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ABSTRACT: Crosslinked polyurethanes based on a mix-
ture of toluene diisocyanate, polypropylene glycol, trime-
thylol propane (TMP), glycerol (GLY), and desmophen
(DES) were synthesized with various ratios of DES and
GLY. Chemical crosslinks were introduced through the
hard segment (TMP, GLY) and through the soft segment
(DES). The effects of the degree of crosslinking on the
properties were examined. The crystallinity of the obtained
polymers were studied by using modulated differential
scanning calorimetry, differential scanning calorimetry,
dynamic mechanical analysis and their morphology was
studied by atomic force microscopy. It appeared that the

degree of crosslinking increased according to the increase
of GLY content. Moreover, it was found that chemical
crosslinks in the hard segment destroyed the crystallinity
of the hard phase and reduced the mobility of the soft
phase, improving the heat stability of the hard domains,
and modifying the mechanical properties of polyurethane
films. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 119: 1742-
1751, 2011

Key words: polyurethanes; block copolymers; differential
scanning calorimetry; atomic force microscopy; mechanical
dynamical analysis; tensile testing

INTRODUCTION

Polyurethanes have generated a widespread interest
because of their unique combination of unusual
properties and their ability to be processed. Seg-
mented polyurethane elastomers are block copoly-
mers comprising alternating sequences of soft- and
hard-segments which due to structural and chemical
differences, separate into two phases." This phase
separation occurs because the mainly polar, high
melting hard segments are incompatible with the
nonpolar, low melting soft segments. Usually, the
hard segments have a T, (glass transition tempera-
ture) higher than room temperature while the soft
segments are in a rubbery state. Hard domains act
as physical crosslinks whereas the soft phase gives
extensibility to the polymer. Their biphasic structure
explains their excellent mechanical properties. Much
work has been done studying the morphology and
properties, and their relationship with chemical
structure, of the segmented polyurethanes.* '
Polyurethanes are usually obtained from polygly-
cols and isocyanate to produce isocyanate-terminated
polyurethane. Depending on the reactant used to syn-
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thesize polymers, properties of polyurethane films
such as hardness, stiffness or tensile strength, are
influenced by the thermal history of the material and
by morphological factors such as degree of hard/soft
phase separation, crystallinity, and domain size.
Because polyurethane are widely used in many
industrial fields such as fiver-treating agent, foams,
elastomers, leathers, coatings, building construction,
crosslink agent are added to the polyurethane to
obtain crosslinked films. In this case, isocynanate ter-
minated polyurethane react with various polyols in
different ratio to produce hydroxyl- or isocyanate-ter-
minated urethane prepolymers. Then, the crosslink-
ing reaction is conducted with blocked isocyanate or
with various polyols, respectively. The introduction
of chemical crosslink-agent changes the structure and
chemical, physical, mechanical properties of these
crooslinked films and so the morphology becomes of-
ten much more complicated.""™ Thus, it was found
that by varying the chemical structure between incor-
porating reactants and urethane groups, polyur-
ethanes could be made in a large range of degrees of
crosslinking, influencing the physical properties from
soft elastomers to rigid and even brittle thermosetting
plastics. When polyurethanes are crosslinked, the
chemical structures of the polyols, diisocyanate [hex-
amethylene diisocyanate, diphenylmethane diisocya-
nate, toluene diisocyanate (TDI)], and chain extender
(trimethylol proprane, glycerine, polytetramethylene
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TABLE I

Composition of Polyols

ChpsG5000—CH, 5, 0—H
ciLon T™MBH,0H / Y iy
| 1

Formula CIH_OH CH;—CH,—C—CH,0H CH3—CH2—C/—CH2-(—O—(|:H—CH2—)§O—H

Functionality CH,3_0OH 3 CHOH 3

% OH 38.00 55.38 20 Hy~-0H40H—CH-0—H

Molecular 134.18 92.09 443.8&{3

weight (g mol™") ’

adipate, pentaerytritol. ..) have a significant effect on EXPERIMENTAL

the properties of the resulting material via the pres-
ence of Van der Waal'’s forces and hydrogen bonding.
Moreover, depending on the combination of the soft-
and hard-segments, the thermal properties are also
affected. Indeed, it is well known that the soft seg-
ment T, depends on the hard segment content and on
the soft segment molecular weight. Many authors
used this thermal parameter as an indicator of the
degree of microphase separation. Interestingly, the
previous work showed that the T, of crosslinked
polymers was under the room temperature. Associ-
ated to the dynamic mechanical properties, this ther-
mal property could be a major asset for some indus-
trial applications.

In this present study and for our industrial appli-
cation in building conception, an evaluation of the
effect of crosslinking introduced ever through the
soft segment using a trifunctional polyol [Desmo-
phen (DES) 550 U] and/or through the hard seg-
ment using two trifunctional extenders (glycerol
(GLY) with various contents and trimethylol pro-
pane (TMP) as a fixed constituent) on the crystalline
properties of the polyurethane was described. The
effects of the chemical crosslink-agent changes on
the physical and the morphological properties of the
polyurethane films were also reported.

Materials

Syntheses were carried out by using TDI, mixture
80/20 of 2,4-TDI and 2,6-TDI (Acros), polypropylene
glycol (PPG) with a hydroxy value of 93.5 corre-
sponding to the molecular weight of 1200 (Aldrich).
TMP (Acrds), GLY (Acrds), and DES 550 U (Bayer)
were used to prepare polymer samples with differ-
ent formulations (Tables I and II). Toluene and butyl
acetate were used as received. Dibutyl tin dilaurate
(DBTDL, Fluka), used as catalyst, was employed
without further purification. The chemical structures
of the used polyols are described in the Table L.

Synthesis

Polyurethanes were synthesized using the prepoly-
mer technique.

Preparation of urethane preplymer

To the TDI mixture, diluted in toluene at 70°C, a
calculated quantity of TMP was slowly added
(Table II). The mixture was then kept at 80°C for
30 min. The calculated amount of PPG and catalyst
(DBTDL 0.5 wt %) was then dropped into the solution

TABLE II
Composition of the Formulations

Composition of reactants
in the prepolymer

Film composition

% OH wt % hard
Films TDI? T™P? PPG 12007 DES? GLY? DES/GLY segment
1 57.8 12 5.45 19.3 - 100/0 35
11 57.8 12 5.45 14.5 4.8 75/25 38.3
1II 57.8 12 5.45 9.65 9.65 50/50 42
v 57.8 12 5.45 4.8 14.5 25/75 46
A% 57.8 12 5.45 - 19.3 0/100 50.7

@ Mol % was the unit used during the mixing.
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of TDI. After adding, the mixture was heated to 90°C
for 2 h and then cooled to room temperature. The re-
sultant product was an isocyanate-terminated polyur-
ethane prepolymer in toluene (20%).

Film casting

Five samples with different formulations (Table II)
were prepared by mixing and dissolving prepolymer
and polyols in a mixture of toluene and butyl acetate
(the ratio [NCO]/[OH] was kept constant and nomi-
nally equal to 1.0). A little portion of such solution
was poured on a smooth surface of glass and
allowed to stay at room temperature for 1 day to
yield dried films. Crosslinked polyurethane films of
thickness within 150 = 50 um were obtained.
Annealing was carried out on predried samples.

Measurements

Thermal measurements were carried out using a
Setaram DSC 111 for the elevated temperatures and
TA instruments modulated DSC 2920 [modulated
differential scanning calorimetry (MDSC)] to observe
the glass transition. MDSC is in fact an enhancement
to conventional DSC whereby the total heat flow is
separated into reversing (heat capacity) and nonre-
versing (kinetic) components. The reversing signal
contains heat capacity events such as the glass tran-
sition and melting. The nonreversing signal contains
kinetic events such as crystallization, crystal perfec-
tion, and reorganization, cure, and decomposition.

The MDSC experiments were performed after a
temperature and a heat flow calibrations by using in-
dium as a standard. The obtained transition tempera-
ture and associated heat flow of indium were com-
pared with its literature value (429.75 K, 28.45 ]gfl) to
determine the calibration factor. Sample weights of
5 mg were enclosed in aluminum hermetic pans for
all MDSC experiments. Each of these samples was
first cooled to —60°C with refrigerated cooling system
at 10 K/min, equilibrated for 15 min and then heated
following the conditions: T = T, + ¢q; + Asinwt, T, =
—60°C, g = 2 Kmin™', A = 0212°C, w = 2n/P, P =
40 s and over the temperature range from —60 to
100°C. The glass transition temperature was deter-
mined as the midpoint of the shift on the heat-temper-
ature curve.

For Setaram DSC, the sample size was 90 mg in
quartz tubes. The heating rate was 5°C/min from 30
to 300°C and the sensibility was 250 pV.

For a better understanding of the crystalline prop-
erties, one sample was annealed by a program con-
trollable HMO PC-900 high temperature oven. The
annealing temperature was from 80 to 120°C, and
the annealing time was from 2 to 19h.
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Figure 1 MDSC thermograms of the five films.

A Rheometrics RSA II was used for mechanical dy-
namical analysis (DMA). The measurements were car-
ried out on dried specimens (35-mm length, 5-mm
width, 0.150-mm thickness) at 1 Hz (¢ = 0.1%) over the
temperature range from —100 to 150°C. Liquid nitrogen
was used for subambient testing. Dry nitrogen was used
to provide support for DMA air bearing; the excess of
nitrogen was released in the DMA oven and served as
the purge gas in the DMA tests. The following parame-
ters were obtained: the storage modulus (E') and the dis-
sipation factor (tan ) as functions of temperature.

Tensile tests were carried out on five replicates of
each material by using an Instron model 1026 testing
machine. Several load cells were used (20N, 50N,
and 100N) and the cross-head speed was 50 mm/
min. These tests were based on the NF T 51-034 and
NF ISO 6239 test methods.

The ambient temperature hysteresis behavior was
recorded with dog-bone-shaped samples (25 x4 mm?).
Depending on the films, samples were stretched to a
specific percentage strain (50 mm/min cross-head
speed) and then brought back to their initial 0% strain
conditions at the same cross-head speed. Each sample
was subjected to three loading and unloading cycles.

Phase images of the polyurethane samples were
captured using a Veeco atomic force microscope
(AFM) equipped with a digital instrument Nano-
Scope III scanning probe microscope with multi-
mode head and J-scanner. All the measurements
were operated in a tapping mode under an ambient
condition and high resonance frequencies of these
probes were used for imaging (~ 300 kHz).

RESULTS AND DISCUSSION
Differential scanning calorimetric analysis

MDSC curves obtained for the five samples with dif-
ferent lengths of soft- and hard-segments (films I
to V) are shown in Figure 1. This one illustrates the
heat capacity curves versus temperature for all of
these samples. The soft domain glass transition is
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Figure 2 MDSC thermograms of the five films.

easily discernible in samples containing from 0 to
9.65% of glycerol (samples I-III respectively). As
contrast, no evident transition was observed for the
samples IV and V prepared by incorporation of
more than 10% of glycerol into the urethane prepol-
ymer. These observations were in accordance with
the data in Figure 2, on which the variation of C,
and those of the heat flow phase depending on the
temperature were plotted. These curves clearly show
on one hand, an influence of the crosslink-agent
chemical structure used in these experiments and on
the other hand, an influence on the chemical compo-
sition of the obtained materials. Indeed, for films I-
Ill, the C, variations were well marked and in the
same time, a decrease of the heat flow phase
occurred, allowing us a fairly accurate assessment of
the glass transition temperature. This one remained

relatively constant, suggesting that the penetration
of isolated hard segments in the soft phase was lim-
ited. Nevertheless, the glass transition temperature
of soft segments tended to shift toward higher tem-
peratures with the increase of hard phase contents.
For the films IV and V, the shape of the curves were
not similar than those obtained for the films I-III. In
comparison with these last films, little variations of
the C, parameter were observed for the films IV and
V proving the possible existence of a glass transition
temperature for each of these two films. Moreover,
as shown in Figure 2 for the films IV and V, the
decrease of the C, curves extends over a wide tem-
perature range does not allow the determination of a
possible glass transition. From these results, it
appeared that the admixture of more than 10% of
glycerol into the urethane prepolymer induced

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 DSC thermograms of the 5 films over the range
temperature from —30°C to 300°C.

problems to determine the glass transition of soft
segments. Thus, based on these results, we assume
that the highest chain mobility was obtained using
DES as crosslink agent rather than glycerol. Indeed,
the use of DES characterized as a polyether with long
and flexible chains is usually used for the formulation
of flexible polyurethane in industrial buildings. Thus
the mobility chain of the film I was greater than that
in the others. Moreover, it appeared that the system
obtained after the addition of more than 10% of glyc-
erol was not flexible enough. This finding may be
explained by the decrease of molecular mobility
which is related to the T, spreads. For the film II, the
crosslinking in the hard phase after adding the glyc-
erol did not really seem to affect the behavior of the
soft phase. With regard to the thermogram of the
film III (Fig. 2), the admixture of the glycerol into the
urethane prepolymer in presence of DES induced a
slight spreading of the T,. There is so a limit related
to the glycerol content above which the hard seg-
ments affect the transition temperature of the soft
segments. As it was the case for the film IV and V,
this result could be justified by a gradual incorpora-
tion of glycerol in the soft phase.

The DSC thermograms of all of the samples have
been plotted on Figure 3. For both of the DSC ther-
mograms of samples I and II, a single endotherm
peak was obtained at 252 and 242°C, respectively.
These peaks, corresponding to the degree of crystal-
linity of samples, were attributed to the fusion of
crystalline hard segments regions. The endotherm
peaks clearly decreased with the increase of the glyc-
erol content. Moreover, for more than 10% of incor-
porated glycerol into the urethane prepolymer, melt-
ing peaks on DSC curves were no longer observed.
Interestingly, the DSC curves showed the presence
of exothermic peaks, especially, for the films IV and
V at around 230°C (Fig. 3). These peaks increased
with the glycerol content added into the prepolymer
mixture. The investigations of the polymer melting
by MDSC interpreted the DSC exothermic peaks that

Journal of Applied Polymer Science DOI 10.1002/app
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appeared between 227 and 234°C, corresponding to
the melting temperature of soft segments. The non-
reversible curves indicated clearly an exothermic
peak, suggesting the recrystallization phenomenon
during the melting of microcrystalline hard-seg-
ments. This process has been already observed in
the previous work."” " For the five polyurethane
films, the DSC curves showed a little endothermic
peaks characterized by temperature values between
112 and 138°C. These peaks may be associated to the
different processes, related to the molecular disorder
in the hard segments. According to the previous
findings, these endothermic peaks may be attributed
to the thermal effects associated to the dissociation
of the intermolecular bonds and especially to the
hydrogen bonds between the -N-H and the C=0
groups of the urethane functions® and/or to the
various disorder forms which occurred in the hard
segments of the paracrystalline lattice.*"**

With regards to the MDSC and DSC curves, it
appeared that the use of DES as chemical crosslink-
ing improves the crystallization process inside the
polymer structure. On the other hand, the admixture
of high glycerol contents into the urethane prepoly-
mer seems to restrict the formation of the crystalline
regions. These findings mean firstly that the cross-
linking of the studied urethane polymer by using a
short chemical crosslinking is limited and secondly,
there was probably a dispersion of the hard seg-
ments in the soft-segment matrix. As shown by Pet-
rovic et al.,'® the high degree of crosslinking induced
by the high glycerol contents in the hard segment
reduced the mobility of the soft phase and destroyed
the crystallinity of the hard phase but they improved
heat stability of the hard domains.

For a better understanding of the crystalline prop-
erties of the sample I, subsamples were made and
the DSC curves of these subsamples, annealed at
several temperatures and cure times [80°C (2 h),
80°C (4 h), 80°C (19 h), and 120°C (4 h)] were plot-
ted in Figure 4. The DSC curves related to the
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Figure 4 DSC thermograms of polyurethane I after
annealing under several conditions.
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Figure 5 AFM topographic images for the non heat-treated film I (a) and annealed samples: 2 h, 80°C (b); 4 h, 80°C (c);

19 h, 80°C (d) and spherulite in this annealing conditions (e).

subsamples annealed at different time showed that
the melting behavior of crystalline segments is
affected by the thermal treatment. The characteristic
growth and shift of the hard domain melting endo-
therms with annealing is observed for all subsam-
ples and based on our experiments, the results show
that the melting temperature of the sample I depend
upon the time the sample was previously annealed,
and then on the heating rate applied. The melting
temperature values depend finally on the annealing
history of the sample and may be attributed to the
recrystallization phenomenon during the heating of
the samples and/or the possible reorientation and
complete organization during the cooling made from
the high temperature.”> In comparison with the DSC
curve obtained for the sample I before annealing,
those related for 19 h and 4 h have a small endother-
mic peak at 205°C. These peaks may be attributed to
the dissociation of domains containing long range
order and therefore may contribute to the possible
formation of imperfect crystal structures for which
small exothermic peaks were observed around
250°C. According to the previous work, results sug-
gest that annealing induced ordering is an intrado-
main phenomenon neither associated with the inter-
phase between domain, or necessary dependent on
the chain architecture of the polyurethane.***®

The AFM topographic image for the nonheat-
treated film I and annealed samples are shown in
Figure 5. At first glance, it appears many irregularly
crystalline regions (white) at random on the surface
of the film I before annealing (a). For the annealed
samples, it can be observed some crystalline regions
for which an orientation and a rearrangement of the
hard segments probably occurred due to the free-
dom of the chain segments on the surface.”® For the
annealed sample at 80° and 19 h, a distinguish
spherulite structure was observed with a very clear
contour of each “petal.” According to the previous
findings, a plausible explanation of this observation
is that in the case of heat-treatment, the chain seg-
ments of polyurethane films have access to reorient
or to rearrange fully during the cooling of elevated
temperature.” Thus, the annealing process would
allow the aggregation of the hard segments to form

hard-segment domains in which a relatively perfect
crystalline region develops.

Dynamic mechanical analysis

Dynamic mechanical experiments provide informa-
tion on first- and second-order transitions, T,, and
T, respectively, phase separation and the mechanical
behavior of polyurethanes. Figure 6 illustrates the
dynamic mechanical behavior of samples I, III, and
V and shows clearly the morphological modifica-
tions of the studied polymer structure. The evolution
curves of the storage modulus E’ versus temperature
associated to the three films are shown in Figure
6(a). For the films I and III, modulus E’ decreased at
least three orders of magnitude as temperature
increased from —30 to 110°C and higher than 110°C
a stabilization of this modulus value occurred,
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-~
o
& 1E+07 4
=
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1.E+04 T T T T T T !
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=
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Temperature (°C)
Figure 6 DMA curves of polyurethanes I, III and V.
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TABLE III
T, Values Obtained by MDSC and DMA for the Films I,
III and V
Films T (°C) T” (°C) AT (°C) AT (°C)
I -15 75 0 8.5
111 5.5 22 14.5 16.5
Y% -15-15 52 44.5 37-67

* T, was determined by MDSC.

b T, was determined by DMA.

¢ AT, = T, (DMA) for the films IIl or V — T, (DMA) for
the film 1.

4 AT, = T, (DMA) - T, (MDSC).

indicating probably the presence of physical cross-
links (hydrogen bonding and/or crystallization
between hard segments) in the samples I and IIL*
The plateaus, shown in Figure 6(a), are not very dif-
ferent but we may consider that the slightly decreas-
ing of the modulus curve for the film I (from 140 to
155°C), is related to the low hard segment content
while for the film III, the plateau extended to about
160°C, implying a highest hard segment content, for
which domains can be amorphous or partly crystal-
line. Another factor which affects the mechanical
properties of polyurethanes is the dispersion of the
soft- and hard-segment lengths.”” Compared to the
thermal characteristic of the film III, the lower and
sharper T, in the film I, indicate that there was more
soft segment phase in the resulting crosslinked poly-
urethane. In contrast, for specimen V, the modulus
dropped abruptly from 40 to 55°C and no plateau
was observed. Interestingly, the difference between
this film and the two others (I and III) was the pres-
ence of a large amount of glycerol, the short cross-
link agent used in this study. Li et al. (1996)
explained the dropping of the modulus curve in pol-
yurethane by the existence of a limit of about 10%
by weight, below which the formation of hard seg-
ment domains became difficult for films having low
hard segment content and short hard segment
length. With regard to the ratio of hard segment
(50.7%, Table II) and the results obtained by DSC,
the structure of the film V appears to be a linear
amorphous structure material with probably the
presence of amorphous hard segment domains. The
dissipation factor of the three films was plotted in
Figure 6(b). The tan 8 versus temperature curves dis-
play loss peaks associated with the glass transition
and damping capacity of the soft domains. The
sharpness and height of the damping peaks give in-
formation about the mobility of the molecular
chains®® and relates to the degree and strength on
chemical bonds in the polymer structure.”” The
curves in this figure show that an increase of the
short crosslink agent (glycerol) content induces a
shift of the glass transition peak to a higher tempera-

Journal of Applied Polymer Science DOI 10.1002/app
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ture. In comparison with the curves of the film III,
the sample I display the most prominent damping
peak. As shown by Martin et al. (1996), the incorpo-
ration of large amount of DES, inducing flexible
linkages of the soft domains, could improve damp-
ing. With regard to the DSC curve, this results may
be explained the degree of the crystallinity of the
soft domain in the film I. Moreover, for this film, a
second peak was obtained at about 110°C probably
due to a second type of soft segment melting. For
the film V, a sharp damping peak appears at about
56°C. This peak attests a decrease of the chain mobil-
ity which may be explained on one hand, by the
presence of large amount of the short crosslink agent
inducing an increase of crosslink density to produce
crosslinked polymer and/or on the other hand, by

Figure 7 AFM topographic images (10x10 mm) and (5x5
mm) for the film I.
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Figure 8 Contrast phase AFM topographic
(10x10 mm) of the film I.

images

the presence of shorter soft- and hard-segments than
those existing without glycerol. A third explanation of
this phenomenon may be given by the position of
damping peaks, which provide information about the
degree of phase separation in polyurethane films. As
shown in the Table III, the difference between the T,
of films Il and V and the T, of film I (ie., AT,)
increased and this, with the increase of the glycerol
content inducing probably an increase of the hard
block numbers dissolved in the soft phase. Conse-
quently, with regard to the film I used as a control
film, the phase separation between soft- and hard-seg-
ments inside the sample matrix III and V were less.
The transition temperatures (T,), as indicated by
the tan & peaks, were higher than those detected
by MDSC. It should be noted that the DMA tech-
nique generally provides higher T, values (usually
up to 10°C higher) than those obtained by MDSC.
This difference can be explained by the nature of
tests for which T, measurements from MDSC
depend on the modulation oscillation frequency,
and T, measurements using DMA depend on the
stress/strain oscillation frequencies.®® In our study,
T, values from DMA are much higher than T,
from the DSC measurements and the AT, increase
with the amount of glycerol added (Table III).
With a lesser extent, Sutrismo (2005) obtained dif-
ference between transition temperatures higher
than 10°C for both studied polyurethane poly-
mers.”! According to its study, this difference rep-
resent that at the beginning of a glass transition
process heat capacity increases as free volume
increases, even if there is no significant change in
kinetics. Applying this theory to the studied films,
the additional of the short crosslink agent (glyc-

0 ! X 3 4 5

Figure 9 AFM topographic images (10x10 mm) and (5x5
mm) for the film V.
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Figure 10 Stress-strain curves for all compositions. The
DES / GLY ratios are: (I) 100/0; (I) 75/25; (IIT) 50/50; (IV)
25/75; (V) 0/100 (wt.% of hard segment is also indicated).
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TABLE IV
Variation of Tensile Properties With Formulation
DES/GLY ratio  100/0  75/25 50/50  25/75  0/100
E (MPa) 44 154 63 117.4 260
o (MPa) 12.7 l6.4 21.4 254 28
& (%) 262 219 173 153 103

erol) increases the free volume inducing much
time for the polymer to reach an equilibrium con-
dition before it starts to loose elasticity property
and to activate small segmental mobility. Thus, the
highest T, value for the film V suggests that the
soft segment cannot move as easy as in the film I
and III, for which the little AT, may be explained
by the presence of crystalline domain or micro do-
main, known to reduce the soft segment mobility.
The behavior of the three studied film is so highly
influenced by the glycerol content and may be inter-
preted on the basis on the changes in free volume
and chain mobility as shown in a previous finding."®
If the DES seemed to undergo microphase separa-
tion into hard- and soft-domains, it appeared that
the short crosslink agent (glycerol) induce the dis-
persion of hard domains, increasing the miscibility
of hard- and soft-segments, and reduce the mobility
of the soft phase by chemical crosslinking.

Surface crystalline characteristics investigated by
atomic force microscopy

The surface morphology down to the nanoscale in
particular, the three-dimensional image, can be
obtained by tapping-mode AFM. Lots of studies have
been conducted on the crystalline characteristics of
the polyurethane surface®* > but no much study has
been yet reported on the polymers obtained by reac-
tion between polyols and TDI mixture.”® The AFM
topographic images (10 x 10 pum?) and (5 x 5 pm?) for
the films I are shown in Figure 7. At first glance, it
appears many irregularly crystalline regions (white)
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scan shows that the “stones” are finally crystalline
regions. Phase contrast imaging of this polyurethane
film (Fig. 8) indicates clearly the presence of dispersed
crystalline regions inside a flexible rubbery matrix.
This result was confirmed by the melting point value
at 252°C determined by DSC (Fig. 3). As contrast, no
crystallinity was observed inside the structure of the
polyurethane film V (Fig. 9). The difference between
the structures of the films I and V can be explained by
the addition of glycerol as a short crosslink agent. In
the last film, the sizeable content of the short-chains
triol seemed to prevent the separation of hard- and
soft-segments inducing a decrease of the chains mobil-
ity and an impossible rearrangement of the hard seg-
ments to form crystalline region. Without glycerol
(film I), it appeared that the flexibility of chains was
highest. Thus phase separation steps between the soft-
and hard-segment occurred and aggregation of hard
segments took place to form hard segment domains in
which crystalline region have been developed.

Tensile stress-strain behavior

Tensile tests were performed to examine the effects
of polyurethane formulation ratio DES/GLY on the
tensile properties and particularly to note the extent
of hard phase connectivity and mechanical perform-
ance of the polyurethanes with respect to elongation
at break and ultimate tensile strength. Figure 10 and
Table IV show that the Young’s modulus and the
fracture stress increase as the glycerol content
increase. Results showed clearly that materials IV
and V had a distinct yield point at room tempera-
ture. This point led us to postulate that for the mate-
rials IV and V, there is a very well percolated hard
phase throughout the soft matrix. The obtained yield
point at room temperature was so attributed to the
breakup of the percolated hard phase as it was the
case for other materials.’**” In fine, materials I and
II display typical elastomeric stress—strain curve
whereas materials III-V exhibit more a thermoplastic

at random on the surface of the film I. A smaller scale ~ behavior. The variation of properties can be
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Figure 11 Stress-strain curves for films I, Il and V. Three tensile cycles without stop.
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Figure 12 Stress-strain curves for films I, IIT and V. Three tensile cycles with 5 minutes stop between each cycles.

explained by the use of two structural different triols
(DES in the soft phase and glycerol in the hard
phase), by the increase of the percentage of hard
segments and crosslink density in the materials and
by the change in domain morphology.

We also examined the “shape” memory of the
materials I, III, and V. The recover capacity of each
material is shown in Figures 11 and 12. Higher the
percentage of hard segment, higher the hysteresis.
The differences appear clearly between the three
materials. Sample I behaves like an elastomeric mate-
rial whereas sample V exhibits a viscoelastic behavior.

CONCLUSION

It is clear that the crosslink agent used, either DES,
trifunctional polyol or glycerol trifunctional extender
is the main factor determining not only the crosslink
density but also on the one hand, the structure and
the morphology of polyurethanes and on the other
hand, their thermal and their dynamic mechanical
properties. In presence of DES and trimethylolpro-
pane, some crystalline regions between hard seg-
ments were observed in the soft phase. It has been
found that the crosslink density increased regularly
with the glycerol contents, used as a short crosslink
agent. At higher hard segment levels, the mobility of
the soft phase was reduced and chemical crosslinks
through the hard segment were found to destroy the
cristallinity of the hard phase, improving the heat
stability of the hard domains.
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