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Abstract: Thermoplastic polyurethanes (TPUs) with different hard segment length has been prepared from a fixed
molar ratio of poly(tetramethylene ether glycol), 4,4'-diphenylmethane diisocyanate, and 1,4-butanediol by different
polymerization procedures. Results reveal that the on-set temperature of exotherms (7,.) due to the crystallization of
hard segments by cooling the TPUs from melt and the peak temperature of endotherms due to the melting of hard
segments (7,,,) by heating the TPUs increased and levelled off with increasing the hard segment length of TPUs. It
has also been observed that soft segment glass transition temperature (7,,) of TPU decreased slightly with increasing
the hard segment length, which explains less mixing of soft segments and hard segments. In tensile measurement of
TPUs, strain hardening is observed with increasing the hard segment length, which is attributed to the strain induced

crystallization of soft segments.
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Introduction

Thermoplastic polyurethane (TPU) is one of the thermo-
plastic elastomers attracting attentions of researchers due to
their various applications. TPU is a linear segmented block
copolymer composed of soft segment and hard segment
which undergo phase separation.'? Properties of soft seg-
ment are determined by the type and molecular weights of
polyols, while properties of hard segment are determined by
the type of diisocyanate and chain extender. Thus, properties
of TPU may be adjusted by the type of raw materials and
the microphase separation of soft and hard segments.

TPUs in general show thermal transitions due to glass-
rubbery transition of soft segments (7,;) below room tem-
perature and melting of crystalline hard segments (7,,)
above room temperature. 7,, of TPUs may be affected by
the extent of phase separation of soft and hard segments as
well as the types and the molecular weights of polyols.*
Multiple endotherms observed in the range of 140~230°C
resulted from the different 7,,s due to variations of hard
segment length’ T,,s are shifted to higher temperatures
with thermal treatments, suggesting an increase in the average
length of the hard segments involved.

Microphase separation and crystallization of hard segments
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can be also controlled by polymerization methods. According
to Wilkes® and Cho,” a broader distribution of hard segment
lengths in TPUs prepared by one-shot method compared
with that prepared by prepolymer method was observed.
Martin and his coworkers® observed an increase of T,,, with
an increase in the hard segment length. Cooper’ and
Koberstein'® suggested that there is most readily crystallizable
hard segment lengths. There are many reports in literatures
on the characteristics of crystalline hard segments.'"'® How-
ever, there is few reports on the crystallization of hard seg-
ments of TPUs by cooling from melt or the relationships
between the crystallization and the mechanical properties of
TPUs with different hard segment length. We prepared TPUs
by prepolymer method to change hard segment length sys-
tematically. Especially, polyether based TPUs with different
hard segment length at fixed overall composition has been
prepared by different polymerization procedures. Thermal
and mechanical properties of the TPUs investigated are
reported in this communication.

Experimental

TPU was prepared by a solution polymerization technique
in N,N-dimethylformamide (DMF). Poly(tetramethylene
ether glycol) (PTMEG: M, = 1,000) was reacted with various
amounts of 4.,4'-diphenylmethane diisocyanate (MDI) at
60°C for 90 min to prepare prepolymer with terminal NCO
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Table 1. Sample Code of the TPU Prepared by Different Polymerization Procedures

Sample Code  Type of Polyol Prepolymer(1st Step) Chain Extension(2nd Step) Segment Structure*
Polyol(mole) MDI(mole) MDI(mole) BD(mole) Hard Soft
PTM-1 PTMEG 1.0000 2.0000 - 1.0000 MBM p
PTM-2 PTMEG 1.6000 1.5000 0.5000 1.0000 M(BM)BM PMP
PTM-3 PTMEG 1.0000 1.2500 0.7500 1.0000 M(BM);BM P(MP),MP
PTM4 PTMEG 1.0000 1.1250 0.8750 1.0000 M(BM),BM P(MP)MP
PTM-5 PTMEG 1.0000 1.0625 0.9375 1.0000 M(BM)sBM  P(MP);;MP

*M, B, and P in the description of segment structures denote MDI, BD, and PTMEG respectively.

groups. After the NCO content of the prepolymer was con-
firmed by a back titration method using n-dibutyl amine
(ASTM D2572-80), the prepolymer was chain-extended in
DMF by adding 1,4-butanediol (BD) and additional MDI at
60°C for 120 min. Both reactions were carried out under dry
nitrogen atmosphere. Solid content of the final solution was
20 wt%. Table I gives sample codes and polymerization pro-
cedures to prepare TPUs with different segment structure. It
is shown in Table I that TPUs with longer hard segment
length have longer soft segments formed by linking PTMEG
with MDL

Samples for characterization were obtained by casting
TPU solutuions in silicone mold and drying them at 50°C.
Molecular weights of the TPUs were measured by a gel per-
meation chromatograpgy (GPC, Spectra-Physics SP8800).
Thermal properties of the TPUs were studied by a differential
scanning calorimeter (DSC) (DSC 910 from DuPont Instru-
ments equipped with TA2000). In order to control the thermal
history of the samples, all the samples were heated up to
230°C, maintained for 3 min, and then cooled down at -10°C/
min in DSC. The samples were quenched to -120°C after
exotherms due to crystallization of the TPUs were no more
observed and reheated from -100 to 230 °C with a heating rate
of 10°C/min. Dynamic mechanical properties were measured
by a dynamic mechanical analyzer (DMA, DMA 983 equi-
pped with TA2000). Temperature sweeps for the samples
were done by employing the DMA from -100°C at 1 Hz
under nitrogen gas flow. Tensile properties were measured

Table II. Molecular Weights of the TPU Prepared by Differ-
ent Polymerization Procedures

Molecular Weights : ;
Sample Code m ng Polydispersity
PTM-1 8,400 38,600 4.6
PTM-2 7,700 43,400 5.6
PTM-3 7,700 54,000 7.0
PTM-4 6,600 56,400 8.5
PTM-5 7,100 54,200 7.6
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by using a Universal Testing Machine at room temperature
with a cross head speed of 500 mm/min.

Results and Discussion

The average molecular weights of TPUs prepared by dif-
ferent polymerization procedures are shown in Table II. They
were not so much different. Thus, the difference in properties
of TPUs investigated were not due to the difference in aver-
age molecular weights. The DSC cooling curves for TPUs
are shown in Figure 1. Exothermic peaks due to the crystal-
lization of hard segments were observed in TPUs. In Table
111, on-set crystallization temperature (7,.) and heat of crys-
tallization (AH,) are summarized. It is of interest to note that
T.. increased and became almost constant while AH,
decreased and levelled off with increasing the hard segment
length of the TPUs. The increase of T, of TPU implies that
the crystallization of hard segments results in a crystalline
order that melts at higher temperatures. The decrease of AH,
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Figure 1. DSC thermograms of TPUs obtained by cooling with
10°C/min from 230°C: (a) PTM-1; (b) PTM-2; (c) PTM-3; (d)
PTM-4; (e) PTM-5.
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Table III. Cooling Crystallization Temperature (T.) and
Heat of Crystallization (AH ) of the TPU Prepared by Differ-
ent Polymerization Procedures

Sample Code PTM-1 PTM-2 PTM-3 PTM-4 PTM-5

T.. (°C) 68.8 1303 1752 1803 1813
AH, (lg) 7.1 54 4.9 34 3.9

with increasing the hard segment length is attributable to the
decrease of MDI portion in the hard segment even though
the overall composition of TPUs is fixed as shown in Table 1.

DSC thermograms obtained by heating the samples after
crystallizations by cooling with 10°C/min are depicted in
Figure 2. The T,s of TPUs decreased slightly and the 7,,,s
due to melting of the hard segment crystallites increased
and became almost constant with an increase in the hard
segment length. The slight decrease of T,, owing to the
lower degree of hard-soft segment mixing and the increase
of T, resulted from the increase in the average length of
hard segment involved. It can be seen that 7,,s of PTM-4
and 5 are similar. According to Koberstein,'" there is a tendency
in hard segments based on MDI and BD for intermediate
length sequence to crystallize preferentially. It is speculated
that increasing hard segment length of TPU resulted in both
extended and folded hard segment conformations and the
increase and the levelling off of T,,, were observed.

Figures 3 and 4 present the changes of storage moduli and
loss moduli for TPUs investigated. The storage modulus of
TPU showed a decrease on glass-rubbery transition of soft
segments around -30°C and another decrease after rubbery
plateau region due to melting of hard segment crystallites.
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Figure 2. DSC thermograms of TPUs obtained by heating with
10°C/min after cooling : (a) PTM-1; (b) PTM-2; (¢) PTM-3; (d)
PTM-4; (e) PTM-5.
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We observed that the rubbery plateau modulus increased
with increasing the hard segment length. The increase of
rubbery plateau moduli of TPUs indicates that the longer
hard segments resulted in efficient physical crosslinking. It
is of interest to note that the rubbery plateau region became
broad with increasing the hard segment length due to the
increase of T,,, as shown in Figure 2. The peak tempera-
tures of loss moduli, which can be considered as T of soft

10

Log E'(MPa)

~
T

6 (e)

—_ i PR IV | 1 —1

5
-100 -50 0 50 100 150 200
Temperature (°C)

Figure 3. Temperature dependence of storage moduli (E') of dif-
ferent TPUs: (a) PTM-1; (b) PTM-2; (c) PTM-3; (d) PTM-4; (e)
PTM-5.
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Figure 4. Temperature dependence of loss moduli (E") of differ-
ent TPUs: (a) PTM-1; (b) PTM-2; (c) PTM-3; (d) PTM-4; (e)
PTM-5.
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Figure 5. Stress-strain curves of different TPUs: (a) PTM-1; (b)
PTM-2; (c) PTM-3; (d) PTM-4; (¢) PTM-5.

segments, showed a little decrease with increasing the hard
segment length. T,, of TPU is generally affected by phase
mixing of soft segments and hard segments, that is, dissolution
of hard segments into soft segments results in the increase
of T,. The decrease of T,, explains that the soft segment
domain contains less hard segments and has more phase
separated morphology.

Stress-strain curves for TPUs are exhibited in Figure 5. A

upturn in the stress-strain curves is obtained with increasing
the hard segment length. Extension of elastomers frequently
results in crystallization and strain hardening due to elevation
of melting points. We could feel warming of the TPU speci-
mens with extension to due to exotherms caused by crystal-
lization of the TPUs. TPUs with longer hard segment length
have longer soft segment as described in the segment struc-
ture of Table 1. It indicates that the longer soft segment
linked by urethane linkage enables stronger secondary
bonding during extension, which is favorable for strain
induced crystallizations. It is postulated that strain induced
crystallizations of soft segments are responsible for the
upturn in stress-strain curves with an increase in the hard
segment length.

Conclusions

TPUs with different hard segment length at a fixed com-
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position of PTMEG, MD], and BD were prepared by pre-
polymer methods. T,.. and 7, increased and levelled off
with increasing the hard segment length of TPU. We found
that T, of TPU decreased slightly with increasing the hard
segment length, which explains less mixing of soft segments
and hard segments. In tensile test of TPUs, strain hardening
was observed with increasing the hard segment length and
such a phenomenon is attributed to strain induced crystalli-
zation of soft segments.
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