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ABSTRACT: The effect of composition on the true mechanooptical properties of thermoplastic poly-
(urethane urea)s was investigated by selectively varying the type and content of soft and hard segments.
Real-time stress—strain—birefringence data together with off-line wide-angle X-ray scattering measure-
ments revealed that soft segment and chain extender play dominant roles on the chemical structures of
the poly(urethane urea)s. All poly(tetramethylene oxide) glycol-based samples showed the same crystal
structure. The samples containing ethylenediamine as the chain extender showed enhanced crystalliz-
ability as compared to those with 1,6-diaminohexane no matter which soft segment was used. In general,
samples with lower fraction of hard segment exhibited higher crystallizability than their high hard segment
counterparts. Long-term holding of poly(ethylene oxide) samples in stretched state was found to increase
crystallinity. The strain-induced crystallization in low hard segment content poly(tetramethylene oxide)-
based samples was only observed at very high deformation levels. On the other hand, crystallization in
the samples containing high hard segment was found to evolve gradually over large deformation range.
The strain rate has a considerable effect on the crystallization behavior of poly(tetramethylene oxide)-
based samples. While the low hard segment content poly(tetramethylene oxide) sample experiences
decreasing crystallizability as the strain rate increases, its counterpart containing higher fraction of hard
segments exhibits opposite behavior. We have investigated linear and nonlinear stress optical behavior
and observed that the span of the initial linear stress optical region varied primarily with composition
(slope ranging from 0.1 to 2.2 GPa™!) and secondarily with the deformation rate. Hysteresis experiments
show that there is a considerable loss of energy in cyclic loading of these materials, and hysteresis increases

as the chain extender is changed from 1,6-diaminohexane to ethylenediamine.

Introduction

Segmented poly(urethane urea)s are linear macro-
molecules made of alternating sequences of soft and
hard segments. The soft segments usually consist of the
polyether or poly(ester glycol)s, whereas the hard seg-
ments consist of diisocyanate and a diol or diamine
chain extender. Depending on the concentration and
type of these units, thermoplastic poly(urethane urea)s
(TPUUs) can have various desirable properties includ-
ing high strength, good abrasion resistance, high elon-
gation to break, and high modulus of elasticity when
compared to many other elastomers. The main mecha-
nism underlying these unique properties is the phase
separation of the hard and soft segments that have been
the subject of several previous studies.

Cooper and Tobolsky! were the first to propose a
phase-separated domain morphology for elastomeric
polyurethanes in 1966. From that time on, the unique
properties of polyurethanes have been associated with
microphase separation of the hard and soft segments,
in which the continuous soft segment matrix provides
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the elastomeric behavior while hard segments provide
physical cross-linking and high strength. Thermody-
namic driving forces and the kinetic paths are the two
main factors that determine the amount and type of
microphase separation. The difference between the
solubility parameters of hard and soft segments also has
a strong influence on the degree of microphase separa-
tion.

The microstructure of these materials was first in-
vestigated using X-ray diffraction by Clough et al.23
Bonart* proposed that upon deformation hard segments
orient in transverse direction up to a certain stretch
ratio and then orient in the stretching direction. He also
suggested that stress-induced crystallization begins in
soft segments as a result of decrease in entropy. Many
other models have been suggested to describe the
domain structure of phase-separated polyurethanes
based upon X-ray and other indirect viscoelastic mea-
surements and thermal analysis.>~7 Estes et al.® pro-
posed a morphology in which both phases are repre-
sented as being continuous and interpenetrating, yet not
completely phase separated. Bonart” explained a three-
dimensional model taking interurethane hydrogen bond-
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ing into account. Wilkes® suggested that hard segments
orient either radially or tangentially in the spherulites
in order to explain the different types of optical sym-
metry observed.

Sung et al.? studied the mechanical properties of
polyurethanes in order to demonstrate the consequences
of phase segregation and domain structures. Increasing
the molecular weight of the PTMO soft segment was
found to enhance phase segregation and improve me-
chanical properties, resulting in higher elongation at
break, greater toughness, lower hysteresis, and a slower
rate of stress relaxation. In addition to the soft segment,
hard segment also plays a major role in microphase
separation. Cooper et al.l® observed a transition of
morphology from interconnecting hard and soft segment
domains to isolated hard segment domains in a soft
segment matrix upon decreasing the hard segment
content (HS). They concluded that small differences in
the orientation behavior of the hydrogen-bonded and
nonbonded urethane units at the hard domain interface
could lead to the slightly different morphology of each
sample. Increasing the segmental length of hard seg-
ments can increase the amount of phase separation.11-12
Increasing the hard segment content results in larger
hard segment domain sizes and higher hard segment
domain concentrations in the soft segment matrix.13

Most TPUUs are highly elastomeric and can be
elongated to very high stretch ratios. Releasing the
applied strain results in quick and complete recovery
of the original shape. This extraordinary behavior
makes these materials suitable for many applications
involving cyclic loading. Infrared orientational studies
of hysteresis!* showed that plastic deformation occurs
predominantly in hydrogen-bonded hard segment do-
mains. The hysteresis is due to the disruption of the
structure in the hard segment aggregates. Also, the soft
and hard segments residing in the soft phase show
substantial recovery upon unloading. According to SAXS
data of Desper et al.,!5 the hard segment phase breaks
up into smaller chunks, compromising their physical
cross-linking effect, leading to higher mechanical hys-
teresis. The second elongation was found to produce a
higher stress than the stress reached in the previous
cycle.’® It was then concluded that the ordered hard
segment regions break upon elongation and reconstruct
partially upon recovery. Some studies!”18 differentiated
between hysteresis at small and large strains, indicating
that low mechanical hysteresis that occur at small
strains does not permanently disrupt the morphology
of the polymer. An increase in mechanical hysteresis
at higher strains is attributed to morphological changes
and to processes that lead to permanent deformation.

As discussed above, TPUUs show a complex morpho-
logical behavior that strongly depends on their chemical
compositions and backbone structures. In this study, a
new series of TPUUs were synthesized, and information
regarding their mechanooptical properties was acquired
using a uniaxial stretching apparatus in combination
with offline wide-angle X-ray (WAXS) studies. What
makes this study different from other studies is that
the polyurethanes under consideration are unique, and
they are high-strength TPUUs which can function under
heavy loading conditions (up to 40 MPa). Another fact
is that the uniaxial stretching instrument, the details
of which are given elsewhere,'%20 is capable of measur-
ing true stress—strain values online together with
birefringence, thus allowing a unique look at the
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Table 1. Polymer Codes and Compositions of the TPUUs

group no. code polyol/diisocyanate/chain extender

1 PT-HMDA-20 PTMO/HMDI/HMDA
PT-HMDA-30 PTMO/HMDI/HMDA

2 PT-ED-20 PTMO/HMDI/ED
PT-ED-30 PTMO/HMDI/ED

3 PE-HMDA-20¢ PE/HMDI/HMDA
PE-HMDA-30 PE/HMDI/HMDA

4 PE-ED-20¢ PE/HMDI/ED
PE-ED-30 PE/HMDI/ED

¢ The actual hard segment content is 22.7%.

mechanooptical behavior at wide range of deformation
levels and strain rates.

Experimental Procedure

Materials. Bis(4-isocyanatocyclohexyl)methane (HMDI) with
a purity higher than 99.5% was obtained from Bayer AG,
Leverkusen, Germany. Poly(tetramethylene oxide) glycol
(PTMO) with a number-average molecular weight (M,,) of 2040
g/mol was received from Du Pont. o,w-Amine-terminated poly-
(ethylene oxide) oligomer (PEO) (Jeffamine ED2003) (M, =
1975 g/mol, from end group titration) was kindly provided by
Huntsman Corp. Reagent grade ethylenediamine (ED), 1,6-
diaminohexane (HMDA), dimethylformamide (DMF), and
2-propanol (IPA) were obtained from Aldrich. Dibutyltin
dilaurate (DBTDL) catalyst was obtained from Witco. Water
contents of PTMO, PEO, and DMF were determined by Karl
Fisher titration and were found to be less than 300 ppm. All
chemicals and solvents were used as received.

Polymer Synthesis. A two-step procedure was followed
during the preparation of segmented TPUU copolymers. The
first step was the formation of an isocyanate-terminated
prepolymer, followed by chain extension to form high molec-
ular weight copolymers. PTMO-based prepolymers were pre-
pared in a four-neck, flat bottomed 1 L Pyrex reaction kettle
fitted with an overhead stirrer, addition funnel, thermometer,
and dry nitrogen inlet. The kettle was charged with calculated
amounts of HMDI and PTMO, heated to 80 °C, and stirred.
The reaction was started by the addition of 0.005 g of DBTDL
catalyst in 1 mL of toluene, followed by FTIR spectroscopy,
monitoring the disappearance of sharp isocyanate peak at 2270
cm™! and broad hydroxyl peak at 3400 cm™! and formation of
strong urethane (C=0) and (N—H) peaks at 1750 and 3300
ecm™, respectively, using a Nicolet Impact 400D spectrometer.
Prepolymer formation was generally completed in 2 h. Isocy-
anate content of the prepolymer was determined. The pre-
polymer was dissolved in 250 g of DMF, and the solution was
cooled to room temperature before chain extension.

PEO-based prepolymers were also prepared in a four-neck,
1 L Pyrex reaction flask fitted with an overhead stirrer,
addition funnel, thermometer, and dry nitrogen inlet. HMDI
was weighed into the kettle and dissolved in IPA. A calculated
amount of PEO was separately dissolved in IPA and intro-
duced into an addition funnel. Prepolymer was prepared by
the dropwise addition of PEO into the reactor at room
temperature. Completion of the reaction was confirmed by
FTIR spectroscopy. For chain extension calculated amounts
of diamine chain extenders (ED, HMDA) were dissolved in
IPA, introduced into the addition funnel, and added into the
prepolymer solution at room temperature under strong agita-
tion. The reactions were followed by FTIR spectroscopy,
monitoring the disappearance of sharp isocyanate peak at 2270
cm~l. Toward the end of the chain extension process as the
viscosity of the reaction medium increased, reaction mixture
was diluted by the addition of IPA.

Table 1 provides the codes and chemical compositions of
poly(urethane urea) and polyurea copolymers prepared and
investigated in this study.

As shown in Table 1, eight different samples falling into
four groups according to their chemical structures were
prepared and characterized. The first column gives the group
number. The second column provides the coding, which works



8678 Curgul et al.

Table 2. Chemical Structures of the Materials
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as follows: the first two letters indicate the soft segment type
(PT = PTMO and PE = PEO), the next two- or four-letter code
denotes the chain extender, and the two-digit number that
follows shows the weight percent of the hard segment in the
copolymer. In the third column, individual components that
constitute the chemical composition of the copolymers are
given in the following order: polyol/diisocyanate/chain ex-
tender. All copolymers were prepared from the same diisocy-
anate, HMDI. The chain extender is either HMDA or ED.

The samples listed in Table 1 are divided into four groups,
each with different combinations of the soft segments and
chain extenders: (i) Samples in the first group have PTMO
as their soft segment and HMDA as the chain extender. (ii)
Group 2 samples have PTMO as the soft segment and ED as
the chain extender. (iii) Samples in group 3 have PEO as the
soft segment and HMDA as the chain extender. (iv) Samples
in the fourth group have PEO as the soft segment and ED as
the chain extender.

In Table 2, R; indicates a dicyclohexylmethane radical. Ry
is PEO with the following structure, where b is approximately
39 and a + ¢ is 6.

Hzn—tf|-|—m-|2—(—c1—tlzH—cH£->-(o—c|-|2-cr4:}:{t:|—c:l-|2—tI:H}-NH2
a

c
CHj CHj CH3

Detailed chemical structures of the four groups of polymers
shown in Table 1 are presented in Table 2. The first column
denotes the nomenclature adopted in this study. The number
of repeat units (x) is around 28 in all PTMO-based materials.
The number of repeat units (z) in the soft segment was about
39 for all PEO-based materials. The number (y) denotes the
number of repeat units which is composed of HMDI and the
chain extender for the PTMO-based samples. It is equal to 1.6
for high hard segment content sample in the first group and
0.6 for the low hard segment content one in the same group.
For the second group, (y) is equal to 1.9 for the sample with
HS = 30% and 0.7 for the sample with HS = 20%. Likewise,
(w) is the number of repeat units for the PEO-based samples
and is equal to 1.6 for the high hard segment content material
in the third group and equal to 0.6 for the low hard segment
content material in the same group. For the last group
samples, (w) is equal to 1.9 for the sample with HS = 30%
and to 0.7 for the sample with HS = 20%. The whole unit for
the PTMO-based materials repeats n times, which is equal to
25 for PT-HMDA-30, 30 for PT-HMDA-20, 20 for PT-ED-30,
and 25 for PT-ED-20. For the PEO-based materials the whole

unit repeats m times, which is equal to 30 for PE-HMDA-30,
40 for PE-HMDA-20, 25 for PE-ED-30, and 30 for PE-ED-20.

Sample Preparation. Polymer films were prepared in
Teflon molds by solvent casting. The solvent was first evapo-
rated at room temperature overnight and then at 60 °C in an
air oven and finally in a vacuum oven at 60 °C until constant
weight was reached. The samples were kept in sealed poly-
ethylene bags until testing. The cast films were cut into
dumbbell shapes with narrowest width of 30 mm at 26 mm
gauge length. The sample shape is designed so that it allows
the use of transverse isotropy assumption safely.

Instrumentation. The stretching machine is designed to
stretch both top and bottom cross-head in opposing directions
in order to maintain midpoint observation point stationary.
The spectral birefringence is measured from this midpoint
using the automated system. The real time thickness was
measured by using a laser micrometer mounted at an oblique
angle that ensured the width measurement of the sample at
the same position as the retardation measurement was made.
The details of the instrumentation of real time measurement
system can be found elsewhere.??721

A Bruker AXS generator equipped with a copper target tube
and a 2-D detector was used to obtain the unique quadrant of
the uniaxially oriented samples. The generator was operated
at 40 kV and 40 mA, and the beam was monochromatized at
Cu Ka. An accumulation time of 20 min was used. The samples
were placed 11.5 cm away from the detector.

Experimental Procedure. Two different loading proce-
dures were applied on the samples: uniaxial stretching and
hysteresis. For both procedures, the same specimen shape and
dimensions whose details given above were used.

For the uniaxial stretching experiment, the specimen is
mounted on the clamps and stretched up to an engineering
stretch ratio of five that is the upper limit of the machine for
these specimen dimensions. In the hysteresis experiments, the
specimen was first stretched up to a engineering stretch ratio
of 2 and then unloaded and loaded again to a higher stretch
ratio with stretch ratio increments of 0.5. The reloading
process is applied until the maximum possible stretching limit
of the machine is reached. In all experiments, the samples
were stretched at a rate of 25 mm/min.

The samples were captured at the stretched state by
rectangular picture frame sandwich clamps. WAXS data were
taken at a series of times extending to a few weeks while the
specimen was maintained in the stretched state. This process
was employed in order investigate the effects of stretching and
long-term holding on crystallization. The portion of the mate-
rial within the clamps is chosen carefully such that it includes
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Figure 1. True stress vs true strain behavior of samples with different soft segments for HS = 30%.

the central point where the width and birefringence measure-
ments are made. This allows birefringence data to be compared
with X-ray data and observe the effect of crystallization on
the birefringence—true stress curve.

Results and Discussion

Uniaxial Stretching and WAXS. The tensile be-
havior of thermoplastic elastomers generally depends
on the (i) size, shape, and concentration of the hard
domains,?223 (ii) intermolecular bonding within the hard
domains, (iii) the ability of the soft segment to crystallize
under strain,!? and (iv) the extent of microphase sepa-
ration. A high level of microphase separation in amine
extended systems has been attributed to a larger
number of possible H-bonds between hard segment
chemical bonds.!®

Effect of Soft Segment. Figure 1 shows the room
temperature true stress—true strain—birefringence be-
havior of the materials whose hard segment concentra-
tion is 30 wt %. The curves are obtained from samples
stretched to a stretch ratio of 5, which is smaller than
the failure stretch ratios. To show the effect of soft
segment, results for two samples with different soft
segments but the same chain extender are compared
on the same graph. WAXS data, shown in the figure,
are taken at the state indicated by the arrows. The
WAXS readings were taken offline while the specimen
was being held in the stretched state by the clamps as
explained above. The corresponding birefringence—true
stress curves are given as insets in Figure 1.

As can be seen in Figure 1, interestingly, the samples
based on PEO show larger true stress values than those
with PTMO, regardless of the structure of the chain
extender used. This may be due to the higher urea
content of TPUUs based on amine-terminated PEO. On
the other hand, since PTMO is hydroxy-terminated, it
forms urethane groups during the prepolymer stage.
Identical amounts of urea groups are generated during
the chain extension in both systems. Since urea groups
form much stronger intermolecular hydrogen bonding
than urethanes,?* PEO-based polymers show larger true
stress values than those of their PTMO-based ana-
logues. This observation is also supported by consider-
ation of the differences in the glass transition temper-
ature, Ty, values of =77 °C for PTMO and —55 °C for
PEO. At room temperature, PEO is closer to its glass
temperature and is therefore stiffer than PTMO. Dif-
ference in tensile strengths may also be due to higher
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Figure 2. WAXS equatorial intensity profile for some PT
samples stretched to a stretch ratio of 5.

cohesive energy density of PEO when compared with
that of PTMO. This may result in slightly higher mixing
between urea and ether and formation of a gradient
interface between the hard and soft phases in PEO-
based TPUUs. This in return may lead to a more
efficient stress transfer from soft to hard phase and
higher tensile strengths in PEO-based TPUUs.

When the crystallization patterns are investigated,
it is seen that the unstretched sample whose soft
segment is PTMO has an amorphous halo since the
melting point of PTMO crystal (10 °C) is below room
temperature at which the experiments are performed.
After stretching, PTMO samples show crystallization
upon deformation as indicated by the corresponding
WAXS patterns in Figure 1. PTMO is known to be easily
crystallizable, which explains this behavior. In a previ-
ous work, it was concluded by Yeh et al.1® that the two
peaks that can be observed starting from 200% strain
are indicative of strain-induced crystallization of the
PTMO. According to the same study, with the increase
of strain (up to 700%), the crystalline regions become
stronger and more oriented, whereas the unoriented
amorphous phase becomes weaker. The equatorial
intensity profiles from WAXS patterns at 500% strain
are presented in Figure 2. It appears that PTMO-based
samples show strain-induced crystallization with es-
sentially needlelike crystals in which the polymer chains
exhibit nearly perfect chain orientation with deforma-
tion. The WAXS pattern shown in Figure 2 indicates
that the azimuthal distribution of equatorial crystalline
peak is extremely narrow. This peak would not exist
unless the polymer chains lose their entropy to create
near perfect alignment. These results are in agreement
with the conclusions of Bonart.4
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Figure 3. Effect of hard segment on true stress vs true strain for HS = 30%.

On the other hand, samples with PEO soft segments
show little or no crystallization according to WAXS
patterns taken right after the stretching, as can be seen
from the X-ray patterns presented in Figure 1. This
difference between the crystallization behaviors of the
two soft segments can be explained as follows: The PT
segment may be modeled as a chain of freely jointed
rods where the butyl groups act as rods and the oxygen
in between acts as the freely rotating joint. The PE
segments are also similar, but the ethyl group constitut-
ing the stiff part is much shorter than the butyl group
of PT. It is well-known that in chains of rigid rods
separated by flexible joints crystallization takes place
readily when the rodlike parts are longer.?? Therefore,
crystallization in PT samples is much more readily
expected. The birefringence vs true stress curves of PT
samples fall above the corresponding curves for the PEO
segments.

Large Deformation Stress Optical Behavior.
Collectively, the stress optical behavior of these materi-
als can be categorized as “three-regime” behavior.
Regime I, covering the lowest stress range, is the
smallest of the three regimes. Following this regime,
there is a rapid upturn into regime II that leads to
regime IIT which has intermediate slope as the polymers
presumably reach their finite extensibilities.

Inasmuch as birefringence is a measure of segmental
orientation, these results indicate that the PTMO
groups orient more than the PEO groups at correspond-
ing strains.

Effect of Hard Segment. Figure 3 shows the room
temperature true stress—true strain behavior of the
materials whose hard segment concentration is 30%.
The data are presented such that the samples that are
based on the same soft segment are plotted on the same
graph to show the effect of chain extender. The corre-
sponding birefringence—true stress curves are given as
insets in Figure 3. The samples with chain extender ED
show larger true stress values than the ones with
HMDA because each repeat unit of ED contains two CHs
groups while that of HMDA contains six CHy groups,
and the shorter chains are known to contribute more
to stress at the same extension ratio. Irrespective of the
soft segment type, the ED chain-extended ones exhibit
higher crystallinity than the HMDA ones as can be seen
from WAXS patterns in Figure 3. Wilkes et al.8 observed
two different types of order within the hard segment
domains corresponding to two different chain extenders
and attributed these to differences in the extent of

molecular fit within the hard segments. This feature
relates to entropy differences between the two types of
chain extenders, ED (CHs); and HMDA (CHg)s. Assum-
ing that each C—C bond can be in one of three possible
rotational states, the number of different configurations
which the two chain extenders can take may be esti-
mated.2627 Since ED has a single rotatable bond, it can
be in three different states in the network, whereas
HMDA with five rotatable bonds can take up to 3
different configurations. This leads to larger entropy
changes upon deformation of HMDA extended ones than
ED. As a result of this difference, samples with the ED
have little entropy to lose upon stretching and readily
crystallize, whereas the ones containing HMDA has a
large amount of entropy to lose and is therefore more
difficult to crystallize. It is also worth noting that
HMDA acts like a more flexible hinge for the two rigid
segments flanking it on its both sides. Alternatively, ED
acts like a stiffer hinge for its flanking rigid neighbors.

Effect of Hard Segment Concentration (HS =
20% vs HS = 30%). Although the samples with hard
segment content of 30% have been used to explain the
effect of soft and hard segments in the discussion above,
a comparison with the ones with HS = 20% can be
helpful in explaining the contribution of hard segment
concentration to mechanical behavior.

Figure 4 gives the true stress—true strain—birefrin-
gence data for PT-HMDA samples whose hard segment
percentages is either 20% or 30%. The left panel shows
the stress—strain results, and the right panel shows the
birefringence results. As can be seen from this figure,
the PT sample with higher hard segment concentration
shows larger true stress values. This is expected since
the hard segment is the part which gives high strength
characteristics to TPUUs. When compared from crystal-
lization point of view, a better orientation scheme is
observed in the low hard segment content sample. Upon
decreasing the hard segment content, a transition of
morphology from interconnecting hard and soft segment
domains to isolated hard segment domains in a soft
segment matrix was observed by Cooper et al.l® This
may explain the better phase separation and crystal
structure in PT samples with the low hard segment
content.

Figure 5 shows the true stress—strain values for PT—
ED samples with HS = 20% and HS = 30%. Again, the
sample with higher hard segment concentration shows
larger true stress values. The third peak that is ob-
served at about 260 = 42.5° in Figure 2 is slightly
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observable in the upper left portion of the WAXS pattern
of 30% sample but cannot be seen for 20%. This peak
was attributed to strain-induced crystallization of PT.16
So it can be said that strain-induced crystallization of
PT is more pronounced as hard segment content in-
creases.

In Figure 6, true stress—true strain—birefringence
data for PE-HMDA-20 and PE-HMDA-30 are given. The
same behavior, namely, larger stress values for high
hard segment concentration, can be observed for PE-
HMDA. However, there is no crystallization for both PE-
HMDA samples, which may clearly be attributed to the
role of the PE groups, as discussed above.

True stress—true strain—birefringence graphs for PE-
ED samples with different hard segment contents
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Figure 6. True stress—true strain—birefringence values for
PE-HMDA with HS = 20% and HS = 30%.
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Figure 7. True stress—true strain—birefringence values for
PE-ED with HS = 20% and HS = 30%.

(either HS = 20% or HS = 30%) are plotted in Figure
7. There is a remarkable effect of hard segment con-
centration on the stress—optical behavior. Regime I
present in the PE-ED-30 is suppressed in PE-ED-20
where only the linear stress optical rule followed by
saturation at high stresses is observed. Both samples
undergo crystallization and exhibit near perfect chain
orientation along the stretching direction as may be seen
from the WAXS data. While PE-ED-20 containing
smaller fraction of hard segments forms a well-orga-
nized three-dimensional lattice structure (presence of
off-equatorial peaks and their sharpness indicates this),
increasing hard segment content appear to suppress this
organization as the crystalline peaks are slightly broader.
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Figure 8. WAXS data taken at different true stress values

for PT-HMDA-20.
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Figure 9. WAXS data taken at different true stress values
for PT-HMDA-30.

This is most likely due to steric hindrance effect on
crystallizing species in the presence of larger fraction
of rigid hard segments.

X-ray data at different stretch ratios of PT-HMDA for
HS = 20% and HS = 30% can be seen in Figure 8 and
Figure 9, respectively. The true stress values at which
the WAXS readings are made are indicated by TS in
the figures.

When Figure 8 is compared with Figure 9, it is quite
interesting to observe that the crystallization sets in at
very high true strain values for the low hard segment
concentration sample but spreads out more on the PT-
HMDA-30. The crystallization is accompanied by a
slight upturn on birefringence—true stress curve in PT-
HMDA-20. It is important to note that at least three
stress optical regimes are discernible in both Figures 8
and 9. The initial linear regime gives way to regime II
with steeper slope near 1—2 MPa. This slightly longer

12
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regime straightens out at higher stress levels. Remark-
ably, we do not see any evidence of expected leveling
off in these curves. In fact, we note a slight further
positive deviation accompanying the appearance of
equatorial diffraction peaks. In the absence of off-
equatorial peaks this peak can be categorized as “ne-
matic-like” as it exhibits the above-mentioned near
perfect orientation (Figure 8). The evolution of the
crystalline peak is more gradual in PT-HMDA-30. But
the developed equatorial peak is broader, indicating
lateral packing order of these “nematic-like” regions is
poorer, presumably reflecting the steric hindrance ef-
fects of the increased population of hard segments.

The true stress—true strain curves of the same mater-
ials (PT-HMDA-20 on the left and PT-HMDA-30 on the
right) at different strain rates and corresponding WAXS
patterns are presented in Figure 10. The rates 2, 25, and
200 mm/min are indicated in the figure. For both mater-
ials, the largest stress values are observed for the fastest
strain rate. The low hard segment content PT sample
shows better crystallization when stretched at the slow-
est rate, 2 mm/min. Crystallization decreases with in-
creasing strain rate as can be seen from the respective
WAXS data in Figure 10. On the other hand, the crystal-
lization of high hard segment content PT is the opposite,
and crystallization increases with increasing strain rate.

There is considerable detail in the WAXS patterns of
PT-HMDA-20 and PT-HMDA-30 as they are affected by
the stretching rate. The PT-HMDA-20 sample contain-
ing smaller fraction of hard segment exhibits lower
orientation (compare the azimuthal spread of the equa-
torial nematic-like diffraction peak) as compared to
those of PT-HMDA-30. In addition, the faster the
stretching rate is employed the narrower this peak
becomes in PT-HMDA-20. This suggests that at slower
deformation rates more of the crystallizable segments—
however disorganized they are—get into registry with
one another and contribute to this peak if they are
sufficiently oriented parallel to one another. Increasing
stretching rate (suppression of relaxation mechanism)
eliminate the formation of the latter disordered regions
that are responsible for broadening the equatorial peak
at low rates. Clearly, PT-HMDA-30 data indicate that
the crystallizable segments need to be more oriented to
register with one another (lower azimuthal spread) to
contribute to the broader equatorial peak; otherwise,
they would not exist at all. Faster stretching certainly
promotes this mechanism in the presence of higher
fraction of hard segments.
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Figure 10. True stress—true strain curves for PT-HMDA-20 and PT-HMDA-30 at different strain rates.
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Figure 11.

General Behavior for HS = 30%. In Figure 11, we
compare the true stress—true strain and birefringence—
true stress behavior of all HS = 30% samples. The
measurements are coupled with repeated offline WAXS
data taken at the strains indicated by the arrows. The
first WAXS is taken right after the stretching, and the
rest is taken in the following days (1 day between each
experiment) while the specimen is still kept at the
stretched position within the clamps. The effects of soft
and hard segments of the same samples were explained
earlier. All materials display the typical behavior of
elastomers, with stress—strain behavior primarily de-
pending on composition. It was also observed from the
experiments that have been carried on a standard
Instron machine that PE series extend to much higher
stretch ratios than PT. Since elongation is usually
related to soft segments, this can be attributed to the
characteristic behavior of PEO that gives the material
more flexibility than PTMO. The interesting point in
the WAXS patterns is the crystallization behavior of the
PE samples. As explained above, PE samples show little
(PE-ED-30) or no crystallization (PE-HMDA-30) at the
end of stretching. But while the sample is kept at the
stretched position within the clamp, the PE-ED-30
sample gradually developed highly oriented crystalline
peaks superposed to amorphous halo over time. During
this holding stage the relaxation gradually brings the
chains that were highly oriented but unregistered to
laterally and axially registered state for them to form
three-dimensionally ordered crystalline state. This is
quite pronounced in PE-ED-30 and PE-HMDA-30.

Figure 11 also shows the birefringence vs true stress
values for the samples with HS = 30%. The stress
optical law relates the birefringence and stresses applied
in a system. The law follows a linear behavior of the
birefringence with the stress as shown by the equation
An = Co, where An is the birefringence, C is the stress
optical constant, and o is the stress.

An increase in birefringence is observed beginning
from the start of stretching. Real-time birefringence
system data allow us to observe a very small linear
portion on the true stress vs birefringence curves, which
obeys the stress optical law. The reason for this is
because these materials should not be considered simi-
lar to standard amorphous materials. The main reason
is because the hard segments are forming the long-range
physical network and since they exist at very early
stages, and then they rapidly make this relationship
nonlinear. According to past experience,?® prior to
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Figure 12. WAXS equatorial intensity profile for some PE
samples stretched to 500%.

Table 3. Stress Optical Constants in GPa! from

Stretching Data
PT-HMDA-20 1.8 PT-HMDA-30 0.3
PT-ED-20 2.2 PT-ED-30 04
PE-HMDA-20 1.0 PE-HMDA-30 0.4
PE-ED-20 0.9 PE-ED-30 0.1

crystallization linearity of birefringence stress is pre-
served. But if crystallization is induced, nonlinearity is
acquired immediately due to long-range connectivity
through the connected formed crystallites together with
entanglements and hydrogen bonds. The stress optical
coefficients for all samples may be determined from the
linear portion of the birefringence vs true stress curves
(Figure 11) and by the use of stress—optical law. The
results are presented in Table 3.

Hysteresis and WAXS. The mechanical hysteresis
of a polymer represents the fractional energy lost as a
result of subjecting that material to a defined deforma-
tion cycle. As with other elastomers, it can occur in
polyurethanes due to a number of mechanisms such as
(1) internal friction as segments of polymer molecules
slide past each other as the molecules change their
conformations during the deformation cycle, (ii) forma-
tion and rupture of hydrogen bonds under deformation,
and (iii) strain-induced crystallization as aligned seg-
ments crystallize during loading and plastic deformation
of the second phase domains.2?

The true stress—strain hysteresis curves for the
materials stretched to 2x, 2.5x, 3x, and 3.5x at room
temperature and subsequently retracted to zero strain
are presented in Figure 13. WAXS data are taken at
the end of 4x while the specimen was being held within
the clamps as explained above. The first WAXS pattern
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Figure 13. Hysteresis true stress—true strain values for HS = 30%.
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was taken right after the stretching, and the second one
was taken 1 day later while the specimens were held
stretched within the frames. The corresponding bire-
fringence graphs are plotted in Figure 14.

For all the samples, the hysteresis loop (thus the
energy lost) increases as the stretch ratio in cyclic
loading increases. The greatest increase is observed for
PT-ED (most crystalline sample) and the smallest for
PE-HMDA (least crystalline sample). This is due to
different mechanisms of deformation operating during
stretching and retracting. During stretching, the mol-
ecules are reorganized, aligning themselves along the
stretching direction. If the deformation is high enough,
some of the chemical bonds, specifically the hydrogen
bonds, can break, leading to disentanglement in the
network. Rupturing of the hydrogen bonds leads to
molecular slippage, chain disentanglement, phase mix-
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ing, soft segment crystallization, and the re-formation
of new bonds in the stretch configuration.!® As deforma-
tion increases, crystalline regions begin to form, making
the network more complex. On retraction from high
deformations, the network cannot recover totally. This
leads to an energy difference that can be observed as a
loop at the stress—strain curve. This kind of energy loss
is less pronounced for lower stretch ratios where per-
manent deformation hardly takes place.

The only difference between the crystallization pat-
terns of the samples subject to hysteresis and the ones
stretched uniformly is that the crystals are more clearly
observable under hysteresis, showing that cyclic load-
ing—unloading of the samples finally results in better
orientation of the polymer network than simply stretch-
ing. The unique crystallization behavior of PE samples
(crystallization under relaxation) is again observed in
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hysteresis. There is also considerable hysteresis and a
very small linear region in birefringence graphs.

Conclusions

Eight different samples were synthesized by selec-
tively varying the amount and type of soft and hard
segments. The effect of these changes on the mechano-
optical properties was examined by uniaxial stretching
and hysteresis experiments coupled with offline WAXS.

All of the PTMO-based samples showed the two
crystalline diffraction peaks at the same 260 angle which
is characteristic of PTMO. On the other hand, PEO-
based samples showed little or no crystallization at the
end of stretching. The polymers with ED chain extender
showed higher crystallizability no matter which soft
segment was used.

While the increase of hard segment content resulted
in larger true stress values, their reduction lead to
improved strain crystallizabilities regardless of the
material composition. Strain-induced crystallization of
PTMO becomes more pronounced as the hard segment
content in the sample increases. The strain rate has a
considerable effect on the crystallization behavior of two
PTMO-based materials. While crystallization in PT-
HMDA-20 decreases with increasing strain rate, it
increases for the PT-HMDA-30 sample. Although the
PEO-based sample showed little or no crystallization
right after stretching, it was found to develop oriented
crystalline structure over time while the stretched
sample is kept in the constrained state.

The birefringence—true stress curves had very small
linear regions for all materials. This was attributed to
presence of phase-segregated structures in these ma-
terials that act as long-range physical network, causing
the deviation from the initial linear stress optical
behavior. Hysteresis was observed in all samples. As
the stretch ratio increased, the amount of hysteresis also
increased. When the WAXS patterns are compared for
all samples, we observe better crystalline order in
samples that has undergone multiple cycles of stretch-
ing during hysteresis as compared to those stretched
once. This may be attributed to the reduction of steric
hindrance on the crystallizable segments by loosening
the physical network, a process that may involve break-
age of inter- and intrachain hydrogen bonding.
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