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Abstract

A set of segment polyurethanes were synthesized and were proved to have interconnected, isolated and no hard-segmented domains. It was
found that the shape fixity of the polyurethanes decreased with the increase of hard-segment content. The polyurethanes with hard-segment con-
tent from 30% to 50% had to be deformed at least to 100% strain to obtain good shape fixity. The segmented polyurethane having no hard-segment
domains showed over 90% shape recovery under particular conditions. The segmented polyurethanes having interconnected hard-segment
domains showed dramatically decreased shape recovery. The segmented polyurethanes having isolated hard-segment domains showed better
shape recovery. When the polyurethanes were heated up to sufficiently high temperature they mostly recovered to their original shape. Stress
relaxation would bring decrease to the shape recovery of the polyurethanes, especially to that of the segmented polyurethanes with low hard-
segment content of 15% and 20%. For the segmented polyurethanes have isolated hard-segment domains the shape recovery decreased when the
deformation amplitude increased from 50% to 200% and stopped decreasing as deformation amplitude increased to 250%. The shape recovery of

the segmented polyurethanes could be enhanced nearly to 100% by a pre-deformation treatment.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

As a class of novel smart materials, shape memory poly-
mers (SMPs) can deform enormously above a transition tem-
perature (Tya,s) and can mostly be fixed in a temporary
shape by cooling below Ty,,s. After reheating above Tans,
they can automatically recover to their original shape. SMPs
have attracted extensive attention and are considered to be
promising for many applications including actuators, sensors
[1], biomaterials [2], and smart textiles [3].

The polymers designed to exhibit good shape memory
effect including shape recovery and shape fixity, were
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intrinsically polymer networks [4—18]. The network chains
showing a thermal transition at Ty, play a role of molecular
switch for triggering shape memory effect. The network
chains are flexible and therefore the polymers can develop
large deformation at temperature above Ty, In contrast,
they are frozen to lose mobility and the polymers thus can
be fixed in a temporary shape at temperature below Ti.ns.
The network chains of SMPs can be crystalline (T4 1S @ melt-
ing temperature T,,) or amorphous (T, 1S a transition tem-
perature T,). SMPs can be either chemically cross-linked or
physically cross-linked polymer networks. The cross-links sta-
bilize the networks in the course of shape memorization result-
ing in the polymers always memorizing their original shapes.
In the polymer networks of SMPs, the chemical cross-links are
covalent bonds while the physical cross-links can be phase
aggregations or molecular entanglements [15]. The network
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chains and cross-links of the physically cross-linked SMPs
were often comprised of different phases. The phases serving
as network chains and cross-links were conventionally called
“reversible phase” and ““‘fixed phase”, respectively.

Due to their promising applications and flexible molecular
design, shape memory polyurethanes (SMPUs) have drawn the
most attention in the SMPs since certain segmented polyure-
thanes were found to show shape memory effect [2,4,19]. As
well known, the hard- and soft-segment in segmented polyure-
thanes tend to separate into hard-segment and soft-segment
phases due to their thermodynamical dissimilarity. In general,
the hard-segment and the soft-segment phases in the seg-
mented polyurethanes with shape memory effect play the roles
of fixed phase and reversible phase, respectively [2,7]. The
morphology of the phase separation, phase composition, mi-
crodomain sizes, phase distribution, and so on underlies the
structure of physically cross-linked networks and shape
memory properties of the SMPUs. The relationship between
morphology and shape memory properties is essential for
optimizing the molecular design and applications of SMPUs.

A few attempts have been made to investigate the seg-
mented polyurethanes with shape memory effect. Hayashi
and coworkers from Mitsubishi Heavy Industry Ltd (MHI) de-
veloped SMPUs with amorphous reversible phase [19,20].
However, they did not elucidate the relationship between
structure and shape memory effect of the polyurethanes. Lin
had prepared a series of segmented polyurethanes with amor-
phous reversible phase [4,5]. Kim [7] synthesized a series of
shape memory polyurethanes having crystalline reversible
phase. They investigated the influences of soft-segment length
and hard-segment content on shape memory effect. But the
polyurethanes in their studies were either in a narrow range
of composition or in a wide range of composition in which
the two successive composition levels were rather larger for
correlating morphological structure to shape memory effect.
Therefore the relationship between morphological structures
and shape memory properties is still open for investigations.
In addition, the thermomechanical conditions in terms of de-
formation amplitude, temperature, time, speed could greatly
influence the shape memory behaviors [21]. The segmented
polyurethanes with different structure would show different
property dependency on the thermomechanical conditions.
This has not been reported yet.

The morphology of segmented polyurethanes has been ex-
tensively investigated [22—26]. However, the morphology of
the segmented polyurethanes having crystalline soft-segment
phase has not been studied in details [26—29]. In particular,
the microdomain morphology of the hard-segment domains
in the segmented polyurethanes having crystalline soft-segment
phase has not been reported. The effect of morphology of
the segmented polyurethanes on their mechanical properties
including modulus, strength, hysteresis and so on has also
been investigated widely [30—33]. But the shape memory ef-
fect in terms of shape recovery and shape fixity is apparently
different from the properties mentioned above. The relation-
ship between the morphology and shape memory properties
has remained unknown.

In view of the open area, a series of studies on the relationship
between the morphology and the shape memory behaviors of the
segmented polyurethanes were carried out. The author synthe-
sized a set of segmented polyurethanes with a wide composition
range in which the polyurethanes were expected to have inter-
connected, isolated and no hard domains. The crystalline poly-
caprolactone diols (PCL) were employed as the soft-segments of
the polyurethanes. The crystalline soft-segment phase would
play the role of reversible phase and thus it’s melting transition
temperature serves as the transition temperature for triggering
shape memory effect, i.e., Tyans = Trn- The investigations of
SMPUs with Tiyans = T, will be presented elsewhere. The mor-
phology of the SMPUs were studied with differential scanning
calorimetry (DSC), small angle X-ray scattering (SAXS), ther-
momechanical analysis (TMA) and tensile hysteresis tests. The
morphological changes, especially the changes of the hard-
segment domains, with the chemical compositions were there-
fore experimentally determined. The shape memory behaviors
were investigated through a series of thermomechanical cyclic
tensile tests. The shape memory effect was discussed with re-
gard to their relationship of the morphological structure. The au-
thors believe that this series of studies will fill in the gap of
understanding the shape memory effect of segmented polyure-
thanes and they will also benefit the study of other physically
cross-linked SMPs.

2. Experimental
2.1. Materials

The polyurethanes were synthesized with PCL (Daicel) of
molecular weight 4000 (hereafter called PCL4000) as the
soft-segments, 4,4’-diphenylmethane diisocyanate (MDI,
Acros) as the chain extender and 1,4-butanediol (BD, Interna-
tional Laboratory) as the hard-segments. The PCL4000 was
dried and dehydrated at 80 °C under vacuum for 6 h prior to
be used. The solvent N,N'-dimethylformamide (DMF) from
Aldrich was dried with 4 A molecular sieves. A two-step po-
lymerization was employed. The isocynate-terminated prepoly-
mers were first prepared by reacting the dried PCL4000 with
the mole excessive MDI to ensure complete reaction in the
DMF solution at 65 °C for 3 h. Then the prepolymers were
chain extended with BD at 80 °C for another 4 h. The molec-
ular characteristics of the polyurethane samples are shown in
Table 1. The series of samples are designated as PU-XX where
XX stands for the hard-segment content (HSC). The polyure-
thane films were fabricated by casting the polyurethane solu-
tions into a rectangular Teflon mold and drying in a vacuum
oven at 80 °C for 24 h. To eliminate the thermal history, the
films were heated up to 120 °C in a furnace and was cooled
to room temperature slowly in another 24 h. The thickness
of the films was about 0.2 mm—0.4 mm.

2.2. Characterizations

The thermal properties of the polyurethanes were investi-
gated with DSC (Perkin-Elmer, Diamond). During the
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Table 1

Polyurethane samples characteristics

Samples HSC (wt%) Density at Theoretical volume Average number of Average number of
(MDI + BDO) 65 °C (g/cm’) fraction of hard-segment MDI per hard-segment BD per hard-segment

PU-10 10 1.090 0.076 1.41 0.41

PU-15 15 1.106 0.124 222 1.22

PU-20 20 1.120 0.167 297 1.97

PU-25 25 1.133 0.211 391 291

PU-30 30 1.143 0.256 4.98 3.98

PU-35 35 1.155 0.302 6.32 532

PU-40 40 1.170 0.349 7.66 6.66

PU-45 45 1.182 0.397 9.36 8.36

PU-50 50 1.199 0.446 11.40 10.40

experiment, it was purged with nitrogen gas and cooled with
an intracooler. The samples scanned from —50 °C to 250 °C
at a scanning rate of 10 °C or 50 °C/min.

The thermomechanical analysis was conducted with the
Perkin-Elmer TMA7. The tests were performed at a scanning
rate of 10 °C/min from 0 °C to 220 °C in penetration mode
with a probe load of 50 mg.

The tensile hysteresis properties of the polyurethane films
were tested at T,,, + 20 °C on a universal material tester Instron
4466 which was equipped with a temperature-controlled cham-
ber. Here T,,, represented the melting transition temperature of
soft-segment phase of the polyurethanes. The samples for the
tensile hysteresis tests were 60 mm long and 5 mm wide. A se-
ries of cyclic tensile tests with the strain increasing from 50% to
400% were conducted. The samples were loaded and unloaded
at a constant speed of 50% strain/min. The percentage of hyster-
esis for a given cycle was calculated by the ratio of the area
bounded by the loading-unloading curves to the total area under
the loading curve.

SAXS experiments were performed on a special equipment
Nanostar (Bruker) which was equipped with a heating acces-
sory produced by Anton Paar Co. This equipment employs
Cu Ko (A =0.154 nm) as the radiation source. The collimation
system consisted of two cross coupled Gobel Mirrors and four
pinholes. The detector was a Bruker AXS HI-STAR position
sensitive area detector. The diameter of the incident beam
was about 1 mm. The sample to detector distance was
1.061 m. The polyurethanes were heated up to Ty, + 20 °C.
In order to ensure the complete melting of crystalline soft-
segment phase, the polyurethanes were kept at T, + 20 °C
for 10 min. Subsequently, the SAXS tests of the polyurethanes
were performed at T, + 20 °C. The time for each test was 1 h
and the scattering range was ¢ =0.1 nm~'—2.0 nm~' where
q = (47/A)sin(0/2) was the scattering vector of the scattering
angle 6. The relative scattering intensity /(¢) was converted to
absolute intensity by the absolute calibration with pure water
as the secondary standard [34]. The data were then corrected
for background noise and thermal density fluctuations. The
background caused by thermal density fluctuation was esti-
mated via a ¢ independent method and the background inten-
sity /g was taken as a constant [35]. The mass density of the
polyurethane films was measured in nonane at T,,, + 20 °C in
a floatation way.

Wide angle X-ray diffraction (WAXD) profiles of the poly-
urethanes were collected with Philips Xpert XRD System (Cu
Ka) operated at 40 kV and 20 mA. The measurements were
performed in the range of 26 from 10° to 35° at a rate of
0.03 sec/step.

The shape memory effect of the polyurethanes was mea-
sured through three sets of thermomechanical cyclic tensile
tests which were conducted on the Instron 4466 [21]. The
properties of a polyurethane film were obtained from the aver-
aging of the results of five specimens tested under the same
conditions. In the first set of tests, samples of the polyurethane
film were loaded and elongated to 100% strain at a speed of
50%/min under the temperature T, + 20 °C at first. Subse-
quently the samples were quenched to the temperature
T — 20 °C and unloaded. In the unloading process the stress
started to be zero at a certain strain that was taken as the fixed
strain and shape fixity thus could be calculated. Then the sam-
ples underwent the recovery process by being heated at the re-
covery temperature T, + 20 °C for 15 min. Afterwards, the
next cycle started. In the second loading process, the stress
started to be more than zero at a strain that was considered
as the residual strain in the preceding cycle. The shape recov-
ery in the preceding cycle can thus be calculated. The second
set of tests was merely different from the first set tests with
this step: at the end of the extension, the polyurethanes were
maintained at T, + 20 °C for 30 min before being cooled
down to T,, — 20 °C. In the third set of tests, the deformation
temperature and recovery temperature were Ty, + 10 °C while
the shape fixing temperature was still located at Ty, — 20 °C.
The deformation amplitude increased from 50% to 250%
with an interval of 50%. The shape fixity (Ry) and the shape
recovery (R,) are calculated with the following equations:

R =2 % 100% (1)
&m
Ro=""% % 100% 2)
Eln

where ¢, denotes the maximum strain in the cyclic tensile
tests; &, is the residual strain after unloading at T, — 20 °C
and ¢, is the residual strain after shape recovery.

The effect of the recovery temperature on the shape recov-
ery of the specimens was investigated on a Nikon Microscope
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Fig. 1. DSC thermograms of polyurethanes at a scanning rate of 10 °C/min.

equipped with a hot stage. At first, the polyurethane specimens
were extended to a strain followed by cooling down to frozen
state. Then the deformed specimens were fixed on the hot
stage of the microscope. By heating the specimens at a rate
of 2 °C/min the course of shape recovery was observed and re-
corded under the microscope. At a temperature 7., the shape
recovery started to stop increasing and the tests were accom-
plished. The shape recoveries of the specimens were calcu-
lated through Eq. (2).

3. Results
3.1. DSC

As mentioned above, the DSC samples were the polyure-
thane films prepared after the annealing from 120 °C to
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room temperature in 24 h. Hence it was assumed that the ther-
mal history of the specimens has been mostly eliminated.
Fig. 1 presents the DSC traces of the segmented polyure-
thanes. All the samples showed endothermic peaks in the
range of 40 °C—50 °C which revealed the melting of the crys-
tallites of soft-segments PCL4000. The polyurethanes with
higher HSC exhibited endothermic peaks in the vicinity of
200 °C which were attributed to the melting of the hard-
segment phase. This manifested the existence of hard-segment
phase in these samples. With the increase of HSC, the endo-
thermic peaks pertaining to the hard-segment phase were in-
tensified while those representing the soft-segment phase
were weakened. It indicated that increasing HSC resulted in
the decrease of the crystallinity of the soft-segment phase.
Table 2 shows the melting temperature and the heat of fusion
of the polyurethanes. Under the same conditions, the DSC test
was performed on the pure PCL4000. The melting temperature
and the heat of fusion of pure PLC4000 were found to be
52.3 °C and 84.12 J/g, respectively. The melting temperatures
of the soft-segment phase of the polyurethanes were slightly
lower than that of the pure PCL4000. The crystallinity of
soft-segments of the samples could be calculated from the ra-
tio of the heat of fusion of the soft-segment phase to that of the
pure PCL4000. As shown in Table 2, the crystallinity of soft-
segment phase decreased with the increase of HSC and dra-
matically reduced when HSC > 40%. The melting temperature
and the heat of fusion of hard-segment phase increased with
the increase of HSC.

In the foregoing DSC test results, PU-15 and PU-20 showed
almost no endothermic peaks of the hard-segment phase, but
the sample PU-25 seemed to show a weak endothermic behav-
ior. To verify these observations, DSC tests at a higher scan-
ning rate of 50 °C/min were performed on the polyurethanes
PU-20, PU-25 and PU-30. The results are given in Fig. 2. It
was found that PU-25 and PU-30 exhibited endothermic peaks
of the hard-segment phase but PU-20 did not. It suggested that
the polyurethanes having over 25% of HSC possessed hard-
segment domains whereas PU-20 had no hard-segment do-
mains. However, from the TMA and SAXS tests, PU-15 and
PU-20 were manifested to still contain more or less hard-
segment phase that might be out of the sensitivity of the
DSC technique.

Table 2

DSC testing results (10 °C/min)

Samples Tm °C) Heat of fusion dH,, (J/g) Crystallinity of soft-segments (%)
Soft-segments Hard-segments Soft-segments Hard-segments

PU-10 49.53 — 47.14 — 56.04

PU-15 48.70 - 45.56 - 54.16

PU-20 48.03 - 44.74 - 53.18

PU-25 46.87 195.87 35.51 1.15 42.21

PU-30 46.53 196.70 32.82 1.71 39.01

PU-35 44.70 199.37 31.19 2.16 37.07

PU-40 42.53 199.87 18.71 4.45 22.24

PU-45 42.20 200.43 15.07 4.66 17.91

PU-50 37.40 203.87/215.34/226.87 3.82 8.03/0.92/0.54 4.54
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Fig. 2. DSC thermograms of the samples PU-20, PU-25 and PU-30 at a scan-
ning rate of 50 °C/min.

4. TMA

The TMA traces for the segmented polyurethanes are
shown in Fig. 3. The polyurethanes exhibited two softening
transitions. The transition located in the temperature range
40 °C—50 °C corresponded to the softening of the soft-
segment phase. This was consistent with the DSC results. The
transition that took place in the higher temperature range

}

Penetration

0 40 80 120 160 200
Temperature (°C)

Fig. 3. TMA thermograms of the polyurethane at a scanning rate of 10 °C/min.

90 °C—200 °C was attributed to the softening of hard-segment
phase. All the segmented polyurethanes except PU-10 showed
more or less a platform before the softening of the hard-seg-
ment phase. PU-10 did not exhibit platform and the softening
transition of hard-segment phase. This seemed to suggest that
PU-10 formed no hard-segment domains whereas the other
polyurethanes possessed hard-segment domains. It was also
found that the softening transition of the hard-segment phase
shifted to high temperature as the HSC increased. This could
be ascribed to the increasing order and purity of the hard-seg-
ment phase with the increase of HSC. PU-45 and PU-50
showed no softening transition of the soft-segment phase. It
suggested that the hard-segment phase changed from an iso-
lated state to an interconnected state; or from a discontinuous
phase to a continuous phase in such a HSC range. The inter-
connected hard-segment phase formed a rigid framework
which prevented the polymer from softening when the soft-
segment phase melted.

4.1. Tensile hysteresis

In order to manifest this morphological change of the hard-
segment phase, the tensile hysteresis tests were conducted on
the polyurethane samples at the temperature of T, + 20 °C to
ensure all the crystallites of soft-segments melted completely.
As shown in Fig. 4, the values of percent hysteresis of PU-30,
PU-35 and PU-40 were about 40% while those of PU-45 and
PU-50 were substantially increased. This was attributed to the
interconnecting of the hard-segment domains in PU-45 and
PU-50. In response to the applied tensile stress, the intercon-
nected hard-segment phase in these polymers would deform
at the beginning of deformation, which lead to an increase
of plastic deformation and consequently gave rise to higher
percentage of hysteresis.

5. SAXS
A great number of researchers have employed SAXS to in-

vestigate the morphology of polyurethanes with amorphous
soft-segment phase [22—24,35,36]. But few investigations
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Fig. 4. Percent hysteresis of the polyurethanes under tensile tests at
Tm+20°C.
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have been made on the morphology of the polyurethanes with
crystalline soft-segment phase. Cooper studied the morphol-
ogy of polyurethanes having crystalline PCL as soft-segments
with SAXS at room temperature [22]. The author considered
that the polyurethanes could be treated as “pseudo two-phase
system” due to the apparent difference between the soft and
hard-segments. The polyurethanes were therefore mathemati-
cally analyzed based on the two-phase models. However, for
segmented polyurethanes with high crystallinity of soft-seg-
ment phase, the two-phase models would not be appropriate
because at room temperature the polyurethanes would contain
a great number of crystallites of soft-segments whose contri-
bution to the x-rays scattering could not be neglected any
more. In this study, the scattering tests of the polyurethanes
were performed at T, + 20 °C in order to ensure the complete
melting of the crystallites of the soft-segment phase. The poly-
urethanes mainly possessed hard-segment and amorphous soft-
segment phases at T, + 20 °C. Thereby the polyurethanes
could be approximately viewed as “‘two-phase system”.

The SAXS profiles of the polyurethanes are presented in
Fig. 5. The polyurethanes showed scattering peaks or shoul-
ders except PU-10. This implied that PU-10 was basically ho-
mogeneous while the other polyurethanes exhibited more or
less phase separation. It could be concluded that all the poly-
urethane samples possessed the hard-segment domains except
PU-10. This was in agreement with the results obtained in the
TMA tests. In the polymerization one MDI group could react
with two PTMO diols, creating what we will subsequently
refer to as “lone”” MDI unit. The average number of BD per
hard-segment of PU-10 is only 0.4 as shown in Table 1. Hence
there should be a higher percentage of lone MDI groups in
PU-10 as compared with the other polyurethanes. These lone
MDIs introduce no urethane groups and are at least 100 bonds
away from another MDI unit in the chain. Consequently, these
species would not be expected to be associated with the hard
domains but located in the soft-segment phase. Hence the
polyurethanes PU-10 unlikely formed hard-segment domains.
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U
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Fig. 5. SAXS profiles of the polyurethanes at T;,, + 20 °C.

Table 3
Interdomain spacings and domain sizes of the segmented polyurethanes

Interdomain spacings (nm) Domain sizes

7H (nm) 75 (nm)

PU-10 — - -

PU-15 25.1 2.6 18.9
PU-20 24.1 2.6 134
PU-25 23.4 2.8 10.8
PU-30 23.5 2.9 8.7
PU-35 23.0 34 8.1
PU-40 22.8 3.6 6.9
PU-45 23.8 3.5 5.5
PU-50 22.8 3.6 4.9

According to the Bragg’s law, the three dimensional inter-
domain spacing can be obtained from the maximum of the
scattering profiles. Table 3 summarizes the interdomain spac-
ings of polyurethanes obtained by both Bragg’s law. The re-
sults revealed that for the polyurethanes with HSC ranging
from 10% to 40%, the interdomain spacing generally de-
creased with the increase of HSC. With further increase of
HSC, the interdomain spacing of PU-45 increased obviously
followed by a decrease of the PU-50. This could be ascribed
to the transition of hard domains changing from isolated to in-
terconnected state. The decrease of the interdomain spacing
with the increase of HSC meant the increase of the number
of hard-segment domains and the increase of the cross-linking
density of the physical networks.

In addition to the interdomain spacing, the domain sizes of
the samples have been estimated from the SAXS results. This
was accomplished by applying the Porod’s law to the SAXS
profiles. The Porod’s law is described by Eq. (3),

lim I(q) = LS 3)

where K is the Porod constant. Taking into account the influ-
ence of the background Iy caused by the phase mixing within
phases the observed scattering intensity /,,s(¢) is given by:

. . K
lim 7(q) = qlljg —+1s (4)

q— © q

The background corrected intensity is therefore equal to con-
sidering I,ps(q) — Ig. By considering the effect of diffuse
boundary between the hard-segment and soft-segment do-
mains, the background corrected intensity is modified as:

lim I(g) = lim Eexp(—azqz) (5)

q— © q—)ooq4

where ¢ is a measure of the interfacial boundary thickness.
The Porod constant K is related to the interfacial surface-
to-volume ratio (S/V) through the equation:
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S K
= =Typs—— (6)

v / 1(9)q*dq

where ¢y and ¢g denote the theoretical volume fraction of the
hard-segment and soft-segment phases, respectively. The aver-
age length of hard-segment /i and soft-segment domains /scan
be calculated from the equation:

=0/ (3 )10/ () )

The domain size obtained from Porod’ law and the correlation
function vy,(r) are presented in Table 3. It was found that the
size of hard-segment domains generally increased with the in-
creasing HSC. On the contrary, the sizes of soft-segment do-
mains increased with the decrease of HSC. The increasing
tendency was particularly apparent in the range of low HSC.
This suggested that the cross-linking density of the polyure-
thanes with low hard-segment content was much lower than
that of the ones with high HSC.

5.1. Shape memory effect

At first, the shape memory effect was measured from the
first set of thermomechanical cyclic tensile tests mentioned
above. Fig. 6 shows the shape memory effect of the segmented
polyurethanes changing with HSC. It can be seen that the
shape fixity decreased with the increase of HSC. When
HSC < 35% the polyurethanes showed over 94% of shape fix-
ity while when HSC > 40% the shape fixity decreased rapidly.
The previous investigations considered that the crystallization
of soft-segments determined the shape fixing of the shape
memory polyurethanes [2,7]. In order to understand effect of
the crystallization on shape fixity, three sets of WAXD tests
were performed on the polyurethane films before extension,
after shape fixing and after shape recovery to trace the crystal-
linity changes that happened to these segmented polyurethanes
in the course of shape memorization.
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Fig. 6. Shape memory effect as a function of HSC.

(a)
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1
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Fig. 7. Tracing the structural changes taken place to the polyurethanes in a cy-
cle of shape memorization by the WAXD tests at room temperature: (a) before
extension; (b) after shape fixing (being extended 100% and fixed in a tempo-
rary shape); (c) after shape recovery.

As shown in Fig. 7a, before extension the polyurethanes
with HSC < 40% showed the diffraction peaks which were as-
cribed to the crystallization of the soft-segment phase [7]. The
intensity of the diffraction peaks decreased with the HSC in-
crease. This suggested that the crystallinity of soft-segment
phase of the polyurethanes decreased gradually as HSC in-
creased. When HSC increased to 45% and 50% the diffraction
peaks disappeared, which proved that the soft-segments were
amorphous in PU-45 and PU-50. As shown in Fig. 7b, the in-
tensity of the diffraction peaks of the polyurethanes increased
substantially after shape fixing and even PU-45 and PU-50
showed weak diffraction peaks. Because the position of the
diffraction peaks was identical to those shown in the WAXD
tests before extension the peaks were still ascribed to the crys-
tallization of soft-segment phase. The increase of the crystal-
linity was attributed to the strain-induced crystallization that



5140 F.L.Ji et al. | Polymer 48 (2007) 5133—5145

took place to soft-segments after extension and shape fixing.
The crystallinity of the polyurethanes still decreased with
the increase of HSC. The crystallinity of PU-40, PU-45 and
PU-50 was much lower than that of the other polyurethanes.
This was why the shape fixity dropped rapidly when
HSC >40%. In contrast, the high shape fixity of the poly-
urethanes with HSC <35% would result from their high
crystallinity after shape fixing. As shown in Fig. 7c, the poly-
urethanes after shape recovery showed a little higher diffrac-
tion intensity as compared with the polyurethanes before
deformation. This implied that after a cycle of shape memori-
zation the soft-segments oriented partially resulting in a slight
increase of crystallinity even though the polyurethanes almost
recovered to their original shape.

As mentioned above, the shape recovery of the segmented
polyurethanes was determined by the physically cross-linked
network maintained in the course of shape memorization.
Fig. 6 shows the shape recovery as a function of HSC. The
segmented polyurethanes with 15% < HSC <40% showed
over 90% of shape recovery. However, as HSC increased to
45% and 50% the shape recovery dramatically dropped to
83% and 75%. This decrease of shape recovery should result
from the hard-segment phase changing from isolated to inter-
connected states. Since the interconnected hard-segment
domains in PU-45 and PU-50 formed rigid framework the
hard-segment phase should be enforced to take place large
deformation in the extension. This resulted in the lower shape
recovery of the two polyurethanes at this recovery temperature.

In the evaluation of shape memory effect, the thermomechan-
ical cyclic tensile tests were extensively employed. The method
could indeed provide highly reproducible experimental results
[2]. As described previously, the shape fixity was obtained in
the unloading process and the shape recovery was extracted
from the loading processes after the first cycle. However, the au-
thor found that if the segmented polyurethanes were continu-
ously kept at T,, — 20 °C after unloading their shape fixity
would decrease gradually. The similar phenomena was also ob-
served in an investigation about a shape memory polyurethane

100 " 1 " 1 " 1 " 1 " 1 " 1

90 =

Shape fixity (%)
g
|
T

—&—— In unloading
70 1 —0O—— After 15mins B
—A——  After 90mins
— ¥ —  After 120mins
60 T T T T T T T T T T T T T
15 20 25 30 35 40 45 50
HSC (%)

Fig. 8. Shape fixity as a function of time at T,,, — 20 °C.

with Tians = T [37]. In the present study, the shape fixity of
these polyurethanes changing with the time was shown in
Fig. 8. The shape fixity decreased greatly at the time of
15 min after unloading. Furthermore the decreasing tendency
rose with the HSC increase. The shape fixity tended to stabilize
at certain values when the samples were maintained at
T, — 20 °C for 90 min and 120 min after unloading.

In the previous thermomechanical cyclic tensile tests the
shape recovery of the polyurethanes took place at T,,, + 20 °C.
To examine the influences of recovery temperature on the
shape recovery, a series of shape recovery tests were per-
formed on a Nikon Microscope equipped with a hot stage.
Fig. 9 presents the shape recovery of the polyurethanes with
varying HSC as a function of recovery temperature. The start-
ing shape recovery of the segmented polyurethanes corre-
sponds to the shape fixity obtained when they were kept at
T, —20°C for 120 min after unloading. For example, PU-
50 remained with 65% shape fixity in this case and it’s starting
shape recovery in Fig. 9 is 35%. It was found that the all the
segmented polyurethanes showed over 90% of shape recovery
when they were heated up to T.. All the segmented polyure-
thanes showed abrupt increase of shape recovery in a narrow
temperature range around Ti..,,. The shape recovery in this
stage resulted from the melting transition and recovery of
the soft-segment phase. After the stage the rate of shape recov-
ery apparently slowed down and the segmented polyurethanes
with HSC <40% almost recovered to their original shape. In
contrast, PU-45 and PU-50 showed apparent shape recovery
after the melting transition of soft-segment phase. The shape
recovery after melting transition was mainly ascribed to the re-
covery of the deformed hard-segment phase. At the recovery
temperature of T, + 20 °C, the shape recovery of PU-45 and
PU-50 was much lower than that of the other segmented poly-
urethanes. This was consistent with the experimental results of
the previous thermomechanical cyclic tensile tests. The lower
shape recovery of the PU-45 and PU-50 at T,, + 20 °C was
mainly caused by the deformation of hard-segment phase
that occurred in the extension of the segmented polyurethanes.
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Fig. 9. Shape recovery as a function of recovery temperature.
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Fig. 10. Final shape recovery of the segmented polyurethanes.

To eliminate the effect of the thermal expansion, the recov-
ered segmented polyurethanes were cooled down to room tem-
perature and the final strains were measured. As shown in
Fig. 10, the final irreversible deformation of all the segmented
polyurethanes was less than 5% and the ultimate shape recovery
of the segmented polyurethanes was over 95%. The tests indi-
cated that the deformation of hard-segment phase could mostly
be recovered if the segmented polyurethanes were heated to
sufficiently high temperature. Therefore deformation of hard-
segment phase was basically viscoelastic other than plastic
deformation. From the shape recovery tests it was inferred
that the shape fixity of the segmented polyurethanes with lower
HSC was mainly ascribed to the strain-induced crystallization of
soft-segment phase while that of the segmented polyurethanes
with higher HSC, particularly PU-45 and PU-50 consisted of
both the strain-induced crystallization of soft-segment phase
and the deformation of hard-segment phase.

The deformation of the polymers consists of elastic defor-
mation, viscoelastic deformation and irreversible deformation
[38]. The total deformation ¢ of the segmented polyurethanes
with higher HSC can be given by Eq. (8)

&= &+ &yis T & = &yis + & (8)

where &, &,;s and ¢;, stand for elastic deformation, viscoelastic
deformation and irreversible deformation, respectively. Since
the & is usually negligibly small the total deformation ¢ is ap-
proximately composed of ¢,;; and ¢;.. The foregoing shape re-
covery tests proved that ¢, was less than 5%. Hence the
deformation of the segmented polyurethanes in this study
was determined by the viscoelastic deformation e&,;; which in-
cluded the viscoelastic deformation of soft-segment phase
&yis(SS) and hard-segment phase. &,;(HS). The shape fixing
and shape recovery were just tightly related to the &,(SS)
and ¢,;,(HS). The distribution of viscoelastic deformation be-
tween soft-segment and hard-segment phases was dependent
on the two-phase morphology including phase separation,
phase volume fraction, domain nature, size, number and

connectivity, and so on. Thus the shape memory effect was
defined by the two-phase morphological structure.

5.2. Influences of stress relaxation

It is impossible to avoid stress relaxation entirely in the
course of shape memorization of thermoplastic SMPs. For
example, the SMPs may not always be quickly cooled down
to frozen state in practical applications due to the limitation
of cooling and heat transfer efficiency. In some cases, they
may be maintained in the constraint state at a high temperature
above Ty, for a long time and the stress relaxation can thus
undergo greatly. It was found that the stress relaxation would
bring to the decrease of shape recovery of a SMPU in one of
our previous study [23]. It is assumed that the polyurethanes
with different structures will show different dependency on
the stress relaxation. In this study, the influences of stress re-
laxation on the shape memory effect of the polyurethanes
with varying HSC were investigated. For this purpose, the sec-
ond set of thermomechanical cyclic tensile tests were per-
formed on the segmented polyurethanes. As the forgoing
description the segmented polyurethanes were cooled down
to T, — 20 °C at once after extension in the first set of tests
while they were maintained in the constraint state at
T+ 20 °C for 30 min before cooling in the second set of
tests. The polyurethanes could undergo more stress relaxation
in the second set of tests than they did in the first set of tests.
The effect of stress relaxation on the shape fixity of the seg-
mented polyurethanes is shown in Fig. 11. It can be seen
that the stress relaxation brought increase to the shape fixity
of the polyurethanes. Moreover, the increasing tendency rose
with the increase of HSC.

As shown in Fig. 12, the shape recovery of all the seg-
mented polyurethanes obtained in the second set of tests was
lower than that from the first set of tests. It was also found
that the decrease of shape recovery was more apparent when
HSC decreased to 20% and 15%. There might be two reasons
for this phenomenon. The first reason is, besides the hard-
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Fig. 11. Effect of stress relaxation on shape fixity.
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segment domains the molecular interactions such as the inter-
molecular hydrogen bonds, dipole to dipole interactions,
induced dipole to dipole interactions and even molecular
entanglements in the polyurethanes could also prevent the
molecular slippage in a short time scale [13]. SAXS results
showed that the domain sizes of soft-segment phase of PU-15
and PU-20 were much larger than those of the others. The
soft-segments might not be well held by hard-segment domains
in the two polyurethanes. But the molecular interactions in the
soft-segment domains could help to prevent molecular slip-
page in a short time and they should play a comparatively
important role in PU-15 and PU-20. But the molecular
interactions had only limited lifetime and could break and re-
construct upon the external force for a long time scale. For the
second reason, in PU-15 and PU-20 some of the hard-segment
domains may not be stable enough and therefore could also
break and reconstruct. The instability of physical cross-links
resulted in PU-15 and PU-20 showing more apparently drop-
ped shape recovery in the tests with cooling after 20 min. In
contrast, the polyurethanes with higher HSC from 25% to
50% could better resist the stress relaxation and showed com-
paratively lower decrease of shape recovery due to the stable
hard-segment domains as the physical cross-links.

The shape recovery tests were also performed on PU-15, PU-
30 and PU-45 to study the influence of the stress relaxation. The
segmented polyurethane samples for these tests were prepared
cooling the deformed polyurethanes to T,,, — 20 °C at once after
extension and by maintaining the deformed polyurethanes at
T +20°C and subsequently cooling them to T, — 20 °C.
Hereafter the samples from the two processes were simply des-
ignated as the segmented polyurethanes without relaxation and
with relaxation. Of course, the stress relaxation would happen
more or less even if the deformed polyurethanes were cooled
to T, — 20 °C at once. Fig. 13 presents the effect of stress relax-
ation of the shape recovery of the segmented polyurethane sam-
ples. The segmented polyurethanes with relaxation exhibited
lower shape recovery at Ty, + 20 °C in comparison with those
without relaxation, which was in agreement with the results of
the preceding thermomechanical cyclic tensile tests. With the
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Fig. 13. Shape recovery of the samples with and without relaxation as a func-
tion of recovery temperature.

increase of recovery temperature the shape recovery of the seg-
mented polyurethanes with relaxation would gradually increase
to over 90% and the final shape recovery was close to that of the
segmented polyurethanes without relaxation. Therefore it was
inferred that the stress relaxation gave rise to no more irrevers-
ible deformation. It only resulted in more viscoelastic
deformation of hard-segment phase or more breakage and
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Fig. 14. Effect of deformation amplitude on shape fixity.

reconstruction of molecular interactions and instable hard-
segment domains.

5.3. Influences of deformation amplitude

Fig. 14 presents the effect of deformation amplitude on
shape fixity of the segmented polyurethane. It can be seen
that the shape fixity rose with the increase of deformation am-
plitude. For all the tests with varying deformation amplitude
the shape fixity decreased with the increase of HSC. This
was because the crystallization capability of the soft-segments
decreased with the increase of HSC. In the zone HSC < 25%,
the values of the shape fixity obtained from all the tests were
over 95%. This suggested that the shape fixity of poly-
urethanes with low HSC was mainly determined by the
high crystallinity. For the segmented polyurethanes with
30% < HSC < 50%, the shape fixity decreased from 95% to
76% in the tests with 50% deformation amplitude. But the
values were much lower than the corresponding results ob-
tained in the tests with 100% deformation amplitude. This
seemed because the soft-segments were not fully extended
with 50% deformation amplitude and no much strain-induced
crystallization was developed. This implied that the polyure-
thanes with 30% < HSC < 50% had to be extended to at least
over 100% strain to obtain high shape fixity. As deformation
amplitude increased from 100% to 250% the shape fixity
showed no apparent change when 30% < HSC < 35%. While
in the zone 40% < HSC < 50% the values of the shape fixity
rose gradually as deformation amplitude increased from
100% to 250%.

Fig. 15 presents the effect of deformation amplitude on
shape recovery of the segmented polyurethane. For the seg-
mented polyurethanes with 20% < HSC < 40%, the shape re-
covery decreased as the deformation amplitude increased from
50% to 200%. The decreasing tendency stopped when defor-
mation amplitude increased to 250%. For the segmented poly-
urethanes with 45% <HSC <50%, the shape recovery
decreased as the deformation amplitude increased from 50%

Fig. 15. Effect of deformation amplitude on shape recovery.

to 100% and did not exhibit obvious change as the deforma-
tion amplitude increased from 100% to 250%. The segmented
polyurethanes having intermediate HSC of 25% and 30%
showed the best shape recovery in all the tests with varying de-
formation amplitude. PU-35 and PU-40 showed slightly lower
shape recovery. The shape recovery dropped apparently when
HSC > 45%. This resulted from larger deformation of hard-
segment phase when hard-segment domains changed from
isolated to interconnected state. In the tests with 50% deforma-
tion amplitude, the polyurethanes PU-20, PU-25 and PU-30
showed 97% of shape recovery. In the zone HSC < 20%, the
shape recovery decreased with the decrease of HSC. It was
worth noting that PU-10, the polyurethane manifested to pos-
sess no hard-segment domain, still showed over 90% shape re-
covery. It would be the molecular interactions that prevented
the molecular slippage in the deformation of PU-10 and
resulted in the polyurethane memorizing it’s original shape.
This proved that besides hard-segment domains the molecular
interaction could also play the role of physical cross-links and
enable polymers to show shape memory effect under particular
conditions.

The shape recovery tests were also performed on PU-25
and PU-45 to study the influence of the deformation ampli-
tude. Fig. 16 presents the effect of the deformation amplitude
on shape recovery of segmented polyurethane samples. PU-25
and PU-45 exhibited the best shape recovery at T, + 20 °C
when the deformation amplitude was 50%, which was in
agreement with the results of the foregoing tests. With the
increase of recovery temperature the shape recovery of the
segmented polyurethanes gradually increased to over 90%.
Moreover, the segmented polyurethanes with varying defor-
mation amplitude exhibited almost identical final shape recov-
ery. Therefore the increase of deformation amplitude resulted
in no more irreversible deformation. It indicated that the
decrease of shape recovery at T;, + 20 °C with the increase
of amplitude resulted from the viscoelastic deformation of
hard-segment phase or the breakage and reconstruction of
molecular interactions and instable hard-segment domains.
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Fig. 16. Shape recovery of the samples with varying deformation amplitude as
a function of recovery temperature.

5.4. Influences of pre-deformation

As a sort of smart materials, precisely controlling shape
memory effect is essential for the application of SMPs. In
the thermomechanical cyclic tensile tests of the segmented
polyurethanes, the third loading curve was very close to sec-
ond loading curve. In the other words, the segmented polyure-
thanes seemed turning into completely elastic after the first
deformation. This fact enlightened us to enhance the shape re-
covery of the segmented polyurethanes by pre-deformation. In
our study, the segmented polyurethanes were extended to
120% strain on the tensile tester at the T, + 20 °C. After-
wards, the specimens were removed from the tensile tester
and kept at the T,,, + 20 °C for 15 min to undergo the shape re-
covery. Then the recovered specimen was taken as a new sam-
ple to perform the thermomechanical cyclic tensile tests with
100% deformation amplitude. As shown in Fig. 17, the shape
fixity of the segmented polyurethanes was close to the case of
those without pre-extension. But after the pre-deformation the
shape recovery of the segmented polyurethanes was nearly
100%. It seemed because the irreversible deformation and
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Fig. 17. Shape memory effect after pre-deformation training.

the viscoelastic deformation of hard-segment phase have taken
place in the pre-deformation. In the following deformation
process, no more irreversible deformation and viscoelastic de-
formation of hard-segment phase as long as the deformation
amplitude did not exceed that of the pre-deformation. Hence
the shape recovery was therefore near 100%.

6. Conclusions

A series of segmented polyurethanes showing shape memory
effect were synthesized with HSC varying from 10% to 50%.
The segmented polyurethanes had crystalline reversible phase
for triggering shape memory effect. The morphology and shape
memory effect of the polyurethanes were investigated.

The morphology of the segmented polyurethanes was char-
acterized with the combination of multiple techniques includ-
ing DSC, TMA, SAXS, and so on. In low HSC zone, the
polyurethane PU-10 was experimentally proved to be basically
homogeneous and has no hard-segment domains. The polyure-
thanes possessed more or less hard-segment phase when
HSC > 15%. The hard-segment domains change from isolated
states into interconnected states as HSC increased from 40%
to 45%. With the increase of HSC, the crystallinity of soft-
segment phase decreased. The microdomain morphological
structure of the segmented polyurethanes was investigated;
interdomain spacing reduced and the number and size of the
hard-segment domains rose as HSC increased.

The shape fixity of the segmented polyurethanes decreased
with the increase of HSC. The shape fixity was tightly related
to the strain-induced crystallization of the soft-segment phase.
As for the segmented polyurethanes with lower HSC, defor-
mation amplitude brought little effect to the shape fixity due
to their high crystallinity. But for the segmented polyurethanes
with 30% < HSC < 50%, the shape fixity rose dramatically as
the deformation amplitude increased from 50% to 100% since
the polyurethanes would not develop great strain-induced
crystallization under low deformation strain. Further investiga-
tions proved that the segmented polyurethanes should be ex-
tended at least over 100% strain to obtain better shape fixity.
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In addition, stress relaxation could result in the increase of
shape fixity and the increasing tendency rose with increase
of HSC.

The segmented polyurethane having no hard-segment do-
mains showed over 90% shape recovery in the thermomechan-
ical cyclic tensile tests with 50% deformation amplitude. This
implied that the molecular interactions could also play the role
of physical cross-links and enable the segmented polyurethane
to show shape memory effect under some particular condi-
tions. The segmented polyurethanes having isolated hard-
segment domains showed better shape recovery. The shape
recovery of segmented polyurethanes decreased dramatically
when the hard-segment domains changed from isolated into
interconnected state. When they were heated up to a suffi-
ciently high temperature the shape recovery of all the seg-
mented polyurethanes could increase over 90%. In the
segmented polyurethanes with higher HSC, it was the defor-
mation of hard-segment phase that resulted in lower shape
recovery at T,,+20°C. Stress relaxation resulted in the
decrease of shape recovery at T,,+ 20 °C. The decrease of
shape recovery was more apparent for the segmented polyure-
thanes with HSC of 15% and 25%. The shape recovery at
T + 20 °C decreased as the deformation amplitude increased
from 50% to 200%. The decrease stopped when deformation
amplitude increased to 250%. The shape recovery of the seg-
mented polyurethanes could be enhanced nearly to 100% by
a pre-deformation treatment.
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