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ABSTRACT: Shape memory fibers (SMFs) were prepared
via melt spinning. The fibers underwent different heat treat-
ments to eliminate internal stress and structure deficiency
caused during melt spinning. The influences of heat treat-
ments on the SMF crystallinity, molecular orientation, hydro-
gen bonding, and shape memory behavior were studied. It
was found with increasing heat-treatment temperature, the
soft segment crystallinity, crystallite dimension, and micro-
phase separation increased, and the hydrogen bonding in
the hard segment phase increased. Low temperature heat
treatments decreased the shape recovery ratios while

increasing the shape fixity ratios as a result of internal stress
releasing and molecules disorientation. High temperature
heat treatments increased the hard segment stability. Increas-
ing heat-treatment temperature resulted in the improvement
of both the shape recovery and fixity, because it promoted
the phase separation. The results from DSC, DMA, XRD,
and FTIR were used to illustrate the mechanism governing
these properties difference. � 2008 Wiley Periodicals, Inc. J
Appl Polym Sci 109: 2616–2623, 2008
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INTRODUCTION

The thermally active shape memory fiber (SMF) is
one smart material, which can fix temporary elonga-
tion at a temperature below the switching tempera-
ture and recover the original length when heated to a
temperature above the switching temperature.1–10 The
most immediate application area of the SMF is in tex-
tile and clothing industry, because it can provide in-
spiration to create intelligent textiles with a self-regu-
lating structure and performance in response to exter-
nal stimulus.11,12

Similar to the shape memory effect of shape mem-
ory films, the shape memory effect of shape memory
polyurethane fibers is also due to the phase separa-
tion of the hard segments (aromatic diisocyanates
and small size diols or diamines) and soft segments
(aliphatic polyether or polyester) in the polyurethane
molecules.13–19 The aggregated hard segment phase,
which has a higher thermal transition temperature
acting as the physical crosslinking, is in charge of
memorizing original shape while the soft phase,
which has a low transition temperature Tm or Tg

(switching transition temperature) acting as a
‘‘switch’’ is responsible for fixing the temporary
shape. If the shape memory fibers are stretched at a
temperature above or below (cold draw) the switch-
ing temperature, the deformation can be fixed at the
temperature below the switching temperature. Indis-
pensably, they can recover to the original length
upon heating to be above the switching tempera-
ture.20–24

Among the SMF spinning methods, (i) dry, (ii)
wet, (iii) chemical, and (iv) melt spinning,5,25 the
melt spinning is the most advantageous in terms of
health, safety, environmental protection, and econ-
omy concerns, because it does not involve the use of
organic solvents.7 In this study, the SMFs were fabri-
cated by melt spinning. Heat treatments were
applied to the fiber to eliminate internal stress and
structure deficiency. The influences of heat treat-
ments on the fiber thermal properties, crystalline
properties, molecules orientation, hydrogen bonding,
and shape memory behavior were studied.

EXPERIMENTAL

Materials

The shape memory polyurethane based on polyester
polyol was obtained from shape memory textiles
research center at the Hong Kong Polytechnic Uni-
versity. It is a PCL-4000-based shape memory poly-
urethane.2,4–6 The soft segment phase has a glass
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transition at about 2508C and a melting transition at
about 478C.

Melt spinning

The shape memory polyurethane fibers were spun
using a laboratory-spinning machine with highly
pure nitrogen protection. Spinning temperature was
2108C; winding up speed 100 m/min. The prepared
SMFs were 70 dtex in linear density. The fiber’s soft
segment phase was a partially crystalline phase, and
the melting transition temperature was the switching
transition temperature of the SMFs.23,26,27 The fila-
ment surface image of the SMF was taken using a
Leica Stereoscan 440 scanning electron microscope.
The operating voltage was 20 kV.

Heat treatment

The SMFs underwent heat treatments on a three-
roller drawing unit (Alex James and Associate). The
schematic representation of the heat treatment pro-
cess is shown in Figure 1. The speed of the three
rollers was 40 m/min. The temperature of the three
rollers was same. At last, the filaments were wound
up at relaxation state without external stress. The
specimens were donated as SMF-X8C, that is, SMF-
658C, SMF-858C, SMF-1058C, and SMF-1258C, where
the X was the heat treatment temperature. After the
heat treatments, the fibers were stored in a constant
temperature and humidity laboratory (temperature:
228C, relative humidity: 61%) for 7 days before prop-
erty characterizations.

Differential scanning calorimeter analyses

The thermal properties of the as-spun fiber and
SMFs after heat treatment were investigated through
a differential scanning calorimeter (DSC) (Perki-
nElmer Diamond) with nitrogen as purge gas. In-
dium and zinc were used for calibration. Samples
were washed with methanol to remove the oil and
air dried before testing. The samples were first
cooled from ambient temperature to 2708C at a cool-
ing rate of 208C/min. Then the fibers were reheated

to 2508C at a heating rate of 108C/min to investigate
the thermal properties.

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) tests were car-
ried out on a PerkinElmer Diamond Dynamic Me-
chanical Analyzer operated in a tensile mode. The
heating rate was 28C/min, testing frequency 2 Hz,
and the oscillation amplitude 5.0 lm. Tests were
conducted over the temperature range from 2120 to
2508C. The gauge length between the clamps was
15 mm. The fiber cross-sectional area was measured
from the cross-sectional photos taken by an optical
microscope (3400 times).

X-ray diffraction analyses

The X-ray diffraction analyses (XRD) data were
recorded by using a Philips analytical X-ray (Philips
Xpert XRD System) at a voltage of 40 V, 30 mA
current with a radiation wavelength of 1.542 Å.
Spectra were obtained in a range of Bragg’s angle 2y
5 158–458 with scanning step size 0.028 and time per
step 1 s.

Sonic modulus

The sonic velocities and sonic modulus of the SMFs
after heat treatment at different temperature were
measured by using the SCY-111 sonic velocity appa-
ratus (Donghua University of China). The tests are
based on the presumption that sonic waves can
travel faster if the orientation of fibers increases.

Fourier Transform Infrared spectrometry

The SMF IR transmission spectra were determined
using a PerkinElmer (2000 FTIR) spectrometer in the
region of 700–4000 cm21 at room temperature. The
SMFs were cut into small sects to make KBr tablets.
Each sample was scanned 30 times at a resolution of
2 cm21 and the scan signals were averaged. To make
a comparison, all IR spectra were normalized by
using the height of the 1412 cm21 peak, assigned to
the C��C stretching mode of the aromatic ring.28–30

Thermomechanical cyclic tensile investigations

Thermomechanical cyclic tensile tests were carried
out by using the Instron 4466 equipped with a tem-
perature controlled chamber. In the measurement,
the fiber has a gauge length � 20 mm. The thermo-
mechanical cyclic tensile test consists of five steps.
The programmed testing path is shown in Figure 2.3

(1) First, the fiber was heated to 708C (Thigh) and
stretched to 100% strain at a speed of 10 mm/min at

Figure 1 The schematic presentation of the heat treatment.
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this temperature; (2) then the fiber was cooled to
ambient temperature (228C) and the 100% strain was
kept for 15 min; (3) the clamp was unloaded, and
the fiber was allowed returning to the original posi-
tion at a speed of 40 mm/min; (4) the fiber was then
heated to 708C; (5) procedure (1–4) was repeated.
The above cycle was repeated four times on each
fiber. In Figure 2, em is the defined maximum strain
in the cyclic tensile tests. In this study, em is 100%. eu
is the strain after unloading at ambient temperature
(228C) and ep(N) is the residual strain after recovery
in the Nth cycle. The fixity ratio (Rf ) and recovery
ratio (Rr) after the Nth cycle are calculated according
to following equations3:

Rf ðNÞ ¼ euðNÞ

Rr ¼ ð1� epðNÞÞ 3 100%

RESULTS AND DISCUSSION

DSC analyses

The surface image of the prepared SMFs are shown
in Figure 3. The SMFs have a smooth surface.

The DSC thermograms of PCL-4000, as-spun SMF,
and SMFs after heat treatment are presented in Fig-
ure 4, and the thermal property parameters are tabu-
lated in Table I. The soft segment crystallinity was
calculated from the enthalpy data DH of the crystalli-
zation by using the 140 J/g enthalpy value for fusion
of 100% crystalline PCL given by Crescenzi et al.28,31

In the as-spun SMF DSC curve, the melting transi-
tion peak in the vicinity of 418C is ascribed to the
soft segment melting transition.22,23 Because of the
impendence of the hard segment, the crystallinity of
soft segment PCL decreases and the melting transi-
tion temperature decreases simultaneously in compar-
ison with that of pure PCL. From Figure 4 and Table
I, it can be seen that the heat treatment has a remark-
able influence on the soft segment phase crystalliza-
tion of the SMFs. With increasing heat treatment tem-
perature, the soft-segment crystallinity increases from
18.8% of as-spun SMF to 28.4% of SMF-1258C. The
melting transition temperature increases from 41.208C
to 48.588C.

The heat treatment, especially high-temperature
heat treatment, also has an influence on the SMFs
hard segment phase. It seems that low-temperature
heat treatment nearly has no influence on the hard
segment phase. However, after 1258C heat treatment,

Figure 2 The schematic representation of the cyclic ten-
sile testing path. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 3 The surface image of the prepared SMFs.

Figure 4 DSC thermograms of as as-spun SMF and SMFs
after heat treatment.
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the SMF shows obvious hard segment endothermic
peaks, which appear to be related to the relatively
short-range-ordered hard segments. According to the
previous studies,32,33 the glass transition temperature
of the hard segment in polyurethane is located at
around 1258C, and the melting point of hard seg-
ment phase crystals is in the range of 200–2408C.34

The above results suggest the high-temperature heat
treatment benefits for the hard segment aggregation
to form stable hard segment phase.

DMA analysis

The dynamic mechanical properties of SMF-1258C,
which had the highest dimensional stability, were
evaluated. Because of the severe shrinking of
the other fibers with increasing temperature, the
dynamic mechanical properties of the as-spun SMF
and SMF-658C, SMF-858C, and SMF-1058C cannot be
tested. The elastic modulus (E0) and loss tangent (tan
d) of the SMF-1258C over the temperature range
from 2110 to 1908C are presented in Figure 5. The
E0 of the SMF-1258C shows a sharp drop at about
2508C and a second sharp drop at 478C. The loss
tangent reflects the strain energy dissipated by vis-
cous friction. According to the dependence of loss
tangent on temperature, the peak locating at 2508C
belongs to the glass transition temperature of the
soft segment phase; the sharp increase at 478C is
attributed to the melting transition of soft segment
phase.35,36 This result is consistent with the DSC
results. At a temperature above soft segments melt-
ing transition, the mechanical properties of the poly-
urethane is almost completely contributed by the
hard segments phase37 as can be seen by the plateau
region of E0. This also proves the existence of the
hard segment rich phase.36 Upon heating above
1758C, another sharp decrease of E0 is observed, indi-
cating that the physical crosslinking cites between
hard segments are totally destroyed.

The shape memory effect of the SMFs can be illus-
trated using the DSC and DMA results. When the
fibers are heated to 708C, which is above the soft

segment phase melting transition temperature
(Ttrans), the soft segments are in a random state. If
they are stretched, the soft segments are extended.
Once the temperature is cooled to below Ttrans, the
soft segments crystallize. As a result, the internal
stress is stored in the fibers (mostly between the
hard segments) and an associated deformation is
fixed temporally. If they are reheated to above Ttrans,
the soft segments become flexible and the fibers re-
sume to the folded configuration because of the
release of internal stress stored between the hard
segments. As a result, the fibers recover to their orig-
inal length.

XRD analysis

The crystalline structures and unit cell parameters of
pure PCL-4000, as-spun SMF, and SMFs after heat
treatment at different temperature were studied
using XRD. The patterns are shown in Figure 6, and
the obtained results of lattice parameters are tabu-
lated in Table II. The percent crystallinity (Xc) within

TABLE I
Thermal Properties of As-Spun SMF and SMFs After

Heat Treatment (Tm is Crystal Melting Temperature, DH
the Heat of Fusion)

Soft Segment

Tm (8C) DH (J/g) Crystallinity (%)

PCL-4000 59.00 53.68 39.8
SMF-1258C 48.58 38.36 28.4
SMF-1058C 46.46 36.85 27.3
SMF-858C 45.35 34.97 25.9
SMF-658C 43.64 31.68 23.5
As-spun SMF 41.20 25.34 18.8

Figure 5 The elastic modulus and loss tangent of the
SMF-1258C.

Figure 6 Wide-angle X-ray scattering patterns of as-spun
SMF and SMFs after heat treatment.
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the sample was calculated using the method
described by Young and Lovell.38

Xc ¼
P
i

Aci

P
i

Aci þ
P
j

AAj

0
B@

1
CA3 100%

where the Ac is the area of the X-ray diffraction
curve due to scattering from the crystalline phase
and Aa is the area of the X-ray diffraction curve due
to scattering from amorphous.

The average crystallite size was determined
coarsely using Debye-Scherrer formula39,40: L(hkl) 5
kk/b cos y. Here, k is the applied X-ray wave length
kCu 5 1.542 Å; y is diffraction angle, k 5 0.89, b-
FWHM (full width at half maximum) in radians.

Contrary to the DSC curve of SMF-1258C where a
melting endothermic peak appears during the SMF

heating scanning, no obvious hard segment crystal
diffraction peak is observed in the XRD curve of
SMF-1258C. This may be because in the SMF the
hard segments is relatively short-range ordered and
not well-ordered enough to form crystallites.

The peaks of XRD curves were separated and
areas of the X-ray scattering of every amorphous
phase broad peak and sharp crystalline phase peak
were integrated using the Philips Xpert XRD system
soft ware. The peaks separating results and calcu-
lated crystallinities are presented in Table II. The
crystallinities changing trend with increasing heat
treatment temperature are generally consistent with
those obtained from DSC analysis. The heat treat-
ment increases the crystallinity and as a result bene-
fits the phase separation.22

The influence of heat treatments on the unit cell
parameters was also studied. From Figure 6, it can
see that all the PCL-4000, as-spun SMF, and SMFs

TABLE II
The Results of Peak Separation and Calculated Crystallinity

Sample
Peak position

2y (8) FWHM (8) Height (count) Area (count) Crystallinity (%)

PCL-4000 1 20.61 7.07 732.7 6298.1
2 21.43 0.44 9280.8 5001.1
3 22.11 0.37 1171.2 552.7
4 23.78 0.55 959.9 640.1
5 29.92 1.27 126.1 194.3
6 36.15 0.53 591.9 383.0
7 38.45 0.39 198.5 94.8
8 41.10 17.04 162.6 3367.8 41.53

As-spun SMF 1 21.44 7.19 77.1 6731.6
2 21.45 0.7 2297.6 1840.2
3 23.87 0.82 666.0 545.3
4 28.62 0.58 55.9 39.2
5 29.97 1.07 78.1 101.2
6 40.33 19.43 93.7 2212.4 22.02

SMF-658C 1 21.43 6.48 1460.2 1118.9
2 21.47 0.66 738.5 517.0
3 23.84 0.73 264.7 185.4
4 28.39 13.60 1315.3 1106.7
5 29.87 0.75 20.7 14.5
6 40.50 0.81 21.9 15.4 24.76

SMF-858C 1 21.21 6.30 191.5 1465.8
2 21.48 0.63 1145.0 773.8
3 23.81 0.67 372.9 289.9
4 27.18 16.75 75.1 1527.7
5 29.96 0.47 42.2 24.2
6 40.46 0.71 35.2 24.7 27.10

SMF-1058C 1 21.17 6.02 175.0 1280.3
2 21.5 0.56 1072.1 746.5
3 23.8 0.66 343.5 274.6
4 27.27 14.53 73.2 1292.1
5 30.08 0.74 29.1 26.2
6 40.63 1.35 19.5 31.9 29.55

SMF-1258C 1 20.77 6.49 198.9 1569.7
2 21.54 0.54 1034.7 873.4
3 23.78 0.64 303.4 300.6
4 27.88 14.35 62.7 1092.5
5 29.89 1.06 16.7 21.6
6 40.54 0.73 14.5 12.9 31.22
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after heat treatment have two prominent diffraction
peaks at about 21.58 and 23.808, respectively. The
peak at 21.58 can be attributed to the (110) plane dif-
fraction of PCL soft segment. The peak at 23.808
occurs due to the (200) plane diffraction.41 The unit
cell parameters of the PCL and SMFs are presented
in Table III.

For (110) plane, with an increasing heat-treatment
temperature, the average crystallite size increases.
For (220), with increasing heat-treatment tempera-
ture, the average crystallite size also increases. Gen-
erally, the heat treatment increases the soft segment
crystallites dimension.

Sonic modulus

The sonic velocities C and sonic modulus E of the
SMFs before and after heat treatment at different
temperature are shown in Figure 7. To make a com-
parison, the as-spun fiber is designated as the SMF
after heat treatment at ambient temperature (228C).
For the SMFs under study, the sonic modulus
decreases significantly at low temperature heat treat-
ment. This is because the SMFs have a melting tran-
sition at a low temperature. During the low-tempera-
ture heat treatment, the internal stress stored among
the hard segment phase during the spinning process
release accompanied with soft segment disorienta-

tion. Continuously, increasing heat-treatment tem-
perature has no obvious influence on the SMFs sonic
modulus.

Hydrogen-bonding analysis

It has been well known that the hydrogen bonding
between functional groups of polyurethanes has
remarkably influences on polyurethane proper-
ties.28,42–46 To study the hydrogen bonding of poly-
urethanes, the carbonyl stretching bands is mostly
used because the quantitative results based on N��H
bands are not reliable considering amido conforma-
tion change.28,43,47 In addition, the mole absorptive
ratio of hydrogen boned amido and free amido was
4.6 : 1, while that of carbonyl group is 1.05 : 1. So it
is more convenient to use the carbonyl group to
study the hydrogen bonding even though the hard
segment amide band composes the complete hydro-
gen bonding.28,43,48

In this study, to make a comparison, the FTIR
spectra of pure PCL-4000, as-spun SMF, and SMFs
after heat treatment from 1800 to 1550 cm21 are
tested, and the results are shown in given in Figure
8. For the pure PCL, where no hydrogen-bonded

TABLE III
The Lattice Parameters of the SMFs

Sample

(110) (200)

2y FWHM (8) L(hkl) 2y FWHM (8) L(hkl)

PCL-4000 21.43 0.44 181.64 23.78 0.55 145.91
As-spun SMF 21.45 0.7 114.18 23.87 0.82 97.88
SMF-658C 21.47 0.66 121.10 23.84 0.73 109.95
SMF-858C 21.48 0.63 126.87 23.81 0.67 119.78
SMF-1058C 21.5 0.56 142.74 23.8 0.66 121.60
SMF-1258C 21.54 0.54 148.03 23.78 0.64 125.39

Figure 7 The sonic velocity C and sonic modulus E of the
as-spun fiber and SMFs after different temperature heat
treatment.

Figure 8 Carbonyl absorption in the FTIR spectra of pure
PCL-4000 and SMFs as the function of increasing heat-
treatment temperature.
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carbonyl group exists, the carbonyl group stretching
vibration displays the absorption peak at 1723 cm21.
In the SMFs, the free carbonyl group peak locates at
about 1728 cm21 and hydrogen-bond carbonyl group
peak situates at 1701 cm21.49 It can be seen that with
increasing heat-treatment temperature, the peak inten-
sity of the free carbonyl group decreases and the area
of free carbonyl group peak reduces. Simultaneously,
the peak intensity of the hydrogen-bonded carbonyl
group increases, and the corresponding area increases
with increasing heat treatment temperature. These
suggest that with increasing heat treatment tempera-
ture, part of the free carbonyl groups transform to
hydrogen-boned groups.

In fact, in the SMFs, two kinds of hydrogen bond-
ing of carbonyl groups coexist. One is the hydrogen
bonding in the hard segments phase between carbonyl
group and hydrogen of amido. Another is the hydro-
gen bonding between carbonyl group in the soft seg-
ment and hydrogen of amido in the hard segment.
According to the previous studies 28–30,46, the wave
number difference of these two hydrogen bondings is
generally so small that they are difficult to separate in
the IR spectra.30,42,50 According to the results obtained
from DSC and XRD analysis, the heat treatment
increases the crystallinity and ‘‘purity’’ of soft segment
phase, as a result, the hydrogen bonding between car-
bonyl group in the PCL soft segment and hydrogen of
amido in the hard segment decreases.15,28,43 So, it can
be concluded that the hydrogen bonding in the hard
segment phase increases. This result also indicates
that a more stable hard segment phase is formed in
the SMF after heat treatment.

Shape memory effect

The shape fixity ratios and recovery ratios of the as-
spun SMF and SMFs after heat treatment are shown
in Figures 9 and 10. After 658C heat treatment, the
recovery ratios of the SMF decrease remarkably,

while the fixity ratios increase. With increasing heat-
treatment temperature, both the shape recovery
ratios and fixity ratios increase.

The shape memory effect changes after heat treat-
ments can be interpreted as follows. In polyurethane
bulk systems, the soft segment phase is in charge of
shape fixity by freezing the polyurethane molecules
after being cooled to a temperature below the
switching transition temperature, and the hard seg-
ment phase acting as physical crosslinking is respon-
sible for shape recovery by releasing the stress
stored during deformation.22,24,26,51 However, for the
SMFs which have molecular orientation and internal
stress caused during melt spinning, the fiber will
shrink because of the stress released and molecules
disorientation. So after 658C heat treatment, the re-
covery ratios decrease and fixity ratios increase.
With increasing heat-treatment temperature, as
established earlier, the soft segment phase crystallin-
ity and phase separation increase. The hard segment
phase stability improved especially after 1258C heat
treatment. So, the soft segment has more capacity to
freeze the polyurethane molecules when the fiber is
cooled from temperature above the switching transi-
tion temperature to the ambient temperature. In
addition, a more stable hydrogen-bonded hard seg-
ment network is produced after the heat treatment,
so that more deformation energy can be stored in
the hard segment phase. And consequently the SMF
has more power to recover to the original length
when it is heated to a temperature above the switch-
ing transition temperature. As a whole, the shape
fixity ratios and recovery ratios increase with
increasing heat-treatment temperature.5,6

CONCLUSIONS

In this work, shape memory fibers were prepared
using melt spinning. The fibers were subjected toFigure 9 Shape memory recovery ratios of SMFs.

Figure 10 Shape fixity ratios of SMFs.
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different heat treatments to eliminate internal stress
and structure deficiency caused during the melt-
spinning process. The influences of heat-treatment
temperature on the SMF crystallinity, molecular ori-
entation, hydrogen bonding, and shape memory
behavior were studied using DSC, DMA, XRD, sonic
velocity apparatus, and FTIR and thermomechanical
cyclic tensile testing. It was found with increasing
heat-treatment temperature, the soft segment crystal-
linity, crystallite, and microphase separation
increased. The hard segment stability increased espe-
cially by high-temperature heat treatment. The low-
temperature heat treatment decreased the shape re-
covery ratios while increased the shape fixity ratios
because of internal stress releasing and molecules
disorientation. Increasing heat-treatment temperature
increased both the shape recovery ratio and fixity ra-
tio, because the heat treatment increased both the
soft segment phase crystallinity and hard segment
phase stability.
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