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ABSTRACT

A new family of Soft Elastic thermoplastic polyurethane-ureas (TPU-Us) has been developed which is completely
plasticizer-free and offers outstanding performance in extrusion, calendering and moulding applications. The novel TPU-
Us feature softness combined with excellent flexibility, elasticity and low temperature processability, opening up a new
range of application opportunities. Both polyether- and polyester-based versions of the soft TPUs are accessible which
provide the benefits of traditional TPUs along with the added advantages of long-lasting elasticity, good tactile feel, and no
phthalates. The materials are ideal for such applications as el astic adhesives and waterproof fabric coating and can also be
used in injection moulding applications for shoe soling, flexible tubing, tool handles etc.

The paper will describe the molecular and morphological characteristics of these new TPU-U materiasin relation to their
mechanical performance.

INTRODUCTION

Thermoplastic polyurethanes (TPUs) are widely employed elastomers as a consequence of their flexibility, elasticity and
strength combined with good abrasion resistance and versatile melt processability. In particular, TPUs based upon 4,4’-
methylenediphenyldiisocyanate (4,4’-MDI), low molecular weight diol chain extenders (CEs) and oligomeric polyols find
widespread use in injection-molding and extrusion applications. Conventionally, these TPUs can be readily manufactured
in the Hardness Range from Shore A 70 to Shore D 60 and their excellent performance within this window is attributed to a
mesophase-separated structure comprising 4,4’-MDI/CE-rich domains (hereafter called hard blocks) and polyol-rich soft
domains (hereafter called soft blocks) [1-3]. However, it has proved difficult to manufacture such TPUs having good
performance and processability with Shore A hardness below 65 without the use of plasticizers. This phenomenon has been
attributed to lack of efficient hard block formation and poor mesophase separation at low hard block contents for
conventional TPUs[1-3].

A number of studies focused on enhancing the performance of 4,4’-MDI-based TPUs through hard block design have been
reported [4-8]. One approach which has shown particular promise for the preparation of soft PU 4,4’-MDI-based
elastomers is the use of diamine chain extenders which generate powerful urea hydrogen-bonding within the hard blocks
and thus drive efficient molecular packing and phase separation [5-8].

This paper describes a new family of commercially available TPUs incorporating urea groups within the hard blocks and
relates the morphological structure of these materials to their excellent elasticity.

MATERIALS
Novel thermoplastic polyurethane-urea’s (TPU-Us) were synthesized from 4,4’-MDI, a specia diamine functional chain

extender and a polyadipate polyol asillustrated in Figure 1. A conventional TPU was prepared as areference material using
the same 4,4’-MDI and the same polyal but replacing the diamine chain extender by 1,4-butanediol (Figure 2).
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PROCESSING AND PROPERTIES.

Films of width 15cm and thickness 25mil were prepared from TPU-U1 and TPU-U2 by single-screw extrusion of
pelletized material.  Injection-moulded plates of dimensions 12.5cm x 10.5cm x 2mm were prepared for al materials.
Specimens for testing and analysis were cut from the films and/or moldings. Physical property testing was performed
according to ASTM and DIN standards.

Physical property results for the two thermoplastic polyurethane-urea’s and the reference TPU are shown in Table 1.
TPU-U1 and TPU-U2 are thermoplastic polyurethane-ureas prepared according to Figure 1. TPU-U2 has a higher 4,4’-
MDI/CE content (hard block content) than TPU-U1 and is therefore dightly harder (Shore A61 cf Shore A58). Both
materials display much lower hardnesses than those exhibited by conventional plasticizer-free TPUs but they were easily
processable by injection-molding and extrusion. The reference TPU in Table 1 had a measured Shore A Hardness of 71
and represents the softest processable TPU which could be made according to Figure 2 without the use of plasticizers.



Table 1. mechanical properties (F=Extruded Film; M=Injection-Moulded Specimen)
Properties Methods TPU-U1 TPU-U2 (rer-;rpelﬁ]ce)
Hard Block (wt/wt%) 17% 19% 26.5%
Abrasion M DIN 53516 69mms3 29.5mm? 95mm3
Hardness (Shore A) M ASTM D2240 58A 61A 71A
Bayshore Rebound M ASTM D2632 64% 64% 46

Comrl?r203r3>(cs)et = M | ASTM D-395 20% 17%

Tensile Strength,psi F ASTM D-412 1983 3742 7187
Ultimate Elongation,% F ASTM D-412 777 605 552
100% Tensile Mod.,psi F ASTM D-412 266 rkkx 180
300% Tensile Mod.,psi F ASTM D-412 410 324 1161

200% Set Elongation F ASTM D-638 8% 4%
Tensile Strength,Mpa F DIN53504 17.1 40 35
Ultimate Elongation,% F DIN53504 912 378 345
100% Tensile Mod.,Mpa F DIN53504 1.67 8 3
300% Tensile Mod.,Mpa F DIN53504 2.73 28 27
Specific gravity M ASTM D-792 113 113 117
Tear Strength,pli F ASTM D-624 200 264 332
Tear Strength,N/mm F DIN53515 18 26 57
TMA Peak,°C F Huntsman TMA 130 149.7°C 125.3
129-
TMA Range,°C F | HuntsmanTma | 117344 | gepec | H2132

The high ball rebound values (64% vs 46% for reference TPU) and low tensile set values indicate very good dynamic and
elastic performance for TPU-U1 & TPU-U2 despite the very low hardness. The remainder of this paper investigates the
morphological origins of these performance characteristics.

RESULTSAND DISCUSSION

Fourier Transform Infra-Red Spectroscopy (FTIR) Analysis.

Infrared spectra of extruded films and samples cut from injection-moulded specimens were measured using Universal
Attenuated Total Reflectance Fourier Transform Infrared (UATR-FTIR) equipped with a ZnSe-diamond composite crystal.
Figure 3 shows an overlay of the three TPU’slisted in Table 1. The spectra were measured on cross-sections of injection
moulded samples. Peak assignments were made according to literature precedents [8].
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Figure 3. FTIR-spectra measured on cross-sections of injection-moldings of thereference TPU, TPU-U1
and TPU-U2

Figures4 & 5 below show expansions from Figure 3 of the N-H stretch and carbony! stretch/N-H bend regions
respectively. The broad N-H stretch peaks centered on 3333cm™ for the reference TPU and 3350 cm™ for TPU-U1 & TPU-
U2in Figure 4 areindicative of hydrogen-bonded urethane and urea groups whilst the absorbance at 3390 cm* in all
spectrais characteristic for disordered or partially hydrogen-bonded N-H groups. The smaller peak present for all the
materials at 3450 cm™ is consistent with non hydrogen-bonded urea and urethane N-H groups.
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Figure 4. Expansion of N-H stretch region of Figure 1.
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Figure5. Expansion of Carbonyl Stretch/N-H Bend Region of Figure 1.

The peak at 1726 cm™*present in Figure 5 for all three materials represents the non-hydrogen bonded carbony! stretch and
is probably predominantly associated with carbonyl group in the polyester soft block. The strong shoulder around 1700 cm’
Yin the spectrum of the reference TPU represents the carbony! stretch resonance for hydrogen-bonded urethane groups.

This probably arises from the hard-block formed through the reaction of 1,4-butanediol and 4,4’-MDI where the H-bonding
of the N-H and urethane carbony! contribute to an ordered structure. TPU-U1 and TPU-U2 exhibit a much weaker shoulder
at 1670-1700 cmlindicating margina amounts of weakly or disordered hydrogen-bonded urea groups. The small peak at
1640 cmin the spectra of TPU-U1 and TPU-U2 is consistent with the carbony! stretch resonance of ureagroupsin a
bidentate hydrogen-bonded array (Figure 8) [8] and is not present in the reference TPU.

Figures 6 & 7 below show the N-H stretch and carbonyl stretch/N-H bend regions in the FTIR spectra of the same
materials, but measured on the surface of the moulded parts.

In Figure 6 astrong peak at 3300 cm™is now observed for TPU-U2 which was not present in the spectrum from the
molding cross-sections and thisisindicative of strong hydrogen bonding. There is also evidence of a shoulder appearing at
the same wavenumber in the spectrum of TPU-U1.

In Figure 7 TPU-U2 displays a strong peak at 1640 cm™consistent with the stretch of a urea carbonyl group hydrogen-
bonded in a bidentate configuration (Figure 8)[8]. TPU-U1 displays aweak peak inthisarea. No such resonanceis
observed in the spectrum of the reference TPU. In TPU-U2 two shoulders appear near the N-H bending peak in the 1500-
1530 cm* region but they are hard to identify because of overlap. The strong presence of the bidentate urea bonding in
TPU-U2, and to asmaller extent in TPU-U1, impliesthat an ordered urea phase is present in these materials and thisis
explored further via X-ray scattering later in this paper.
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Figure6. N-H Stretch Region of FTIR Spectra of Surfaces of | njection-Moulded Parts.
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Figure7. Carbonyl Stretch/N-H Bend Region of FTIR Spectra of Surfaces of I njection-M oulded Parts.
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Dynamic Mechanical Analysis

Dynamic mechanical analysis was performed on injection-moulded specimens at a frequency of 1Hz using a dual
cantilever clamp system. In Figure 9 below the green line represents the reference TPU-system and the red line represents

TPU-UL,
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Figure9. Dynamic mechanical analysis of thereference TPU and TPU-U1.

The most striking difference between TPU-U1 and the reference TPU is the substantially sharper glass to rubber transition
of TPU-Ulmanifested by the abrupt drop in low temperature storage modulus and the corresponding sharp |ow-
temperature tan-delta peak of the former. Thisimplies greater phase separation in TPU-U1 than the reference TPU and can
be explained by the presence of a urea hard-phase rather than a urethane hard-phase. In particular, the powerful hydrogen-
bonding within the urea hard-phase of TPU-U1 strongly drives phase separation from the soft block whereas the more
weakly-bound urethane-hard-phases in the reference TPU can more readily mix with the similar urethane linkagesin the
soft-phase. This|eads to more phase-mixing in the reference TPU and a shift of the soft block Tg to a higher temperature.

In Figure 10 below the same reference TPU is compared with TPU-U2 which has strong bidentate ureainteractionsin its
hard phase and an increasing concentration of such interactions at the surface of injection-moldings and extruded films.
Again, alower soft domain Tg is evident for TPU-U2 compared to the reference TPU implying a higher degree of phase
separation.
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Figure 10. Dynamic mechanical analysis of thereference TPU and TPU-U2

The abrupt transition from glassy to rubbery stateis an important feature of TPU-U1 & TPU-U2. Thistransition is aready
finished around 0°C whereas in the reference TPU this transition goes on well beyond room temperature. This exceptionally
steep transition and consequent low tan delta (loss factor) at room temperature probably accounts for the excellent elasticity
and high resilience (bayshore rebound) compared to the reference TPU.

Differences in the Dynamic Mechanical performance between TPU-U1 and TPU-U2 are restricted to the higher
temperature range . Normally one would expect a better phase separation (decrease of soft block Tg) as hard-block content
increases, especially at these low contents. In this comparison this decrease in Tg was not observed. The higher softening
temperature and more extensive rubbery plateau of TPU-U2 compared to TPU-U1 in this respect is however consistent with
the more extensive bidentate urea formation observed in the infra-red spectra and the morphological analysis presented
below.

Small and Wide Angle X-Ray Scattering

Wide angle X-ray scattering experiments were performed on injection-moulded specimens and extruded films of TPU-U1,
TPU-U2 and the reference TPU using Siemens D5000 diffractometers with Cu Ko radiation and scintillation detectors with
graphite monochromators. Small angle X-ray scattering experiments were performed on similar specimens using a Paar
compact Kratky camerawith Ni filtered Cu Ka radiation and a position sensitive detector. The results are discussed below.

TPU-U1

Figure 11 showsthe WAXS patterns collected from the material TPU-U1. When WAXS patterns were collected in
reflection mode relative to the surface of afilm or injection-moulded specimen, an intense sequence of peaks was observed
based on a 9.4A periodicity. This peak was also observed from cross-sections of the injection-moldings when measured
with transmission WAXS in the direction parallel to the surface, but not when measured in a direction perpendicular to the
surface. Thisimpliesthat the 9.4A periodicity arises from 1-dimensional ordering of 2-dimensional sheet molecular
assemblies oriented parallel to the molding surface, and the periodicity is consistent with an intermolecular distance
between strongly hydrogen-bonded molecules.

SAXS patterns of cross-sections of injection-moulded specimens of TPU-U1 obtained with the diffraction plane parallel
to the molding surface are shown in Figure 12. A strong peak with a periodicity of 450A indicated a phase separated
structure. This peak was not observed in SAXS patterns obtained in the diffraction plane perpendicular to the surface,
indicating that it arose from a 1-dimensionally ordered lamellae array parallel to the surface.



The morphological picture which arisesis of an anisotropic liquid crystalline structure consisting of planes of aromatic
urea’&bound structures oriented parallel to the surface of moldings and films and separated by a distance of approximately
450A.

TPU-U2

The WAXS patterns obtained parallel to the surface of TPU-U2 showed a strong peak which was not observed
perpendicular to the surface (Figure 13). The periodicity of this peak was observed at 44A compared to the 9A periodicity
of TPU-U1 and may imply higher length scale ordering within the urea-based “hard blocks” of TPU-U2. It is postulated
that thisliquid crystal-type ordering also arises from the strong urea hydrogen-bonding. SAXS patterns obtained from
injection-moldings of TPU-U2 (figure 14) showed a peak at 90A but, in contrast to the 450A peak for TPU-U1, this peak
was observed both parallel and perpendicular to the surface. It is postulated that this peak arises from a 3-dimensional
mesophase structure within the molding of TPU-U2.

TPU Reference.

WAXS analysis of the reference TPU gave no evidence for anisotropic intermolecular ordering of the type observed from
TPU-U1 and TPU-U2. WAXS only showed a broad amorphous pattern similar to the background patterns from TPU-U1
and TPU-U2. The SAXS patterns from the reference TPU had a broad pesk around 100A that was independent of specimen
orientation. This peak appeared to be similar to that at 90A observed from TPU-U2 and is consistent with an isotropic
mesophase-separated morphology.

CONCLUSIONS

Soft, elastic thermoplastic polyurethanes-ureas were produced using conventional manufacturing techniques by replacing
1,4-butanediol by a special diamine. Dynamic mechanical analysis provides evidence that the urea hard blocks made using
this diamine give rise to greater phase-separation from the soft block compared to the urethane hard blocks in areference
TPU of similar hardness. Evidence from Infra-red spectroscopy and X-ray scattering experiments implies that this
phenomenon arises from ordered intermolecular structures within the hard blocks facilitated by bidentate hydrogen-bonding
of ureagroups.

Increasing the urea hard block content of the novel TPU’s does not appear to enhance phase separation, but it does alter
the shape and distribution of the hard domains significantly. For example, SAXS data points toward a shift from two
dimensional structures towards three dimensional structures upon increasing the hard-block content by only a couple of
percentage points. A higher amount of ordered bidentate hydrogen-bonded urea groups appears to correlate with this shift,
as evidenced by FTIR-data and this is accompanied by an increase in mechanical strength.

The novel thermoplastic urethane-ureas display an outstanding combination of softness, elasticity and resilience which
appears to arise from the low hard block content combined with the pronounced phase separation and strong hard blocks.
Despite the strong urea-based hard blocks these materials are easily melt processed.
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Figure 11. WAXS patterns from TPU-U1 injection molding and film, patternsin reflection and transmission modes.
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Figurel2. SAXS patterns from TPU-UL injection molding cross section with diffraction plane parallel to the molding

surface.






