness of the critical
nucleus at Tc). F in eq. (5) can have values between
0 and 1 (F 5 0 and Tm 5 Te, whereas F 5 1 and Tm

5 Tc). The crystals are most stable for F 5 0 and
unstable for F 5 1. Te can be calculated from the
intersection point between plots of Tm versus Tc and
lines of Tm 5 Tc.

As shown in Figure 7, Tm for SMPU ionomers
increased with Tc, as expected. The extrapolation of
the observed Tm values to the line Tm 5 Tc has been
widely employed to calculate the Te values of differ-
ent copolymers and homopolymers.48 However, in
studies of segmented poly(ester urethane)s based on
PCL by Bogdanow et al.22 and linear polyethylenes
and random copolymers at a low level of crystallin-
ity by Alamo and coworkers,49,50 this extrapolation
method failed to describe the relations between Tm

and Tc. Bogdanow et al. used different approaches
to understand this scenario. First, the nonisothermal
crystallization during cooling to a certain value of Tc

causes the corresponding value of Tm to increase.
Second, the observed dependence also arises from
annealing during the heating scan, which causes the
improvement in the crystal quality, and so Tm

increases; the effect is particularly pronounced when
Tc is lower. Therefore, in our investigation of Te of
SMPU ionomers, Te was calculated from the Tc range
above 208C.

Table III summarizes the values of Te of all the PU
samples. The Te values of the SMPU ionomer sam-
ples were quite similar to that of the control sample
(75-0). After the introduction of ionic groups into
the hard segment, F varied from 0.19 to 0.23 in the
SMPU ionomer samples, and this suggested that
the formation of crystals in the SMPU ionomer sam-
ples was rather stable. The F values of the PU ion-
omer samples were generally smaller than those of
the control sample, 75-0, providing evidence that the

Figure 7 Plots of the observed values of Tm versus Tc for
the SMPU ionomers.
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ionic groups in the hard segments improved the sta-
bility of the crystallization in the soft segment.

CONCLUSIONS

An investigation of the isothermal crystallization
kinetics of SMPU ionomers was carried out with
DSC. With the use of the Avrami equation, the crys-
tallization mechanism of SMPU ionomer and control
samples was analyzed. The results suggested that
the n values of the SMPU ionomer and control sam-
ples were all around 2.0. The difference was the
crystallization rate parameter K. After the introduc-
tion of ionic groups into the hard segment by chain
extension with BIN, the crystallization rate decreased
significantly, and the greater the BIN weight percent-
age was in the hard segment, the lower the crystalli-
zation rate was. Moreover, the neutralization agents
also had some influence on the crystallization rate.
In the melting behavior study, it was revealed that
the melting peak of the SMPU ionomer quenched
from 708Cor 1208C could be mostly attributed to the
primary crystallization, but the SMPU ionomer
quenched from 2408C showed a dual-melting peak
depending strongly on the isothermal crystallization
time.
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