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ABSTRACT: To investigate the morphology, crystalliza-
tion properties of reversible phase and thermal sensitive
shape memory properties of CW/SMPU (Cellulose
Whisker/Shape Memory Polyurethane) nano-composite,
the CW/SMPU nano-composite having CW contents of
0.1-3.8 wt % were prepared. SEM investigation showed
the evolution of reversible phase morphology from spher-
olite crystallization structure to uniform matrix with tiny
CW aggregates with the addition of CW into the SMPU
matrix. DSC and isothermal crystallization kinetic method
revealed the effect of CW on crystallization properties of
reversible phase and fixed phase, suggesting that the effect
of CW on the crystallization of hard segment phase is not
comparable with thermal history; the more CW causes the
higher crystallization rate of reversible phase; the crystalli-

zation mechanism of reversible phase in nano-composite
gradually evolves to heterogeneous nucleation and crystal
growth in two dimensions with the increase of CW con-
tent; the excellent nucleation effect of CW for the reversi-
ble phase leads to the drop of activity energy from 134.1
kJ/mol (N-0), to 95.1 kJ/mol (N-4). Cyclic tensile tests
illustrate the addition of CW content can engender rapid
shape fixity ability after a relative short cooling time; the
shape fixity ratio of nano-composite and the control sam-
ple after sufficient cooling all can be identically high.
© 2011 Wiley Periodicals, Inc. ] Appl Polym Sci 123: 749-762, 2012
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INTRODUCTON AND OVERVIEW

Segmented shape memory polyurethanes, in which
the soft segments comprise the reversible phase
while the hard segments form the frozen phase, can
restore its original shape upon heating above certain
temperature, T,, (melting point) or T, (glass transi-
tion) of soft segment after being strained. This
unique feature of this type of material has aroused
serious research interests from both academia and
industry in recent two decades." In the study of
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relations between the shape memory effect and
molecular structure of segmented polyurethanes
with ;)oly caprolactone)diols as the soft seg-
ment,>***" it was found that high crystallinity of the
soft segment regions at room sdtemperature is a nec-
essary prerequisite for shape memory function. In
our previous research, SMPU ionomers were system-
atically studied and the results revealed that the dis-
rupted physical crosslinks in hard segments can give
rise to the rapid shape fixity, simultaneously illus-
trating the shape fixity ratio increases with the
extension of cooling time,”** suggesting the gradual
increase of crystallinity during cooling time can
favor the shape fixity ratio. Therefore, it is supposed
that the rapid crystallization of soft segment poten-
tially improves the shape fixity to temporary defor-
mation in a short cooling time. Therefore, it is worth
deepening the understanding about the crystalliza-
tion properties for such smart materials.

Cellulose is one of the most abundant and renew-
able biopolymers from nature and has been studied
broadly in both academic and industrial areas. The
advantages of cellulose include low cost, low den-
sity, high stiffness, renewable nature, and biodegrad-
ability.** Enormous research has focused on the
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composites reinforced with cellulose fiber. As for
microcrystalline cellulose, in structure, cellulose
chains aggregate to form micro-fibrils, long thread-
like bundles of molecules stabilized laterally by
hydrogen bonding between hydroxyl groups and
oxygens of adjacent molecules. The arrangement of
cellulose molecular chain in micro-fibrils is suffi-
ciently regular to form monocrystalline cellulose
domains. There is also an amount of cellulose in
amorphous state within the micro-fibril.”> Because of
the different original resource, including the plants
and some sea animals,?® the cellulose micro-fibrils
possess diameters ranging from 2 to 20 nm and the
lengths that can be several tens of microns. The
micro-fibril is a string of cellulose whiskers,
assembled by the amorphous domains. The modulus
of micro-fibrils can be close to the perfect crystal of
native cellulose (estimated to 150 GPa). The amor-
phous domains as the defect can be removed from
the micro-fibrils, so as to obtain the short microcrys-
tals, i.e., cellulose whiskers. Dong et al. revealed that
the hydrolysis condition, such as temperature and
time, together with the subsequent ultrasonic treat-
ment can be used to prepare the cellulose microcrys-
tallites.”” The length of prepared cellulose microcrys-
tallites can be 75-107 nm evaluated from TEM
images. Helbert et al. obtained the cellulose micro-
crystals with dimensions of ~ 5 nm x 150-300 nm
from wheat straw through a steam explosion
method.” Oksman et al. established a technique
quite suitable for industrial scale production, in
which the partly separated cellulose nano-whiskers
were observed after blending and extruding micro-
crystalline cellulose (MCC) with DMAc (N,N-Di-
methyl acetamide)/LiCl (lithium chloride), PLA
(polylactic acid), and PEG (polyethylene glycol)
through extrusion at 170-200°C.*® The results of
Oksman shown the size of partly separated cellulose
nano whiskers was approximately 10 nm in width
and 200-400 nm in length, after suitable chemical
and mechanical treatment. As for the nano-compos-
ite containing nano whisker with polymers as ma-
trix, a series of studies were conducted. The high as-
pect ratio, modulus and strength of nano whiskers
have urge researchers to deepen their studies to
reveal the excellent reinforcement effect and other
relevant advantages of this filler in nano scale****
Moreover, it is quite interesting that the nano-com-
posite containing rubber ethylene oxide-epichlorohy-
drin copolymer and whiskers from tunicates (the
aspect ratio is higher than those from other sources)
possess the architecture and mechanical adaptability
closely similar to sea cucumber, which can selec-
tively and reversibly be controlled through the
formation and decoupling of a three dimensional
network of well individualized nano fibers in
response to specific chemical triggers.”® Materials
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based on a rubbery host polymer and rigid whiskers
shown a reversible change of tensile modulus by a
factor of 40, with the stimulus of external chemicals
that mediate the interaction among whiskers. There-
fore, it can be seen the application of cellulose
whiskers have been broadened from simple rein-
forcement to the smart or stimulus responsive
materials.

In our study, taking account of the huge influence
of the crystallizable reversible phase on the shape
memory performance aforementioned, the first step
is to elucidate the effect of cellulose whiskers within
shape memory polymer matrix on the crystallization
of soft segment phase i.e., reversible phase. To access
the effectiveness of the shape memory function in
practice, the copolymers are subjected to a testing
routine including heating, deforming, and cooling of
the sample. The testing cycle calls for a throughout
understanding not only on the crystallinity, melting
temperature of crystallization, but also on the crystal-
lization rate and crystallizability. In this paper, the
effect of CW loadings on the crystallizability and
melting behavior were studied with isothermal crys-
tallization kinetics. Two parameters in the Avrami
theory, n and K, depending on the nucleation and
crystal growth were determined. What's more, the
crystallization rate and the activity energy of crystal-
lization were discussed. For the nano-composites, the
fracture surface after breaking in liquid nitrogen was
observed. The WAXD was used to analyze the crys-
talline type of the reversible phase. In addition, cyclic
tensile tests were used to compare the shape memory
performance of CW/SMPU nano-composite with the
control sample, to illustrate the influence of CW on
the shape fixity and recovery ability.

EXPERIMENTAL
Sample preparation

The synthesis of SMPU composed of polycaprolac-
tone diols (PCL), 4,4'-diphenylmethane diisocyanate
(MDI) and 1, 4-butanediol (BDO) was detailed in
supporting materials and one of our papers.”” The
soft segment was PCL with the molecular weight of
10,000. The hard segment content, simply counting
MDI and BDO in, was 30 wt %. The cellulose
whiskers were prepared from microcrystalline cellu-
lose(MCC) (Cellulose, microcrystalline, colloidal,
CAS 51395-75-6, Aldrich, USA) by hydrolysis treat-
ment (64 wt % sulfuric acid in water for 1 h at
50°C). The condition for hydrolysis was selected
according to the previous literature.””*' Subse-
quently, the suspension was washed with centrifuge
and water until acid free. Then the cellulose
whiskers dehydrated from the suspension by freeze-
drying were dispersed in Dimethylformamide
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TABLE I
The Composition of the Control Sample, Cellulose
Whisker/SMPU Composites, Microcrystalline Cellulose/
SMPU Composites

Microcrystal
Wisker cellulose

Samples content (wt%) Samples content (wt %)
N-0 0% NC-3 2.88%
N-0.1 0.10% NC-5 5.51%
N-0.25 0.25%

N-1 1.03%

N-2 1.97%

N-4 3.81%

(DMF) in the concentration of 0.5 wt % to prepare
the homogeneous suspension by vigorous mixing
and wultrasonic vibrations (BRANSONIC-2510E-MT,
100 w, 40 kHz, Branson Ultrasonic Corp., USA).
CW/SMPU nano-composite were prepared by mix-
ing the CW suspension with SMPU in DMF for one
day in 5 wt % solid content. Then the films were
prepared by transferring the CW/SMPU suspension
to Teflon molds and allowed them to solidify at
60°C in air for 24 h. To remove the residual DMF,
the films were held at 75°C under vacuum of 1-2
mmHg for 24 h. The nominal thickness of the films
was about 200 pm. The preparation condition for all
samples was the same to make sure the thermal his-
tory of prepared samples was identical. As shown in
Table I, the series of nano-composite are nomenc-
lated by the letter “N” and followed by the numbers
showing the approximate loading content. The
untreated MCC was dispersed in DMF with 5 wt %,
and then mixed with SMPU to prepare the disper-
sion, and finally make film samples in the aforemen-
tioned way. The samples with MCC as fillers are
denoted with “NC-3” and “NC-5.”

Characterization

Isothermal crystallization experiments were per-
formed using a Perkin-Elmer Diamond DSC. The
heating and cooling routine, isothermal crystalliza-
tion temperature was set to the quite similar to that
used in shape memory function investigation.”* All
the detection was purged with nitrogen gas and
cooled by a cooler (Perkin—-Elmer, Intracooler II). In-
dium and zinc standards were used for calibration.
The sample (~ 4-6 mg) was initially heated to 75°C
at a rate of 10°C/min and held at 75°C for 5 min to
remove the thermal history of the crystallizable
phase, then rapidly (60°C/min) cooled to a desig-
nated crystallization temperature T, and held at this
temperature to the end of the exothermic crystalliza-
tion. The heat of fusion during the isothermal crys-
tallization process was recorded as a function of
time. The T, was chosen in practical ranging from 16
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to 32°C. The amounts of heat generated during the
development of crystal phase were recorded and an-
alyzed according to the usual equation of evaluating
the relative degree of crystallinity X;:

x, = (i 1)
Jo (@t

where f, and f = oo are the time at which the sam-
ple reached isothermal conditions (as indicated by a
flat base line after an initial spike in the thermal
curve) and the time at which the dominant sharp
exothermic peak ended. H is the enthalpy of crystal-
lization at time t. After isothermal crystallization, the
sample was heated to 75°C and the melting tempera-
ture T, indicated by the maximum of the endother-
mic peak was recorded.

An instrument of Transmission Electron Micros-
copy (TEM, JEOL-2010 with the accelerate voltage of
200 kV) was applied to observe cellulose whiskers
dispersed in DMF suspension. Ultrasonic treatment
was conducted to individualize the cellulose
whiskers and the dimensional estimation was made
according to the TEM images. The dilute suspension
containing cellulose whiskers with DMF as solvent
was dropped onto the carbon film on the copper
grid. Thereafter the sample grids are dried suffi-
ciently in air for TEM observation. A JEOL JSM-6490
Scanning Electronic Microscopy (SEM) instrument
was used to investigate the morphology of the frac-
ture surface of film samples after freezing in liquid
nitrogen. The surface observed was coated with gold
on JEOL JFC-1100E ion sputter coater in advance.
The SEM micrographs were obtained by using 7 kV
secondary electrons. The nano-composites and origi-
nal MCC were investigated with thermogravimetric
analysis (Netzsch STA449C) from room temperature
up to the decomposed temperature with the Argon
as purge gas, so as to detect the thermal stability of
specimens. The heating rate was 10°C/min in the
range of room temperature to 550°C. The thermal
properties were investigated by Differential Scan-
ning Calorimetry (DSC, Perkin—-Elmer Diamond),
purged with nitrogen gas and cooled by a cooler
(Perkin—-Elmer, Intracooler II). Indium and =zinc
standards were used for calibration. To ensure a
consistent thermal history for the melting process,
the samples were heated to 220°C and kept for 3
min. After that they were cooled to —40°C at a cool-
ing rate of 20°C/min, and then heated to 220°C at a
rate of 20°C/min and the thermograms were
recorded and compared. Wide Angle X-ray Diffrac-
tion (WAXD) profiles of prepared samples were
measured with Philip Xpert XRD System by Nickel-
filtered CuKa radiation (wave length = 0.1542 nm)
at operating voltage of 40 kV and a current of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 TEM image of cellulose whisker from MCC treated by hydrolysis (upper); SEM images of control sample (N-0),
MCC/SMP composites (NC-3 and NC-5), and CW/SMP nano-composites (lower).

30mA. The scattering intensity was recorded in the
range of 10—40° with the goniometer arm speed of
0.03°/s.

The cyclic tensile test was performed using an
INSTRON 5566 universal tensile tester equipped
with a temperature control chamber. The standar-
dized film size was 5 x 20 mm? The film was
heated initially to 75°C (Thign) in 600 s. After the
sample was stretched to 50% or 100% elongation
(em) at Tpign with a stretching rate of 10 mm/min,
cool air was vented passively into the chamber to
quench down the sample to around 24°C (T},y) at &,
during various cooling time (15, 30, 300 s). Then, the
strain was released from ¢, to 0 and the recurrent
heating and cooling process start subsequently. The
complete thermal cycle for each sample was
repeated five times for assessing the shape memory
effect. Detailed parameter definitions such as shape
recovery ratio (R,) or shape fixity ratio (R used to
characterize the shape memory effect were defined
in literature.”'*'® Thereof, R, quantifies the ability of
the materials to memorize its permanent shape and
is defined as the strain recovery after several passed
cycles based on the original shape of the sample
(eq. 9); R is given by the ratio of the strain in the
stress-free state after the retraction of the tensile
stress in one of cycles and the maximum strain
(eq. 10). The specific calculation was detailed in the
part of discussion.

Journal of Applied Polymer Science DOI 10.1002/app

RESULTS AND DISCUSSION

Figure 1 (upper graph) from TEM illustrate that cel-
lulose whiskers obtained from the hydrolysis treat-
ment presenting the relative uniform distribution in
nano scale. The diameter of prepared cellulose
whiskers is about 20-30 nm and the length is 200-
500 nm. Therefore, the aspect ratio of CW estimated
from TEM is about 10~, which is consistent with
other researchers’ result.*>*®> The dimension of pre-
pared CW not only depends on the hydrolysis con-
dition,? but also bases on the raw source such as 20
nm for Valonia, 10 nm for tunicin, 5 nm for ramie,
3—4 nm for wood and 1.5-3.0 nm for bacterial cellu-
lose.”” SEM was used to characterize the morphol-
ogy of CW/SMPU nano-composite. The comparison
among the control sample without fillers, MCC/
SMPU composites, and CW/SMPU nano-composites
were made to study the influence of cellulose
whiskers on SMPU matrix. As shown in Figure 1
(lower graph), the spherolite crystal structures with
the diameter of 2-5 um was observed in N-0, NC-3,
and NC-5. In N-0.25, the shperolite structures are
becoming blurred. When the loading content of CW
increases from 0.25 (N-0.25) to 1.03 (N-1), 1.97 (N-2)
and 3.81 wt % (N-4), the morphology of fracture
surfaces evolves from obvious spherolites to uniform
matrix with tiny CW aggregates. It can be explained
that CW aggregates appear as white stains in the
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Figure 2 Heating and cooling scan for N-0, NC-5, and
CW/SMPU nano-composites through DSC.

fracture surface and are roughly dispersed within
the polymeric matrix, to form filler domains sur-
rounded by the synthetic matrix.*> On the other
hand, due to the nucleation effect of CW dispersion,
the dimension of spherolite crystal of reversible
phase of SMPU probably decreases. The average size
of spherolites or the nucleation density is dependant
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on the rates of nucleation and the following growth
of the spherolites. If the nucleation is faster, then the
spherolites formed after the impingement of micro
crystallites would be thought to be smaller.®* It
might be the reason of the disappearance of shpero-
lite structure in CW/SMPU nano-composites. The
thermal stability was studied through TGA. Figure
S2 (in Supportin Information) illustrating that the
small addition of CW in the SMPU matrix can
improve the thermal stability of the nano-composite.
Especially, the 1.97 and 3.81 wt % (N-2 and N-4) CW
improve the decomposition temperature of 80%
weight loss upward to the high temperature.
Instead, the pure MCC and pure SMPU (N-0) pres-
ent the worse thermal stability in comparison with
nano-composite series and NC-5. In DSC heating
scan, the thermograms of all samples studied show
the endothermic melting peak of soft segment phase
and hard segment phase when heated as shown in
Figure 2. The data about thermal properties are sum-
marized in Table II. Obviously, from the two melting
peaks located at 51-57°C and 188-209°C shown in
heating scans of Figure 2, it can be found there are
two-phase structures. One is crystalline soft segment
phase and the other one belongs to hard segment
phase with weak crystallization endothermic peak.
Brunette and coworkers ever studied the model
hard segment compound, BDO-MDI with DSC and
FTIR to reveal the temperature dependence of
hydrogen bonding, and concluded that the sufficient
annealing at 150°C can effectively convert the non-
crystalline domain structure to the crystalline state,
which give rise to the well-defined high temperature
transition at 200-230°C.%° Therefore, it can be found
the crystallization of hard segment phase is quite
related to the thermal history and particular compo-
sition. In our study, in the 2nd heating scan, the rel-
atively well defined melting peak of hard segment
phase can be detected for N-0, NC-5, and all CW/
SMPU nano-composites. In the 1st heating, the melt-
ing peak of hard segment phase is almost neglect-
able, except for the tiny melting peak located around
190°C. It is concluded that the effect of fillers in this
series of samples on the crystallization of hard seg-
ment phase is not comparable to thermal history. On
the other hand, for the soft segment phase, the melt-
ing enthalpy in the 2nd heating scan of all compo-
sites is slightly lower than N-0. But it is not suffi-
cient for evaluating the crystallizability of all
samples to give an explanation to the morphology
evolution. So, in the following part, isothermal crys-
tallization kinetic was applied to detail crystalliza-
tion properties of soft segment phase.

The heating-cooling routine in isothermal crystalli-
zation was set to the similar to that for shape
memory programming reported previously.”*** The

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Thermal Properties Detected by DSC
1st heating scan Cooling scan 2nd heating scan

Tms AHms Tmh AHmh Tcs Tch AHch Tms AHms Trnh AHmh
Sample () (J/g) (€) J/g) (€) J/g) (€ (J/g (€) J/¢g) (€) (J/g
N-0 56.8 45.9 193.8 - 23.9 38.3 174.6 2.76 52.6 43.0 207.8 2.68
N-0.1 56.8 43.6 192.5 - 23.5 379 176.6 4.55 52.3 38.8 207.8 3.40
N-0.25 57.8 48.2 196.2 - 20.9 42.2 173.3 2.16 54.0 42.2 209.8 1.93
N-1 55.4 43.6 193.2 - 23.2 40.4 174.6 3.71 52.6 40.5 199.3 2.68
N-2 55.7 47.0 192.8 - 23.6 41.2 171.6 2.49 529 425 206.1 2.33
N-4 55.4 42.2 190.5 - 24.2 36.3 172.6 4.50 52.3 37.3 203.8 3.78
NC-5 56.8 40.7 188.2 - 229 36.5 179.6 3.63 51.9 36.5 208.1 242

T,ns, melting temperature of soft-segment; AH,,;, enthalpy of melting soft-segment; T,,,, melting temperature of hard-
segment; AH,;,, enthalpy of melting hard-segment; T,: temperature of soft-segment crystallization; AH,, heat of soft-seg-
ment crystallization; T, temperature of hard-segment crystallization; AH,, heat of hard-segment crystallization.

overall kinetics of the isothermal crystallization of
crystalline soft segment from the melt is analyzed on
the basis of the Avrami equation.’® This crystalliza-
tion theory is widely accepted to describe the crys-
tallization process in polymer, polymer blends, and
copolymers.”’~** The Avrami equation is used to
describe the crystallization kinetics:

X(t) =1—exp(—Kt") (2)
which can be linearized in the form:
log[—In(1 — X(t))] = nlogt +log K 3)

where n is the Avrami exponent whose value
depends upon the mechanism of nucleation and on
the crystal-growth geometry, K is a rate constant
containing the nucleation and the growth parame-
ters. X(t) represents the relative amount of crystalli-
zation plotted in Figure 3 for different crystallization
temperatures and in Figure 4 for CW/SMPU nano-
composites with various loading content of CW at
32°C. Therefore, if the crystallization rate can be
compared according to the time to finish the isother-
mal crystallization, it can be observed that the higher
the isothermal crystallization temperature, the lower
the crystallization rate will be; the crystallization
rate increases with the increase of CW content. Espe-
cially in N-4, the isothermal crystallization can be
finished in the shortest time among all samples,
judging from the curve of heat generated versus
time in Figure 4. Also, in the comparison between
N-0 and NC-5, it can be observed that the crystalli-
zation rate can be increased slightly when original
MCC was used as fillers, suggesting the MCC in the
SMPU matrix also can present nucleation effect to
speed up the crystallization of the soft segments.
Theoretically, if eq. (3) can adequately follow the
crystallization process, a plot of log[—In(1 — X(t))]
against logt should yield a straight line with slope n

Journal of Applied Polymer Science DOI 10.1002/app

and intercept logK. The double logarithmic plots of
log[—In(1 — X(t))] against logt with various tempera-
tures are shown in Figure 5(a) (upper graph). Each
plot represents a linear dependence of log[—In(1 —
X(t))] against logt, but of slightly deviation from the
prediction when both parameters are large, indicat-
ing the existence of a secondary crystallization of
PCL which occurs consecutively with primary. The
study of PCL (M,, = 80,000) by Kuo et al.** suggests
that the PCL with a higher M,, value has the same
tendency at a later stage in the crystallization pro-
cess. The deviation is attributed to the secondary
crystallization involving fibrillar growth between the
primary lamellae of the spherolite, and leading to
the occurrence of spherolite impingement.

The values of n and K for a particular sample can
be determined from the initial linear portions of the
double logarithmic plots of Figure 5(a). The results
for different samples are summarized in Table III,
Figure 5(b,c). The Avrami parameter n of N-0 and
NC-5 at 16-32°C in our investigation is around 2.5
and present the slight increasing trend with the
increase of temperature. As shown in Figure 5(b), in
nano-composites, when the CW loading ratio is
increased from 0 to 3.81 wt %, the n value calculated
from eq. (3) and Figure 5(a) decreases from around
2.5 to 1.5-2.0, suggesting CW has a substantial influ-
ence on the nucleation and crystal growth mecha-
nism. Generally, the n value close to 3 may represent
an athermal nucleation processing with three-dimen-
sional crystal growth. The n value close to 2 means
the crystal growth may not undergo in three dimen-
sions at the equal rate. The integral n value obtained
in this study might be caused by the crystalline
branching or secondary crystallization. Therefore, it
can be seen that the introduction of CW into SMPU
matrix give rise to the enhancement of hetero-
geneous nucleation and crystal growth in two
dimensions.
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Figure 3 Relative crystallinity and exothermal heat versus time during isothermal crystallization at 12, 16, 20, 24, 28,
32°C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The half crystallization time #(0.5) is defined as the
time at which the crystallinity is equal to 50%. In
Avrami eq. (2), when X(t) = 50%:

K = In2/[t(0.5)]" )

In Table III, the half crystallization time #(0.5)
calculated from eq. (4) agrees with that obtained

experimentally from Figure 3, suggesting that the
Avrami equation analysis is adequate to describe the
crystallization mechanism of the reversible phase in
the series of SMPU and the nano-composite.** The
rate of crystallization is mathematically defined
as the inverse of #(0.5). From Figure 5(c) it is found
that the crystallization rate increases significantly
with the increase of CW content. At the isothermal

Journal of Applied Polymer Science DOI 10.1002/app
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crystallization temperature of 32°C, only 3.81 wt %
CW can make the time of half crystallinity (#(0.5))
decrease from 6.26 min in pure SMPU to 1.98 min in
N-4. While #(0.5) in the sample NC-5 with the load-
ing content of MCC of 5.51 wt % in SMPU matrix is
4.53 min.

As shown in heating scan after isothermal crystal-
lization (detailed in Figure S1 in Supporting Infor-
mation), a dominant sharp exothermic peak in the
reheating DSC thermogram of our samples is consid-
ered to be the primary melting temperature (T,,). In
Figure S3 (in Supporting Information), the T, of all
samples for various T. is summarized in a figure
and it clearly reveals that T, increases linearly with
T.. The T, can be calculated by linear extrapolation
of T,, versus T, to the line T,, = T, and listed in
Table III. The experimental data can be fitted well
by the Hoffman-Weeks equation™®:

T, = OT, + (1 — ®)T, 5)

where T, is the equilibrium melting point, and ® =
1/7 is the stability parameter depending on the crys-

Journal of Applied Polymer Science DOI 10.1002/app

tal thickness (y is the ratio of the lamellar thickness
L to the lamellar thickness of the critical nucleus L*
at T.). The @ is between 0 and 1 (® =0 and T,, = T,,
whereas ® = 1 and T,, = T,). The crystal are most
stable for ® = 0 and unstable for ® = 1. As shown
in Figure S3, T,, increases with T, as expected. The
extrapolation of the observed melting temperatures
to the line T,, = T. has been employed to calculate
the T, of copolymers and homopolymers.*” How-
ever, in the case of the study on segmented poly
(ester-urethanes) based on poly(e-caprolactone) by
Bogdanow et al.,*® linear polyethylene, and random
copolymers at low level of crystallinity by Alamo
et al.,**” this extrapolation method fails to describe
the relations between T,, and T,. Firstly, the noniso-
thermal crystallization during cooling to certain T,
causes the corresponding T,, to increase. Secondly,
the observed dependence also arises from annealing
during the heating scan which causes the improve-
ment in crystal quality and hence T,, increases, and
the effect is particularly pronounced when T, is
lower. Therefore, in our investigation, T, is calcu-
lated from the crystallization temperatures range
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above 24°C. Table III summarizes values of equilib-
rium melting temperature (T.) of all samples. It is
found that the T, and ® values of nano-composite
are quite similar to N-0. In N-4, the stability parame-
ter ® varies from 0.20 to 0.23. It is slightly higher
than N-0, 0.19-0.21, suggesting that the formation of
crystals of reversible phase in CW/SMPU nano-com-
posite is rather stable. In addition, from the XRD
profiles shown in Figure 6 for pure MCC, N-0, N-2,
N-4, NC-3, and NC-5, it is observed that the crystal-
line structure of the reversible phase in SMPU is not
influenced significantly. The two intense reflection
peaks appear at 20 = 22° and 23.8°, illustrating the
reversible phase in CW/SMPU nano-composite and
pure SMPU are characteristic of the orthorhombic

crystalline form. Pure MCC presents peaks at 20 =
15.4°, 16.2° and 22.5°, suggesting the crystalline
structure in MCC belongs to cellulose I polymorph.
The isothermal crystallization process in nano-com-
posite is assumed to be thermally activated. The
Avrami paprmeter K can then be described by the
Arrhenius equation®**:

AE
1/n _ -
K ko, exp ( RTC> (6)
AE

where k is a temperature-independent pre-exponen-
tial factor, R is the gas constant, and AE is the total

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Parameters for Isothermal Crystallization
T. (C°) n logK® K £0.5)P £0.5)° T, (C°) AHY (/¢) T, (C°) °
N-0 16 231 0.95 9.00 0.329 0.317 49.36 35.90 57.38 0.194
20 2.47 0.45 2.81 0.567 0.556 49.87 34.70 0.201
24 2.60 -0.21 0.61 1.050 1.054 50.37 34.40 0.210
28 2.67 -1.23 0.06 2.500 2.519 51.20 32.50 0.210
32 2.51 —-2.15 0.01 5.412 6.260 52.05 30.20 0.210
N-0.1 16 1.96 0.93 8.55 0.277 0.256 48.69 28.90 56.70 0.197
20 1.81 0.66 4.59 0.352 0.329 49.20 28.10 0.204
24 191 0.23 1.71 0.623 0.598 49.87 27.50 0.209
28 2.07 —0.46 0.35 1.391 1.369 50.70 25.40 0.209
32 2.48 —1.68 0.02 4.177 4.059 51.54 23.10 0.209
N-0.25 16 1.95 1.09 12.20 0.229 0.212 49.02 33.60 57.08 0.196
20 1.64 0.80 6.32 0.260 0.243 49.35 32.70 0.208
24 1.81 0.38 2.42 0.501 0.470 50.19 31.40 0.208
28 211 —0.25 0.56 1.106 1.073 50.86 29.60 0.214
32 2.40 —1.38 0.04 3.282 3.152 51.87 27.40 0.208
N-1 16 1.46 0.79 6.15 0.224 0.202 48.83 34.50 57.57 0.210
20 1.87 0.72 521 0.340 0.308 49.16 33.50 0.224
24 1.82 0.33 2.15 0.537 0.494 49.83 33.00 0.231
28 1.91 —0.28 0.52 1.162 1.084 50.67 31.00 0.233
32 2.24 —-1.29 0.05 3.234 3.068 51.68 27.70 0.230
N-2 16 1.56 0.98 9.45 0.187 0.178 49.34 33.80 57.43 0.195
20 1.76 0.76 5.81 0.298 0.276 49.67 33.20 0.207
24 2.07 0.48 3.00 0.493 0.465 50.50 32.30 0.207
28 2.11 —0.20 0.63 1.046 0.985 51.17 31.30 0.213
32 217 -1.10 0.08 2.704 2.592 52.17 29.10 0.207
N-4 16 1.39 0.71 5.07 0.239 0.224 48.69 34.20 57.29 0.208
20 1.35 0.56 3.60 0.295 0.268 49.02 33.10 0.222
24 1.32 0.36 2.31 0.402 0.359 49.70 32.70 0.228
28 1.52 —0.02 0.95 0.812 0.731 50.53 30.50 0.231
32 1.93 —0.79 0.16 2137 1.983 51.53 27.40 0.228
NC-5 16 1.79 0.88 7.58 0.262 0.249 49.00 33.50 57.06 0.196
20 2.05 0.65 4.42 0.405 0.397 49.50 31.60 0.204
24 222 0.10 1.27 0.761 0.760 50.17 30.70 0.208
28 2.45 —0.73 0.18 1.733 1.718 50.85 28.80 0.214
32 2.68 -1.92 0.01 4.862 4.533 51.85 26.30 0.208

? n and K value obtained from eq. (3) and Figure 5(a).

P t(0.5) calculated from eq. (4) using and n a and K a value.

€ 1(0.5) obtained experimentally from Figure 3.

4 Melting enthalpy in heating scan at 10C°/min after isothermal crystallization.

¢ O calculated from eq. (5).

crystallization activation energy in kJ/mol. The plots
of (1/n)InK against 1/T, are shown in Figure S4 (in
Supporting Material). The activation energy is calcu-
lated and summarized in Table IV. For N-0, the AE
for the primary crystallization process is calculated
to be 134.1 kJ/mol, while for N-2 and N-4, the AE
decreases significantly to 117.8 and 95.1 kJ/mol. In
the sample NC-5 containing MCC, the AE is 127.7
kJ/mol. The decrease trend of activation energy in
nano-composites indicates that the effect of tempera-
ture on crystallization rate becomes smaller with the
increase of CW content. In this isothermal crystalli-
zation, the nucleation is dominant. Therefore, it can
conclude that nucleation mode exhibits the tendency
to more athermal one. The addition of CW with the
huge surface of unit mass is able to speed up the

Journal of Applied Polymer Science DOI 10.1002/app

crystallization of the reversible phase. It is poten-
tially used for the rapid shape fixity as bio-materials
for immobilization or rehabilitation usage.**

Because the crystallization of the reversible phase
is time-dependant, the cyclic tensile test routine with
different cooling time was designed to investigate
shape fixity to transient deformation. The parame-
ters such as shape fixity ratio and shape recovery ra-
tio for this testing have already been reported previ-
ously.'?® In cycle tensile testing, the stress—strain
curves of the segmented polyurethane films tend to
be identical after the first several cycles and with no
significant variation in further cycles as reported
before.””'*13°! 1t is due to the destruction of weak
net-points in the initial cycles in deformation, and
the subsequent formation of ideal elastic network.'
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- — MCC

Intensity

20())

Figure 6 XRD profile for MCC and composites.

Therefore, the fixed strain (g,) and irreversible strain
(gp) of cycle 2 to 5 are used to assess shape memory
effect in this article.

Em — €p

R, = x 100%

®)

em

Ry =22 % 100%

- ©)
where g, represents the maximum strain in the
cyclic tensile testing; ¢, is the residual strain after
unloading at Ti,; &, is the residual strain after
shape recovery. In this study, Rss and R, s of cycle 2
to cycle 5 are averaged to demonstrate the effect of
the composition on shape memory performance.

As the results reported previously, the shape fixity
ratio increases gradually with the increase of cooling
time.?? Furthermore, it can be seen, from Table V,
Figures 7 and 8, that the Ry of N-4 is much higher
than that of N-0 when cooling time is relative short
such as 15 s. But after sufficient cooling time such as
300 s, the Ry of N-4 is approximately identical to the
control sample, N-0. For shape recovery ratio, the
difference between the two samples is not significant
in comparison to shape fixity performance. It can be
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TABLE IV
Crystallization Activation Energy from
Figure 5(a) and eq. (4)

Sample code AE (kJ/mol)? AE(KJ /mol)®
N-0 134.1 136.2
N-0.1 121.8 125.1
N-1 116.3 119.1
N-2 117.8 118.3
N-4 95.1 94.6
NC-5 127.7 130.0

? Calculated by using K and 7 value from Figure 5(a).
P Calculated by using K and n value from eq. (4) where
t(0.5) are experimentally from Figure 3.

explained that the addition of cellulose whiskers
mostly influences the crystallization process of the
reversible phase. Especially, when the cooling time
is insufficient (15 s), the crystallization of reversible
phase in N-4 can be formed more rapidly to with-
stand the internal stress stored in deformed polymer
network. Therefore, shape fixity in N-4 for 15 s cool-
ing time is much higher. After sufficient cooling
time, all crystallization is formed very well in both
N-4 and N-0. It should be the reason of the similar
shape fixity ratio in the two samples for shape fixity
with sufficient cooling (300 s).

CONCLUSIONS

The morphology, crystallization of reversible phase
and shape memory performance of CW/SMPU
nano-composites were investigated by using SEM,
XRD, TGA, DSC, and cyclic tensile test. The sphero-
lite crystal structures with the diameter of 2-5 pm
can be observed in N-0, NC-3, and NC-5. But, for
nano-composites, the facture surfaces evolves from
obvious spherolites to uniform matrix with tiny
cellulose whisker aggregates. The thermal stability of
all composites is better than the pure SMPU and
untreated microcrystal cellulose. Especially, the 1.97
and 3.81 wt % (N-2 and N-4) CW can improve the
decomposition temperature of 80% weight loss
upward to the high temperature. DSC heating ther-
mogram of the two melting peaks located at 51-

57°C(soft segment phase) and 188-209°C(hard
TABLE V
Shape Fixity and Shape Recovery Ratio of N-0 and N-4
Cooling time (s) 15 15 30 300
Sample code Maximum strain (mm/mm) 0.5 1 1 1

N-0 Rf (%) 55.05 = 3.7 71.68 = 2.0 82.6 = 1.6 940 = 04

Rr (%) 86.18 = 1.6 91.06 = 1.2 89.63 = 1.1 84.18 £ 1.6

N-4 Rf (%) 58.45 + 0.8 76.55 = 0.9 85.58 + 1.4 94.77 £ 0.2

Rr (%) 87.55 = 1.2 88.28 = 1.1 88.71 = 1.1 8715+ 1.5

Ry and R, values represent the average values (number of measurement is 4) * standard deviation.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Cyclic tensile test (the maximum strain: 1 (mm/mm)) for N-0 and N-4 with various cooling time: 15, 30, 60,
and 300 s, respectively. (Stress offset = (5-cycle number)*0.25 (MPa)).

segment phase), demonstrate the two-phase struc-
tures in all samples. DSC results also show the effect
of CW on the crystallization of hard segment phase
is not comparable with thermal history. Isothermal
crystallization kinetic method was applied to ana-
lyze the effect of loading content of CW on crystalli-
zation of reversible phase at room temperature (16—
32°C) after quenching from 75°C. It was found that

Journal of Applied Polymer Science DOI 10.1002/app

the more CW filled in CW/SMPU, the higher the
crystallization rate of reversible phase will be; the
crystallization mechanism of reversible phase in
SMPU is quite different from the pure SMPU, judg-
ing from the decreased n value from around 2.5 in
pure SMPU (N-0) to 1.5-2.0 in the nano-composites;
the main crystallization type of reversible phase
through isothermal crystallization process is
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unchanged in all samples according to the XRD analy-
sis. Besides, it was found the whole isothermal crystal-
lization of this study in the temperature ranging from
16 to 32°C is dominated by nucleation term. For the
crystallization rate, CW can greatly speed up the crys-
tallization of reversible phase of SMPU. The excellent
nucleation effect of cellulose whiskers for the reversi-
ble phase of SMPU leads to the drop of activity energy
from 134.1 kJ/mol (N-0) to 95.1 kJ/mol (N-4), and
accordingly decreases the influence of temperature on
crystallization rate, so as to obtain the high crystalliza-
tion rate in relative high temperature. Cyclic tensile
tests illustrate the addition of CW content can engen-
der rapid shape fixity ability after a relative short cool-
ing time; the shape fixity ratio of nano-composites and
the control sample after sufficient cooling all can be
identically high.
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