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Abstract The shape memory effect of polymers was investigated for the purpose of improving the processing
conditions of their preparation and broadening the list of polymers for shape memory applications. Emphasis
was put on the possibility of using polymers with physical crosslinks as shape memory materials and their
structure-function relationships. Segmented block polyurethanes and polyethylene/nylon 6 graft copolymers
were used as examples of polymers with physical crosslinks. It was found that these copolymers can really be
used as thermally stimulated shape memory materials with large recoverable strain and high final recovery
rate. The main advantage of using copolymers is their improved processing conditions as compared with
polymers with chemical crosslinks. As only physical crosslinks are introduced, all conventional processing
techniques for thermal plastics can be used, and the materials become easily reusable. The results indicate
that the high crystallinity of these copolymers at room temperature and the formation of stable physical
crosslinks are the two prerequisites for these polymers to exhibit shape memory effect. The successful use of
block and graft copolymers imply the possibility of using polymers of various structure and properties as
shape memory materials.
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INTRODUCTION

Shape memory polymers are materials that may remember their original shape, when they are
deformed and fixed. This means that they are able to recover their original shape almost
completely at appropriate conditions, for example, under heating. So this is a thermally stimulated
shape memory effect. The shape memory effect is a special kind of thermal shrinkage that is unique
to polymers of specific structure and morphology and is characterized by its large recoverable
strain and high recovery rate, that is the percentage of the recoverable strain to the total strain. For
a shape memory polymer, its recoverable strain must be equal to or larger than 100% and its
recovery rate higher than 80% ~ 90%.

The first shape memory polymeric material commercially available was a special product of
polyethylene which is modified by using ionizing radiation during processing, and whose critical
response temperature is around 100°C!"). Much research has been done since then in industrial
laboratories in preparing new materials with shape memory effect and for exploiting their
applications' *. However very few contributions concerning the structure and property
relationships of shape memory polymers are found in the existing literature. Tobushi et al.!
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studied the mechanical properties of two polyurethane samples, which were supposed to be shape
memory materials, but no data regarding their structure, composition and shape memory properties
were given.

Our research project was mainly focused on the possibility of developing new routes to
prepare shape memory polymers. The purpose was to improve processing conditions, because it is
not convenient to use ionizing radiation during processing. Another aim was even more general in
nature: it is desirable to have a variety of shape memory polymers of different structures and
properties, so as to match the needs of various applications. It was presumed that the best way to
solve these problems is to learn the mechanism of the shape memory effect of polymers, or the
structure-function relationship. Once we have acquired the knowledge of the mechanism, we can
solve these problems on the level of the so-called molecular design or material design.

MECHANISM AND MATERIAL DESIGN PRINCIPLEY

By comparing and analyzing the shape memory behavior of the polyethylene product and the
phenomena of thermal shrinkage and rubber elasticity, we are able to find out the differences and
similarities among them. On the basis of these studies and considerations, a model was proposed to
explain the mechanism of the shape memory effect of polyethylene samples. This can be
schematically shown in Fig. 1. The original specimen at room temperature is crystalline. The
crystallites and the crosslinking points randomly distributed within the specimen without
macroscopic anisotropy. The specimen becomes high-elastic at temperatures above the melting
point of the polyethylene crystals. In this state the specimen can be highly stretched, or deformed,
and can recover its original shape after withdrawing the external force. However if the stretched
specimens 1s cooled down to lower temperatures under constrained conditions, the elastic
deformation can be frozen and retained after withdrawing the external force due to the
crystallization of polyethylene. When the specimen is reheated, the melting of the crystals occurs,
and the stored elastic energy will prompt the specimen to almost completely recover its original
shape. So by using this model we can understand the shape memory behavior of the polyethylene
specimens. What is important here is that this model clearly indicates a material design principle of
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Fig. 1 Model for shape memory effect of polymers
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shape memory polymers in general. That is they might be polymers properly crosslinked and with
their melting point or glass transition temperature appropriately higher above the room
temperature.

According to this model, a crosslinking structure is necessary for the polyethylene products. It
is well known that the introduction of chemical crosslinkings will severely lower the extent of
molecular motion and results in poor processibility of the samples. So in these cases a two-step or
multi-step processing technology was eventually developed. The crosslinking reaction was
intentionally arranged to be carried out in the last step of preparation after the shape formation of
the products by exposing the products under high energy radiation as in the case of polyethylene or
elevated temperature!®. However, these two-step or multi-step procedures may greatly complicate
the technology and increase the productive cost, especially when expensive facilities are needed.

In order to improve the processing conditions and vary the structure of shape memory
polymers we have attempted to develop shape memory polymers with physical crosslinks instead
of chemical ones. It was proposed that these studies would also be very important and necessary
for checking the validity and the versatility of the model for shape memory polymers. For this
purpose two kinds of polymers, segmented block copolymers and graft copolymers, were chosen in
our studies.

MEASUREMENTS OF SHAPE MEMORY EFFECT

A special experimental procedure was adopted for preparing samples and for measuring the shape
memory effect. This is schematically given in Fig. 2. The original film specimen at room
temperature, point A, is first heated to temperature 7p, point B in the graph Tp is a chosen
temperature above the melting temperature of the crystals. The specimen is then stretched to a
strain &, point C, and then cooled down immediately, or after a time period of #p, to a setting
temperature 7, under constrained conditions of constant length. Usually room temperature is
chosen as the setting temperature. So the specimen is situated at point D in the graph. After
keeping at T for a period of time #, the external force is withdrawn. A contraction may occur at this
moment, the strain may change from ¢, to &. This means the position of the specimen moves from
point D to point E. The specimen at point E is then used for studying the strain recovery behavior
in a process of constant heating rate. The strain remains unchanged in the beginning and decreases
suddenly in the temperature range near the melting temperature, and then it decreases slowly
approaching a limiting value. The recovery process can also be expressed by the temperature
dependence of the recovery rate R, the percentage of the recovered strain at temperature 7 in the
total fixed strain.

D
£ C R
£
& g 0.9R;
- £
& g
£ 0.5R; >
g g
@ 2
[3]
0.1R, &
R(T) #(T) 0
o] a X
Tl Tyo
Temperature

Fig. 2 The diagram of preparation procedure of specimens for
strain recovery measurements and recovery curves
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Several parameters from these measurements are used to describe the characteristic features of
the shape memory behavior of the specimens. The degree of fixation, &/&, denotes the ability of
the samples to fix their strain. The final recovery rate Ry gives the recovery ability of the specimen.
The temperature corresponding to 0.5 Ry on the thermal recovery curve is the response
temperature. A parameter V; is proposed to characterize the speed of the recovery process. It can
be considered as the slope of the central part of the recovery curve.

SEGMENTED BLOCK COOPOLYMERS® "%

A series of segmented polyurethanes were prepared for studying the relationship between structure
and shape memory effect of polymers. The soft segment used was polycaprolactone (PCL). The
molecular weight of PCL diols was in the range of 1600~7000. The diisocynates were 4, 4’-
diphenylmethane diisocynate (MDI) and toluene diisocynate (TDI), respectively and 1, 4-
- butanediol-was-used as the chain extender. The hard segment content varied from about 8% to 7
45%. The composition and structure of polyurethane samples (with MDI as diisocynate) as well as
their intrinsic viscosity data measured in N, N’-dimethylformamide at 30°C are given in Table 1.

According to the model! given above, the high crystallinity of the soft segment regions at room
temperature and the formation of stable hard segment domains acting as physical crosslinks up to
temperatures above the melting temperature of the soft segment crystals should be the two
prerequisites for a segmented polyurethane sample to exhibit shape memory behavior. So it was
interesting to study these two properties of segmented polyurethanes and their dependence on the
structure and composition of the polyurethane molecules.

Polycaprolactone is a well crystallizable polymer. The used PCL diols of different molecular
weight may crystallize near or above the room temperature during cooling from the melt state.
These PCL diols have a melting temperature around 55°C, and a crystallinity around 60%. When
these PCL diols are introduced into segmented copolymers, their crystallization ability is
significantly depressed due to the connection with the hard segments. This is evident from the
lowering of the crystallization temperature and the decrease of crystallinity (Table 1). The results
can be illustrated more clearly in Fig. 3. It was found that the crystallization ability of soft
segments in copolymers was mainly dependent on the molecular weight of the PCL segments. No
crystallinity was observed for samples with soft segments of low molecular weight. The
crystallinity of PCL segments increases abruptly after a critical molecular weight value, then it
approaches a constant. This critical molecular weight is in the range of 2000~3000 in this case, and
increases slightly with increasing hard segment length. Besides, for polyurethanes of the same soft
segment length, the crystallinity of PCL segments decreases with increasing hard segment content
of the samples. It means that sufficiently high molecular weight and content of soft segments are
important for segmented polyurethanes to exhibit the high crystallinity of their soft segments.

It is well known that the microphase separation of hard and soft segments is usually far from
complete. So it is very interesting to learn whether the hard segments are still able to aggregate and
form individual domains at such low contents, which are important for the crystallization of the soft
segments, especially when these hard segments are separated far apart from each other by the long
soft segments with a molecular weight of several thousands. It was found that the important
evidence for the formation of hard segment domains acting as physical crosslinks can be obtained
from the temperature dependence of the dynamic modulus. Figure 4 shows the results for samples
with PCL segments of molecular weight 7000. The modulus of these samples remains almost
unchanged with temperature until the melting of PCL crystals. Then the curves may form a plateau
which indicates the existence of physical crosslinks in these samples. The extent of the plateau
increases with increasing hard segment content of the samples. For the sample with low hard
segment content, 8%, the modulus drops abruptly, and no plateau was observed, Similar results
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were obtained for all other polyurethane samples with different soft segment molecular weight.
These dynamic mechanical measurements are also consistent with the results from electron
microscopy observations. Clear hard segment rich domains randomly distributed in soft segment
rich matrix can only be observed for samples of relatively high hard segment content, for example
more than 10%. All these results indicate that there is a lower limit of hard segment content. Only
above that limit do the polyurethanes have enough hard segment domains acting as physical
crosslinks at temperatures above the melting temperature of the PCL crystals.
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According to the model of shape memory effect, it is possible now to predict the shape
memory behavior of these segmented polyurethanes, because we are acquainted with the abilities
of PCL soft segment crystallization and the formation of hard segment domains and how these
abilities are related with the composition and structure of the copolymer molecules. All the
polyurethane samples are characterized by their structure and composition and can be put in a
graph with the molecular weight and content of the PCL soft segment as the two parameters
(Fig. 5). As has been shown above, only high molecular weight PCL segments are crystallizable;
the dashed line in Fig. 5 shows the crystallization limit. For samples under this line their soft
segments are unable to crystallize under conditions of conventional processing procedures. The
solid line in Fig. 5 gives the limit of hard segment domain formation. Only samples in the left part
of this line may have stable hard segment domains acting as physical crosslinks. It is clear now that
only samples in region [ may fulfill the two necessary conditions at the same time and exhibit
typical shape memory behavior according to the principles of the proposed model.

The results obtained from the measurements of all the polyurethane samples show that the
prediction of the shape memory behavior of the samples according to their composition and
structure given in the graph is correct. It implies that this model really reflects the basic prihciples
governing the shape memory behavior of polymers. Figure 6 gives the data for samples with same
mole composition, but different soft segment length. They are located in regions I and II
respectively. The sample of PCL molecular weight 4000 in region I exhibits behavior typical of a
good shape memory polymer: high degree of fixation, more than 98%, high final recovery rate,
near 98%, and narrow recovery temperature range or high recovery speed. By contrast the sample
of PCL molecular weight 1600, located in region I, only shows very small deformation recovery
effect during heating. The final recovery rate is about 20%. This means that only about 4% of the
strain are thermally recovered, if the low degree of fixation, about 20%, is also taken into



Thermal-Stimulated Shape Memory Behavior

209

consideration. Figure 7 shows the results of samples with the same PCL segment length, but
different composition. In the graph there are three samples in region I and one sample outside of it.
The samples in region I exhibit typical memory shape behavior with almost complete fixation,
high final recovery rate and recovery speed, while the sample outside region I shows poor

recovery effect.
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The data of all the MDI-polyurethane samples are summarized in Table 2. The degree of
fixation of good shape memory samples is more than 98% and is believed to be related to the PCL
segment crystallization ability of the samples. The response temperature was in the range of 43 ~

Table 2. Shape recovery results for polyurethanes with different length of soft segments

Samples Draw ratio  Strain fixation (%) T.(C) R (%) V¢ (min™)
M-132-1.6 1.73 21.8 38.0 222 0.02
M-132-4.0 1.81 98.4 43.0 97.7 0.44
M-121-5.0 1.77 100 54.3 50.1 0.11
M-132-5.0 1.76 99.3 43.7 96.0 0.99
M-143-5.0 1.80 98.9 43.0 98.4 1.13
M-121-7.0 1.79 100 51.8 60.0 0.15
M-132-7.0 1.76 99.5 48.6 93.3 0.38
M-143-7.0 1.78 98.8 47.3 94.9 0.47
M-154-7.0 1.81 98.0 45.7 97.9 0.61
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49°C and seems to be dependent on the melting temperature of the PCL segment crystais. The final
recovery rate and the average recovery speed both increase with increasing hard segment content of
the samples. All these results are consistent with the principles of the model.

Similar results have been obtained for TDI-based polyurethanes and ethylene oxide/ethylene
terephthalate segmented copolymers.

GRAFT COPOLYMERS!"!

The sample of graft copolymers we used was polyethylene grafted with polyamide, nylon 6. The
graft copolymer samples were prepared by melt blending of maleated polyethylene (M-PE) with
nylon 6. It is verified that in this process the polyamide molecules are grafted onto polyethylene
chains via the anhydride groups. Table 3 gives the compositions of the polyethylene/nylon 6 blends
used in our studies. M-PE-n, n = 1 ~ 4, are maleated polyethylenes of different anhydride group
content, and M-PE-1 has the lowest content. It was postulated that for these graft copolymers the
high crystallinity of polyethylene segments and the formation of micro-domains of nylon segments,
acting as physical crosslinks, would fulfill the necessary conditions for shape memory polymers.

Table 3. The compositions of the polyethylene/nylon 6 blends

Samples o, P"]ye‘hy'e“ecgn fent (wt%) Nylon 6 (wt%)
PE-0-90 HDPE 90 10
PE-1-90 M-PE-1 90 10
PE-2-90 M-PE-2 90 10
PE-3-90 M-PE-3 90 10
PE-4-90 M-PE-4 90 10
PE-2-95 M-PE-2 95 5
PE-2-85 M-PE-2 85 15
PE-2-80 M-PE-2 80 20

The crystallization and melting behavior of the samples were studied. There is no large
influence of grafting on the crystallization and melting of the polyethylene. Only a small lowering
of the melting temperature of the polyethylene crystals was observed, and the decrease of
crystallinity was consistent with the composition of the samples.

The formation of a network structure in these specimens can also be detected by the dynamic
mechanical measurements, as shown in Fig. 8. With the melting of the polyethylene crystals the
modulus of the graft copolymers decreases abruptly and then exhibits a plateau. The modulus
remains quite stable up to about 200°C or higher, corresponding to the melting of the nylon 6
crystals. In contrast, the specimens of polyethylene and polyethylene/nylon 6 blends tended to flow
at temperatures above the melting point of the polyethylene crystals, and no plateau was observed.
The extent of the plateau increases with increasing anhydride group content of the maleated
polyethylene molecules and nylon content.

All these results imply that the polyethylene/nylon 6 graft copolymers might exhibit good
shape memory effect according to the model. The examples of their thermal recovery curves are
given in Fig. 9. The graft copolymer samples show typical shape memory effect as expected. The
data for all the blend samples are given in Table 4. The high final recovery rate, more than 95%,
and high recovery speed are comparable to those of the commercial polyethylene product with high
degree of chemical crosslinking. At the same time the polyethylene and polyethylene/nylon 6
blends did not show any strain recovery effect, although both of them have high strain fixation
values. This means that no elastic network structure was formed in these specimens, and all the
fixed strain was irreversible.
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Table 4. The strain recovery results for polyethylene/nylon blends
Samples Draw ratio Strain fixation (%) T.(C) Ri (%) V, (min™)
HDPE 2.02 100 - - -
Ir-PE 2.10 96.2 100.5 94.4 0.32
PE-0-90 2.03 100 - - -
PE-1-90 1.99 99.4 122.3 94.9 0.26
PE-2-90 2.00 99.5 120.4 95.2 0.23
PE-3-90 2.10 99.0 121.3 96.0 0.27
PE-4-90 207 99.0 120.2 96.9 0.16
PE-2-95 2.06 99.8 118.8 95.0 0.27
PE-2-85 2.00 98.9 121.0 96.0 0.24
PE-2-80 2.04 98.6 120.3 96.6 0.26

INSTABILITY OF PHYSICAL CROSSLINKS AND SHAPE MEMORY EFFECT!'* ¥

Our studies on segmented block copolymers and graft copolymers shown above indicate that it is
possible to use physical crosslinks in shape memory polymers instead of chemical crosslinks.
However, physical crosslinks are usually not as strong or as stable as chemical ones. So it is of
great interest and importance to find out whether the unstable nature of the physical crosslinks will
influence the shape memory effect of these samples and to what extent this influence will be.

For this purpose the dependence of the final recovery rate on fp, the length of the time period
the deformed specimen has stayed before cooling, was studied. Some polyethylene samples slightly
crosslinked under interaction of organic peroxide were used for comparison. Their degree of
crosslinking in terms of gel content is given in Fig. 10. Their gel content is less than 20%, while the
commercial polyethylene product has a high gel content more than 70%. The commercial product
is very stable with respect to the duration of time under strain at high temperatures, while the final
recovery rate of these slightly crosslinked samples decreases significantly with an increasing
duration of time (Fig. 11). This means that after a short period under stress the specimen can no
longer be considered as a complete elastic network. These results show clearly the influence of
weak or unstable network structures on the shape memory effect of polymers.

The same measurements were taken for our segmented polyurethanes and polyethylene/nylon
6 graft copolymers. Figure 12 gives the results for one of the segmented polyurethanes. A slow
decrease of the final recovery rate was observed. The final recovery rate was still more than 90%
within 2 min, and more than 80% up to about 5 min. Similar results were obtained for the
polyethylene/Nylon 6 graft copolymers (Fig. 13). It seems that the behavior of shape memory
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polymers with physical crosslinks is usually not as stable as that of polymers with a high degree of
chemical crosslinking. However it should be noted that a time period of one to two minutes is long
enough to cool down the specimen away from the stretching temperature in the practical process,
so in practice the influence of the unstable nature of the physical crosslinks could be minimized or
even ignored after careful design of the material.
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There are several points should be noted from these studies. First our results indicate that
copolymers including block and graft ones can be used as thermally stimulated shape memory
materials with large recoverable strain and high final recovery rate. The main advantage of using
copolymers is the improved processing conditions. All conventional processing techniques for
thermal plastics can now be used without relying on ionizing radiation. As only physical crosslinks
are introduced, the materials now become easily reusable. The second point is that these results
strongly support the basic principle for material design of shape memory polymers, that is they are
polymers properly crosslinked, with melting point and/or glass transition temperature appropriately
high above the room temperature, and we know now that the crosslinking could be chemical or
physical in nature. In addition, the successful use of block and graft copolymers can greatly
broaden the list of polymers for shape memory applications, and the reaction processing technique
might be a promising and powerful method for preparing these copolymers. All these are the
prerequisites for the wide application of shape memory polymers in various areas.
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