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ABSTRACT: Ultradrawing semicrystalline polymers is an intriguing approach to develop stiff, strong, and tough polymeric fibers. In

the research field of polyurethane copolymer elastomers the term “soft segment” usually refers to the medium molecular weight glycol

while the term “hard segment” stands for the urethane rich or isocyanate-short glycol segments. Here we investigate the influence of

semiflexible segment content in the urethane rich phase on the mechanical properties and morphology of polyurethanes synthesized

with a crystalline polyol as a “soft” segment. Materials with lower semiflexible urethane segment content developed stiffer and stron-

ger materials upon drawing. This was related to greater soft segment crystallization along the draw direction. Materials with a higher

fraction of semiflexible urethane segments were more elastic (higher yield strains and strengths) but exhibited more brittle-like frac-

ture. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41281.
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INTRODUCTION

Materials combining strength and elasticity are attractive for a

range of applications in which high energy loads can be dissi-

pated before material failure. Examples of these applications

include fishing wires, cordage, climbing, paragliding, and para-

chuting equipment, and tough textiles. In these applications

materials exhibiting outstanding stiffness like para(phenylenea-

mides)1,2 and ultradrawn polyethylene,2–4 are widely used.

Nevertheless, despite their remarkable stiffness and tensile

strength, these materials lack mechanical toughness, or a combi-

nation of strength and deformability.

Spider silk is a natural polymer exhibiting remarkable tough-

ness.5,6 Typical values of strengths and deformability of major

ampullate fiber threads are �1–1.5 GPa7 and 20–30%, respec-

tively.8 These values account for the astonishing toughness, usu-

ally in the range of 150–250 MJ m23.6,7 Among synthetic

polymers, polyurethanes (PU) can be considered to be one of

the toughest materials,9 usually because of their high elasticity

and deformation to break. Contrary to currently used high per-

formance fibers, PUs usually lack appropriate stiffness and

strength.10 Therefore, one of the goals of materials scientists is

to create synthetic mimics of spider silk fibers by macromolecu-

lar engineering of synthetic polymers such as PUs.8,11 Like spi-

der silk, PUs are multiblock copolymers consisting on hard and

soft segments, and form the primary constituents of the hard

and soft phases, respectively. Despite their partial morphological

similarity, in most cases the differences in mechanical properties

are considerable.12 Spider silk threads, as other high perform-

ance fibers like synthetic polyamides, have a high degree of

macromolecular orientation along the fiber axis, as well as high

interchain hydrogen bonding.13 In the case of ultradrawn poly-

ethylene, unlike synthetic or natural polyamides, in addition to

high macromolecular orientation, the mechanism governing

stiffness and strength is stress transfer achieved by macromolec-

ular entanglements14 and large number of weak intermolecular

bonds. It is conceivable that highly drawn materials incorporat-

ing strain-induced crystallinity, along with some degree of

hydrogen bonding, would lead to comparable or perhaps even

improved mechanical performance as compared to ultradrawn

polyethylene or polypropylene. In our previous work we studied

different drawn polyurethanes and demonstrated that bulky

hard segments, like those containing isophorone diisocyanate

(IPDI)8 or 4,40-bisphenilene diisocyanate (MDI),11 are less likely

to develop stiff and strong materials after drawing, as compared

to those formed by more flexible and crystalline hard segments
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like the ones obtained from 1,6-hexamethylene diisocyanate

(HDI) and butanediol (BD) or HDI and N-methyl-diethanol

amine (MDEA).15

In this work, with the aim of unraveling the structure-properties

relationships of PU in order to design super-tough materials, we

explore the influence of semiflexible hard segment content,

formed by HDI–MDEA, on the morphology and mechanical

properties of drawn specimens. Materials characterization was

carried out using a variety of experimental methods, including

Fourier transform infrared spectroscopy (FTIR), tensile mechani-

cal testing, polarized optical microscopy (POM), and wide and

small angle X-ray scattering (WAXS and SAXS, respectively).

EXPERIMENTAL

Polyurethane Synthesis

The polyurethanes were synthesized in bulk by the common

two step polymerization technique under an N2 atmosphere

into a three necked glass reactor provided by a mechanical stir-

rer. The polyol (Tg 5 227�C, Tm � 65�C) consisted of a diol

synthesized by oligomerization of sebacic acid (derived from

castor oil) with ethylene glycol. It is highly crystalline at room

temperature and the crystals are spherulitic in nature (Support-

ing Information Figure S1). The polyol number-average-

molecular weight, Mn (1880 g mol21), was determined using a

backward titration standard16 for measuring the hydroxyl num-

ber. In the first stage of the polymerization the polyol was

reacted at 100�C for 5 h with 1,6-hexamethylene diisocyanate

(HDI, Bayer) until a prepolymer was obtained. In the second

stage this prepolymer was reacted with the chain extender, N-

methyl-diethanol amine (Aldrich), and the mixture was vigo-

rously stirred before being poured into a poly(tetrafluoroethyl-

ene) mold to complete polymerization in a press at 100�C for

10 h. By controlling the stoichiometry between the reactants,

materials with different proportions of urethane rich semiflexi-

ble segments were obtained. Figure 1 represents the general

structure of the synthesized PUs, with different degree of hard

segment polymerization, x. Table I gathers reactant molar ratios

as well as some molecular weights and soft phase glass transi-

tion temperatures of the PUs. The samples are named as “PU”

plus the weight fraction of semiflexible urethane segments. For

example PU64 contained 64 wt % of (HDI-MDEA) units to

respect of the total weight the repetitive structure.

Size Exclusion Chromatography

The molecular weights and molecular weight distributions were

analyzed by size exclusion chromatography (SEC) using a Perkin

Elmer chromatograph equipped with a binary pump and a refrac-

tive index detector. THF was used as the mobile phase and the sep-

aration was carried out within four columns packed with particle

gels with different nominal pore sizes. Elution rate was 1 mL

min21 and experiments were performed at room temperature. The

samples were dissolved to �1 wt % in tetrahydrofuran (THF). The

molecular weights and molecular weight distributions were based

on a calibration curve with monodisperse polystyrene standards.

Infrared Spectroscopy

The PUs structure was analyzed by Attenuated total reflectance

Fourier transformed infrared spectroscopy (ATR–FTIR) using a

Golden Gate accessory device mounted in a Nicolet-Nexus-

FTIR spectrometer. Spectra were obtained between 4000 and

400 cm21 by averaging 20 scans with a resolution of 2 cm21.

Material Drawing and Tensile Testing

Samples for tensile testing were die cut from hot pressed films,

prepared by heating up to 180�C for 5 min with pressure, fol-

lowed by slow cooling to 30�C. Specimens of �2.5 3 0.1 mm2

cross-sections were drawn onto the mechanical testing machine

(MTS-Insight10) to different drawn ratios, k. The draw ratios

Figure 1. General molecular structure of the synthesized PUs. Values of x are given in Table I. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table I. PUs Composition, Molecular Weight, and Soft Phase Glass Transition Temperature

PU HDI/MDEA/Polyol x Mw (g mol21) Mw/Mn Mw,max (g mol21) Tg, SS

PU12 4/1/3 1/3 68,600 2.0 480,000 244

PU19 2/1/1 1 48,500 1.9 238,000 242

PU30 3/2/1 2 31,500 1.1 130,600 238

PU41 5/4/1 4 27,200 1.2 95,100 225

PU64 9/8/1 8 �15,000 1.1 123,800 217
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explored were k 5 4 and 7. Tensile tests of both pristine and

drawn samples were carried out at a crosshead speed of

100 mm min21 using a MTS-Insight 10 instrument equipped

with pneumatic grips (Advantage pneumatic grips) with an ini-

tial cross-head gap of �8 mm and with a 250 N load cell. The

thicknesses and widths of the drawn samples were measured

again after drawing and then clamped in such a way that only

the drawn material experienced the tensile stress. At least three

specimens were tested for each sample. Yield points were deter-

mined from the strain–stress curves by taking the yield strain as

the point close to the intercept of the tangent in the elastic

regime with that in the pseudo-plastic regime. In the cases were

there was a clear drop in stress after yielding, the yield point

was taken at the point in which dr/de 5 0.17

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed between

260 and 250�C on a Mettler Toledo calorimeter at a heating

rate of 20�C min21 under constant N2 flow. Samples were ana-

lyzed before and after being drawn to k 5 3, 5, and 7 and then

relaxed at those strains for 10 min. Specimens of �1–4 mg were

cut, weighed, and placed in aluminum DSC pans.

Polarized Optical Microscopy

For optical structural analysis samples were deformed and held

in a small home designed stretching device (Suguz, Donostia-

San Sebastia�n, Spain) consisting of two clamps and a screw

guide with submillimeter precision to control strain. Samples

cast from 50 mg mL21 THF solutions were inserted between

crossed-polarizers and observed.

X-ray Scattering

To analyze the structure evolution with strain from the molecular

level to the supramolecular scale, two scattering experiments were

conducted. WAXS provided information on polyurethane segment

arrangements with respect to the others while SAXS was used to

explore supramolecular level nanodomain arrangements. WAXS

patterns were measured on a Rigaku DMAX/Rapid microdiffrac-

tometer in transmission mode, using a copper point-focused

source (k5 0.154 nm) at 50 kV and 40 mA. For analysing materials

at specified elongations, an extension rig was used as explained

elsewhere.18,19 WAXS diffraction angles were converted to wavevec-

tor (q) by using q 5 4psinh=k. SAXS data were collected with a

Molecular Metrology instrument with a CuKa radiation source

(k 5 0.154 nm) at 45 kV and 65 mA, using a two dimensional mul-

tiwire detector with a sample-to-detector distance of 1.5 m. The

average interdomain long spacing, was calculated from SAXS data

using the Bragg formula, d 5 2p/qmax, where qmax is the scattering

vector of the maximum in the Lorentz-corrected intensity, q2I(q).

The equator of the WAXS and SAXS scattering patterns was

defined as the direction perpendicular to strain and lays in the hor-

izontal direction on the 2D patterns to be shown later, and at

which the azimuthal angle was taken as w 5 0. The meridian is the

direction parallel to the draw direction.

Laser Transparency

Films for laser transparency measurements were placed on the

home made stretching device and set between two polarizers.

The laser (632.8 nm, HeANe) intensity through the films sand-

wiched between parallel and crossed-polarizers was analyzed.

Figure 2. ATR–FTIR spectra of the synthesized PUs. (a) Amide (NAH) stretching region and (b) carbonyl (C@O) stretching region. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The light intensity passing through the samples at different

strains was normalized with respect to the intensity passing

through the non-strained samples. In this way, the intensity

with parallel polarizers, <|Ip|>, was defined as <|Ip|>5 (Ip,L/

dL)/(Ip,L0/dL0) and the intensity with crossed polarizers was

defined as <|Ic|>5 (Ic,L/dL)/(Ic,L0/dL0), where Ip,L and Ic,L, are

intensities passing through the samples at different strain with

parallel and crossed polarizers, respectively, and Ip,L0, Ic,L0 are

the intensities passing through the nonstrained samples with

parallel and crossed-polarizer, respectively. dL and dL0 are the

thickness of strained and nonstrained samples, respectively. The

laser set-up scheme is depicted in Figure 8(a) of the Results and

Discussion section. Intensities were measured for three different

specimens and averaged.

RESULTS AND DISCUSSION

Structural Characterization

The synthesized PUs were analyzed by FTIR in order to check

for any traces of unreacted isocyanate groups. No isocyanate

absorption peak at �2270 cm21 was found for any of the

Figure 3. DSC heating scans of materials drawn to the indicated ratios.

(a) PU12, (b) PU19, (c) PU30, (d) PU41, and (e) PU64. Zooms to the

right correspond to the high temperature range.

Table II. Variation of Melting Endotherm Enthalpy with Composition and Strain

Polyurethane k 5 0 k 5 3 k 5 7

PU
wt %
Polyol

DHk50

(J g21
PU )

DHk50

(J g21
Polyol)

DHk53

(J g21
PU )

DHk53

(J g21
Polyol)

DHk57

(J g21
PU )

DHk57

(J g21
Polyol)

PU12 88 79.3 90.1 68.7 78.1 80.6 91.6

PU19 81 70.7 87.2 76.4 94.3 74.0 91.4

PU30 70 75.7 108.1 75.9 108.4 74.3 106.1

PU41 59 58.9 99.8 55.6 94.2 70.5 119.5

PU64 36 60.7 168.5 60.9 169.1 52.7 146.5

Figure 4. Soft phase melting enthalpy normalized to respect the soft seg-

ments weight fraction (polyol weight fraction) represented against the

(HDI–MDEA) fraction in the PU. Values at different values of stretching, k.
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materials suggesting complete polymerization.20 FTIR was also

useful for characterizing local PU structure, providing informa-

tion on the state of hydrogen bonding. As seen in Figure 2(a),

the spectra in the amide NAH stretching region varied as a

function of PU stoichiometry. The lower frequency band at

3327 cm21 increased systematically in intensity as the fraction

of urethane rich segments increased, indicative of more

ordered hydrogen bonded NAH species with increasing ure-

thane rich segments.21–23 Likewise, the higher frequency band

at �3400 cm21, associated with disordered NAH hydrogen

bonds, decreases in relative intensity. The carbonyl stretching

region of the spectra [Figure 2(b)] is somewhat more

complicated to interpret due to a contribution from the C@O

in the ester functionality in soft segments at �1720–

1710 cm21, but nevertheless a relative systematic increase in

absorbance of order hydrogen bonded urethane C@O was

observed at 1680 cm21 with increasing content of urethane

rich segments. Clearly, from both the NAH and C@O regions

of the spectra, the degree of local molecular order increases

with increasing fraction of urethane containing hard segments.

In the region 1550–1450 cm21 and increase of the intensity of

NAH bending was observed with the increase of urethane rich

segment as a consequence of the compositional enrichment of

this functional group into the PU.

Figure 5. WAXS diffraction patterns of nondeformed (a) PU12, (b) PU19, and (c) PU30; and of (d) PU12, (e) PU19, and (f) PU30 at k 5 5. (g–i)

SAXS patterns of nondeformed PU12, PU19, and PU30, respectively. (j–l) SAXS patterns of deformed PU12, PU19, and PU30 at k 5 5, respectively.

Tensile deformation is vertical. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The melting of soft segment crystals is evident in the differential

scanning calorimetry thermograms near 50–60�C (Figure 3). As

can be observed in data gathered in Table II, materials with

higher semiflexible urethane rich segments exhibited lower over-

all soft segment crystallinity (79 J g21 melting enthalpy for

PU12 versus 61 J g21 for PU64). However, when normalizing

this endotherm enthalpy to the soft segment weight fraction

into the polymer (considered as the pure polyol weight frac-

tion), PUs with higher HDI-MDEA contents exhibit a signifi-

cantly higher melting enthalpy per gram of soft segment. This is

displayed in Figure 4, where the soft segment weight fraction

normalized enthalpy is represented against the weight fraction

of (HDI–MDEA) units into the PU. This is a surprising finding.

One might initially propose that at higher hard content there is

greater unlike segment segregation, with the soft phase becom-

ing enriched in polyol and can more readily crystallize. How-

ever, as discussed below, the soft phase Tg increases with

increasing hard segment content, suggesting greater hard/soft

mixing at higher hard segment content. The origin of the

relative increase in soft segment crystallinity remains unclear

but we speculate that this may arise from HDI–MDEA segments

participating in the formation of more cohesion structures, for

example through the formation of hydrogen bonds with soft

segments.

In Figure 4, it can also be seen that uniaxial stretching did not

induce appreciable changes in soft segment crystallization. This

may be due to the moderate drawing ratios used in this work,

since previously we demonstrated that drawing PU30 up to

k 5 16 led to strain induced crystallization.8 Nevertheless, as can

be observed in Figure 3, the soft segment crystal melting transi-

tion varied notably after drawing, suggesting strain-induced

morphological transformations. Materials with 64 and 41 wt %

hard segments display multiple melting endotherms after draw-

ing, with melting temperatures in the region between 40 and

70�C, labeled as Tm1,SS and Tm2,SS. These likely arise from two

populations of crystals with different mean crystal thicknesses.

Upon stretching PUs rich in semiflexible urethane segments

[Figure 3(d–e)], the endotherm Tm1,SS increases in relative

intensity, suggesting formation of soft segment crystalline

regions with “defective” structures or thinner lamella. In addi-

tion, as can be seen in the higher temperature insets to the right

of Figure 3, morphological changes involving crystallization of

semiflexible hard segments, HDI–MDEA, are likely to occur in

materials with a high fraction of these segments. The endo-

therm, labeled as Tm,HS, appearing between 215 and 240�C, is

related to urethane rich segments, since this endotherm appears

only in PUs with high HDI-MDEA contents. The temperature

range of this endotherm decreased as HDI-MDEA content

increased.

Figure 6. WAXS intensity profiles of PU12, PU19, and PU30 as integrated

(a) equatorially for samples at k 5 5, (b) at the meridian at k 5 5, and (c)

isotropically for the undeformed sample. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. SAXS scattering profiles of nondeformed PU12, PU19, PU30, and

PU64, indicating the interdomain spacing for each case. The red dotted

curve is a Gaussian fit to PU64 curve. Inset shows interdomain spacing as

function of HDI–MDEA weight fraction into the PU. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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A significant increase in the soft phase glass transition tempera-

ture, Tg,SS, was noted with increasing urethane hard segment

content: from 244�C for PU12 to 217�C for PU62 (Table I).

This is likely related at least partially to the enrichment of semi-

flexible hard segments in the soft phase (Tg � 210�C for the

pure HDI–MDEA polymer). Upon stretching, these transition

shift to slightly higher temperatures (i.e., from 244 to 239�C
for PU12 from 217 to 214�C for PU62 stretched to k 5 7).

This increase is consistent with a small amount of strain

induced phase mixing and constrain of the soft segments.17

Two dimensional WAXS patterns of three selected PUs in the

undeformed and deformed (k 5 5) states are shown in Figure

5(a–f). Undeformed samples showed concentric isotropic

scattering rings, while stretched specimens displayed sharp

equatorial arcing (w 5 0�, 2h 5 21�), indicative of the overall

orientation of hard and soft segments in the draw direction.

Although somewhat difficult to see in the color images in Fig-

ure 6, scattering along the meridional (w 5 90�) and at higher

2h (�40�) were intensified after stretching suggesting orienta-

tion of crystalline soft segments. Integrated 1D patterns at dif-

ferent azimuthal angles are shown in Figure 6. As can be seen

in the diffraction pattern of the undeformed PU12, PU19, and

PU30 in Figure 6(c), there are two strong diffraction peaks aris-

ing from soft segment crystallinity at 2h � 21� and 24�, super-

imposed on a relatively broad amorphous halo. The peak

positions of the crystalline reflections are virtually the same for

all compositions, indicating that the soft segment crystal unit

cell is nearly identical for each of these materials. As can be

appreciated both in Figure 5(a–c) and in Figure 6(c), the contri-

bution of the amorphous halo to the scattering increases some-

what as HDI–MDEA weight fraction increases. This is expected

since the soft segment crystals constitute a smaller portion of

the system at higher hard segment contents. Note that the peak

at 2h 5 24� is only seen as a small shoulder after drawing, likely

indicative of less ordered crystalline soft segments after stretch-

ing. Disruption of crystalline structures upon stretching is also

observed in the region 2h 5 30�–50� as can be appreciated by

comparing insets in Figure 6(a,c).

SAXS, sensitive to the phase separated structure at the nano-

scale, revealed dramatic morphological changes at this length

scale. As seen in Figure 5(g–i), nondeformed samples exhibit

isotropic scattering rings and 1D scattering profiles are shown

in Figure 7. For PU12, PU19, and PU30 these rings correspond

to average interdomain distances, <d>, of 16.1, 17.4, and

19.0 nm, respectively. The increase in interdomain spacing with

the MDEA content suggests that the principal SAXS scattering

is produced by soft crystals that become more separated with

increased HDI–MDEA content. After stretching materials to

k 5 5, the scattering was concentrated along the meridian (w 5

90�), parallel to the deformation direction. Similar SAXS and

WAXS behavior has been observed previously for other polyur-

ethane11,24 and poly(urea-urethane)17,25 systems and is attrib-

uted to domain orientation and orientation of chains along the

deformation direction.4,26 Nondeformed samples present iso-

tropic distribution of crystalline lamella while progressive

increase in strain promotes orientation of chains parallel to

strain and lamella orientation and breakdown.4 The fact that

SAXS of deformed samples appears more intense at meridional

angles suggests that the scattering patterns of stretched speci-

mens are governed by the disruption and orientation of soft

segment lamellas, that form domains that also contribute to

electron density variances.

To quantify the observed strain induced transparency of the

materials and to relate it to chemical composition, samples were

placed between two polarizers and the transmitted intensity of a

laser beam through them was analyzed at different strains. Nor-

malized intensities at different strains with polarizers set per-

pendicular and parallel to each other are shown in Figure

8(b,c), respectively. In all cases it is observed that after yielding

(�25–35% deformation) material transparency increased nota-

bly. With crossed polarizers this increment was of about two

Figure 8. Laser transparency analysis. (a) Set-up scheme. Variation of laser

transparency for PU12, PU30, and PU65 with strain with (b) crossed

polarizers and (c) parallel polarizers. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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orders of magnitude. It was also seen that <|Ic|> increased

more with strain for PU12 and PU64 than for PU30. This result

may be related to the observations made by crosspolarized opti-

cal microscopy (Supporting Information Figure S2), where

brighter reflections were seen in samples with extreme composi-

tions (i.e., PU12 and PU64). With parallel polarizers, the inten-

sity, <|Ip|>, provides an idea of materials transparency. As

observed in Figure 8(c), PU12 exhibited much higher strain

induced transparency than PU30 and PU65. This fact was also

seen macroscopically with the naked eye. The strain induced

transparency in PU12 and the other PUs is likely due to crystal

or domain disruption, leading to smaller features that do not

scatter light.

Mechanical Properties

Representative stress–strain curves of selected PUs prior to

drawing are shown in Figure 9(a). In Figure 9(b,c) representa-

tive curves of the same materials previously drawn to k 5 4 and

k 5 7 are displayed. Comparing Figure 9(a–c), the dramatic

effect of the drawing treatment is readily seen. Note particularly

the outstanding combination of strength and deformability of

PU19 after predrawing. Although the reason for this is not

clear, it is believed to be a consequence of the combination of

adequate PU19 molecular weight and hard segment polymeriza-

tion degree. In general, materials with lower HDI–MDEA wt %

exhibit greater plasticity while those with higher wt % of HDI–

MDEA display lower strains to break. Statistical values of mate-

rial tensile properties are gathered in Figures 10 and 11.

As can be seen in Figure 10, the low strain mechanical response

to tensile deformation of nondrawn PUs was very similar for all

materials. Conversely, after drawing treatments at k 5 4 and

k 5 7, mechanical response was highly dependent on HDI–

MDEA content. The stiffness of the PU12 was greatly increased

with prestretching, with an elastic modulus of �400 MPa. This

can be related to the strain induced morphological changes,

with molecular chains and soft segment lamella oriented parallel

and perpendicular to stress direction, respectively, as noted pre-

viously in the morphology analysis section. It is interesting to

highlight that this strengthening is solely attributed to morpho-

logical changes and not to strain induced crystallization since in

the applied predrawing regime this phenomena does not exist

as observed by DSC. The yield stress of drawn materials was

not markedly influenced by HDI–MDEA wt % for compositions

Figure 9. Representative stress–strain curves for all PUs. (a) Nonprestretched samples, (b) drawn to k 5 4 and (c) drawn to k 5 7. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. Summary of low deformation mechanical properties of PUs as

function of HDI–MDEA content. (a) Resilience, (b) yield strain, (c) yield

stress, and (d) elastic modulus. (�) Nondrawn samples, (�) drawn to

k 5 2, (w) drawn to k 5 7. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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above 41 wt % HDI-MDEA, where a notably increase was

observed upon stretching [Figure 9(c)]. This can be a result of

the incorporation of more units capable of hydrogen bonding

and therefore to a higher cohesive energy of the materials with

higher HDI–MDEA fractions. Interestingly, yield strain also

increased with HDI–MDEA wt %. In other PU systems the

increase in yield stress achieved when increasing hard segment

content is usually accompanied by a decrease in yield strain.27

This particular behavior can be related to the semiflexible

nature of the HDI–MDEA segments, which in addition to

hydrogen bonding they also contribute to the rubbery behavior

of the PUs. This phenomenon may therefore be exploited to

develop new highly resilient materials. As seen in Figure 10(a),

the resilience of the PUs was highly increased by prestretching

and was higher in PU with higher HDI-MDEA units.

Materials tensile properties at break were more dependent on

PUs composition, as can be appreciated in Figure 11. Specially,

as seen in Figure 11(b), the extensibility to fracture was sub-

stantially affected by PUs composition, therefore affecting mate-

rials toughness, T [Figure11(a)]. This phenomenon can be

connected with PUs molecular weight, which decreases as

higher fractions of HDI–MDEA segments are incorporated.

Decrease in PU molecular weight with increased urethane rich

fraction is a well-known tendency in PU synthesis. Materials

tensile strength was markedly improved with prestretching treat-

ments, as can be observed in Figure 11(c). Variation of

prestretching ratio from k 5 2 to k 5 7 did not seem to further

increase strength. PU19 displayed a markedly high strength of

�200 MPa when drawn. In comparison to the rest of materials,

this high strength could be related to a combination of high

molecular weight and appropriate hydrogen bonding between

HDI–MDEA sequences.

In view of mechanical properties developed after prestretching

treatment of PUs with high HDI–MDEA fractions, despite their

relatively lower molecular weight, it is envisioned that macro-

molecules of such nature but with higher molecular weight

should develop mechanical properties that could rival those of

other known synthetic polymeric fibers.

CONCLUSIONS

Materials with a crystalline polyol and different amounts of

semiflexible urethane rich segments were synthesized and char-

acterized by different experimental techniques. Introduction of

semiflexible urethane rich segments increased hydrogen bonding

at the same time as yield strain and yield strength, and therefore

resilience. Although a decrease in relative molecular weight with

incorporation of HDI–MDEA segments negatively affects the

toughness, it is believed that high molecular weight materials

incorporating semiflexible urethane rich segments in combina-

tion with other crystalline segments would develop excellent

mechanical properties.
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