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Abstract

The effects of the molecular aggregation structure on the rheological properties of thermoplastic polyurethane (TPU) were investigated. The
TPU was composed of poly{(tetramethylene adipate)-co-(hexamethylene adipate)} glycol as the soft segments, 4,4’-diphenylmethane diisocya-
nate and 1,4-butanediol as the hard segments. The TPU sheets prepared by injection molding were annealed at various temperatures from 23 to
120 °C to vary the molecular aggregation structure. Glass transition temperature of the soft segment and melting points of the hard segment
domains of the TPUs decreased and increased, respectively, with increasing annealing temperature. The results of DSC, solid-state NMR spec-
troscopy and dynamic viscoelastic measurements revealed that the degree of micro-phase separation of the TPUs becomes stronger with increas-
ing annealing temperature due to the progress of formation of well-organized hard segment domains. The dynamic temperature sweep
experiments for molten TPUs revealed that the temperature at critical gel point, which is defined as the temperature at which the dynamic storage
modulus coincides with the loss storage modulus, in the cooling process increased with the progress of aggregation of the hard segments in the
TPUs observed in the solid state. The uniaxial elongational viscosity measurements showed that TPUs exhibited an obvious strain hardening
behavior with strain rate owing to residual hard segment domains at an operating temperature. It was revealed that the formation of well-
organized hard segment domains had a profound effect on the rheological properties of TPUs, in particular on their elongational viscosity.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction Thermal history, various deformations and annealing after

the polymer processing greatly affect the micro-aggregation

Thermoplastic polyurethanes (TPUs) are high performance
elastomers with applications as coating, fibers, films, footwear,
wire and flexible tubing [1,2]. TPUs are multi-block copoly-
mers consisting of hard and soft segments, produced by poly-
addition reaction of a diisocyanate with linear polymer glycols
and a low molecular weight diol as a chain extender. The ther-
modynamic incompatibility of these segments drives their
micro-phase separation into hard and soft segment phases.
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structure and properties of TPUs. There are many studies
[3—12] on the thermal properties and the micro-aggregation
structure of MDI—BD-based TPUs investigated by differential
scanning calorimetry (DSC), small angle X-ray scattering
(SAXS), wide angle X-ray diffraction (WAXD) and infrared
spectroscopy (IR). In contrast, the rheological properties of
MDI—BD-based TPUs have not been the subject of intensive
study [13—16], although there are some reports on the effects
of structure of aliphatic diisocyanate based TPUs on their rhe-
ological properties [17—19] and on the melt rheology of seg-
mented non-chain extended polyureas [20].

Velankar et al. studied the rheological properties of poly-
urethane melts [17—19]. They claimed that the primary reason
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for the reduced number of studies on the rheological properties
of TPUs was instability of the aromatic urethane linkage at
molten phase, which did not allow long-duration melt experi-
ments. Thus, they selected aliphatic TPUs, which are likely to
be stable at high temperature, to characterize the rheological
properties in detail.

Recently, Yoon and Han [13] investigated the effect of ther-
mal history on the rheological behavior of ester- and ether-
based commercial TPUs composed of MDI and BD, and
they showed that the injection molding temperature for speci-
men preparation had a profound influence on the variation of
dynamic storage and loss moduli (G’ and G”) and the state
of hydrogen bonding with time. Hentschel et al. [14] studied
the kinetics of molar mass decrease in the molten state of an
MDI—BD-based TPU using dynamic melt viscometry mea-
surement. They revealed that the temperature dependence of
the zero shear viscosity was affected not only by the molecular
mobility but also by the change in molecular weight due to
urethane exchange reaction. Lu et al. [15] used three different
apparatuses, which were a dynamic shear, a capillary rheome-
try and an instrumented batch mixer to investigate the effect of
degradation during TPU processing on the melt viscosity and
reported the apparent activation energy of flow (E,) and true
activation energy of flow (E,) were 328 and 144 kJ/mol, re-
spectively. Their equation to calculate the contribution of
flow and the degradation reaction of TPU to overall activation
energy was as follows: E, = E,, + 1.7 x AH4c,. More recently,
Cossar et al. [16] investigated the phase transition behavior of
a commercial MDI- and BD-based TPU by rheological tech-
niques and revealed that the micro-phase separation between
hard and soft segments and the concurrent crystallization of
hard phase domains produced a sol-to-gel type of transition
and the microstructure of TPUs at the critical gel point was
strictly related to the thermal history.

These experimental results show that the both micro-phase-
separated structure and rheological properties of TPUs are
strongly affected by the degradation reaction in the melt state
and their thermal history during processing. However, compar-
atively little information has emerged on the effects of the
micro-phase separation structure on the rheological properties
of TPUs. In particular, no results, to our knowledge, have ever
been reported on the effect of the micro-phase separation
structure on the elongational viscosity. The extensional flow
is very popular in polymer processing operations, and well
known to supply information not only on the molecular mobil-
ity but also on the polymer processing operations related to
film casting, tubular film inflation, film stretch, fiber spinning
and blow molding, etc. Thus, it is indispensable to clarify the
relationship between the molecular aggregation structure and
rheological properties of MDI—BD-based TPUs from the
viewpoint of polymer processing.

The purpose of this work is to clarify the effects of the mo-
lecular aggregation structure on the rheological properties of
TPUs. The poly (ester-polyol), MDI- and BD-based TPUs pre-
pared by injection molding were annealed at various tempera-
tures to vary the molecular aggregation structure. The
molecular aggregation structures of TPUs were investigated

by DSC, solid-state NMR and dynamic viscoelastic measure-
ment. The rheological properties of TPU melts were evaluated
using a rotational type rheometer in oscillatory mode and
a Meissner type uniaxial extensional rheometer.

2. Experimental
2.1. Materials and sample preparation

The TPU used in this study was Elastollan® C85A-10
(BASF Japan Co. Ltd., Japan). The TPU sheets were prepared
using the procedures described below. As-received TPU pel-
lets were dried under reduced pressure at 90 °C for 24 h.
The TPU sheets were prepared using an injection molding ma-
chine (Meiki Seisakusyo, model M100A II-DH, Japan) with
a screw diameter of 40 mm, and three zones to control barrel
temperature. The zones’ temperature was set to 180, 200 and
200 °C, respectively, and the nozzle temperature was set to
200 °C. The mold size was 200 mm in length, 150 mm in
width and 2 mm in thickness and the temperature was main-
tained at 30 °C. The holding time was 30 s and injection pres-
sure was 200 MPa. To obtain four specimens with different
micro-aggregation structures, the TPU sheets were annealed,
immediately after injection molding, in an oven at 23, 80,
100 and 120 °C for 4 h, respectively. The relative humidity
in an oven at 23 °C was controlled at 55%. After annealing,
specimens were stored at 23 °C and 55% relative humidity
for one week in an oven. In addition, the TPU pellets were an-
nealed under the same condition as the sheets, and then stored
at 23 °C and 55% relative humidity for one week in an oven to
measure the density of the TPUs using a pressure—volume—
temperature apparatus. The nomenclature of the specimens de-
notes poly(ester-polyol) of the soft segments (ES), hardness of
the TPU mentioned in the catalog (85) and annealing temper-
ature (23, 80, 100, 120), for example ES-85-23.

2.2. Characterization

2.2.1. Gel permeation chromatography (GPC)

The molecular weight and the molecular weight distribu-
tion of the TPU sheets were measured using GPC (model
HLC-8220GPC, Tosoh, Japan) equipped with three different
columns (Shodex GPC column KD-804, KD-8025, and KD-
802, Showa Denko, Japan), and an ultraviolet detector
(wave length 264 nm). Polystyrenes with different molecular
weights were used as standards. The mobile phase was
N,N-dimethylformamide (DMF) with dissolved LiBr at
0.01 mol L~ ! at a flow rate of 0.6 mlmin~ ", and the column
temperature was maintained at 40 °C.

2.2.2. Nuclear magnetic resonance spectroscopy (NMR)

'"H and 'C NMR experiments were performed using a FT-
NMR (model ECP-500, JEOL) spectrometer at 60 °C to deter-
mine the chemical structure of as-received TPU pellets. 'H
NMR spectroscopy was done by the single pulsed method at
500 Hz with 128 scans. The pellets were dissolved in deuter-
ated dimethyl sulfoxide (DMSO) as 4% w/v solution, after
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drying them at 70 °C for 2 h under reduced pressure. On the
other hand, '*C NMR spectroscopy was done using the single
pulsed decoupling method at 125 MHz with 6000 scans, using
a TPU solution of 20% w/v in deuterated DMSO, after drying
the pellets under the same condition described above.

2.2.3. Differential scanning calorimetry (DSC)

The thermal behavior of the TPU sheets was determined us-
ing DSC (model SSC5200/SSC5200H, Seiko Instruments Inc.,
Japan). DSC thermograms were obtained at temperatures rang-
ing from —90 to 230 °C with a heating rate of 10 °C min~ ' un-
der a nitrogen atmosphere. Each sample was cooled at —100 °C
and after being held at —100 °C for 10 min, measurements were
carried out up to 270 °C. The sample weighed 8—10 mg and in-
dium was used to calibrate the DSC cell constant. To determine
the start temperature for re-crystallization of the hard segments
(T¢., start) in the TPU sheets, DSC thermograms were obtained
during the cooling process from 215 to 25 °C after heating
to 215 °C at heating and cooling rates of 10 °C min~"' under a
nitrogen atmosphere.

2.2.4. Solid-state nuclear magnetic resonance spectroscopy
(NMR)

Solid-state NMR spectroscopy of the TPU sheets was per-
formed in an FT-NMR (model MU25, JEOL, Japan) spectrom-
eter operating at 25 MHz for 'H at 40 °C. "H 90° pulse width
was set to 2.0 pus while the number of scans was typically 16.
The measurement temperature was controlled using a JEOL
MU25 temperature-controlling unit. The free induction decay
(FID) curve was measured using a solid echo method. The
relative proton content and the spin—spin relaxation time (75)
of each decay component were calculated using a device equip-
ped with a software, based on non-linear least squares regres-
sion to the FID curve acquired. The FID curve was separated
into three decay components [20]. The fast decay component,
the intermediate decay between fast and slow decays and the
slow decay component were fitted to a Gaussian function, an
exponential function and an exponential function, respectively.

2.2.5. Dynamic viscoelastic properties

The temperature dependence of the dynamic viscoelastic
properties of TPU sheets was measured using a Rheometrics
mechanical spectrometer (model RSA II, Rheometrics Scien-
tific, USA) at temperatures ranging from —80 to 200 °C, at
a heating rate of 3 °Cmin~" and a frequency of 1 Hz under
a nitrogen atmosphere.

2.2.6. Density measurement

For the analysis of experimental data of uniaxial elongational
viscosity, the densities of the TPU at measurement temperatures
(175, 180 and 190 °C) were necessary. The pressure—volume—
temperature (PVT) properties of TPU pellets, annealed under
the conditions described above, were measured by cooling
from the melt state under various constant pressures using an ap-
paratus for PVT measurement (model PVT-100, SWO Polymer-
technik GmbH, Germany) to obtain the specific volume of
TPUs. Before PVT measurements, all pellets were dried at

70 °C for 2 h under reduced pressure. The pellets were heated
to 230 °C and cooled to 25 °C at a cooling rate of 5 °C min~'
at 20, 60 and 100 MPa in the apparatus. The specific volumes
at 25, 175, 180 and 190 °C at 0.1 MPa, estimated by using a de-
vice equipped with software, were converted into the density at
these temperatures.

2.2.7. Rheological properties

Rheological measurements of TPU sheets were carried out
on a stress-controlled rheometer (model SR-5000, Rheomet-
rics Scientific) equipped with a cone and plate fixture of
25 mm diameter for the plate and 0.1 rad (0.57°) cone angle.
All rheological measurements were conducted under a nitrogen
atmosphere to prevent oxidative degradation of the specimens.
Before rheological measurements, all specimens were cut into
a disk or rectangular card shape, and then they were dried at
70 °C for 1.5 h under a reduced pressure to prevent interfer-
ence by moisture in the specimens. Dynamic temperature
sweep experiments during both the heating and cooling pro-
cesses, using the same specimen, were conducted at a frequency
of 0.628 rad s~ and an initial stress of 100 Pa within the linear
viscoelastic region. The specimen was placed in the cone and
plate fixture of the rheometer that had been heated to 180 °C
and held there for 3 min to prevent slippage, and then the gap
was set to ca. 0.056 mm in all the runs. Three minutes were re-
quired to load due to reduction of the normal stress of the spec-
imen occurring while adjusting the gap. The specimen was
heated up to 215 °C and then cooled to ca. 130 °C at heating
and cooling rates of 3 °C minfl, without holding at 215 °C. It
took ca. 38 min during both the heating and cooling processes.

Dynamic time sweep experiments of ES-85-23 were con-
ducted at an initial stress of 100 Pa at temperatures ranging
from 180 to 225 °C. Measurement at each temperature took
50 min (3000 s). The frequencies were set to be 0.314 rad s}
at 180 and 190 °C, and 0.628 rad s ' at 195, 205, 215 and
225 °C. The cone and plate were preheated same as in dy-
namic temperature sweep experiments described above. The
loading time, which differed depending on the given tem-
perature, was 2—4 min after preheating on the rheometer. Im-
mediately after the dynamic time sweep experiments, the
specimens were removed from the rheometer in the molten
liquid state and dissolved in DMF solution with 0.5% w/v
di-n-butyl amine to avoid any crosslink reactions. The M,
values of these specimens were measured by GPC as described
above to check for thermal stability.

Dynamic frequency sweep experiments were conducted at
0.1—100 rad s~ from 175 to 215 °C. The gap was set to ca.
0.056 mm in all runs. The data acquisitions at 175, 180 and
185°C were started at 6—10 min after the sample was
mounted on the rheometer, while those at 195, 205, and
215 °C began 3 min after the sample was mounted.

Uniaxial elongational viscosity was measured on a Meissner
type rheometer (model RME, Rheometrics Scientific) with
a strain speed ranging from 0.01 to 1.0s~' at 175, 180 and
190 °C. The strain dependence of uniaxial elongational viscos-
ity of the TPU sheets was measured at each temperature. All
measurements were conducted under a nitrogen atmosphere
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to prevent oxidative degradation of the specimens. A specimen
100 mm in length and 7 mm in width was cut from the sheet
and quickly placed on the geometry in the rheometer that had
been heated to a given temperature and held there for 3.5, 3
and 1 min at 175, 180 and 190 °C, respectively, to prevent slip-
page and slackness of the specimen on the geometry.

3. Results and discussion

Table 1 shows the number-average molecular weight (M,,),
the weight-average molecular weight (M,,) and the molecular
weight distribution for ES-85-23, -80, -100 and -120. M, and
M,, of asreceived TPU pellets were 35.0 x 10° and
197.0 x 10%, respectively. Thus, M,s and M,s of all TPU
sheets prepared by injection molding decreased owing to
a strong shear stress during their processing. The deviations
of M, and M,, for all sheets were within +5%. M,s and M,s
for all sheets exhibited almost the same values, although those
of ES-85-23 were slightly higher than the others. Since these
TPU sheets subjected to annealing treatment could be dis-
solved in DMF, it seems that they were linear that had scarcely
any allophanate crosslinks.

Its composition was determined by 'H and '>C NMR spec-
troscopies. This TPU is composed of MDI and BD as the hard
segment, and poly{(tetramethylene adipate)-co-(hexamethy-
lene adipate)} glycol as the soft segment. The content of
MDI and BD was determined as 14 and 13 mol%, respectively.
On the other hand, the content of each monomer in poly{(te-
tramethylene adipate)-co-(hexamethylene adipate)} glycol
was determined as follows: BD, 1,6-hexanediol and adipic
acid were 23, 14 and 36 mol%, respectively. We confirmed
that TPU did not contain any fillers.

The thermal properties of the TPU sheets were investigated
using DSC. Fig. 1 shows the DSC thermograms for ES-85-23,
-80, -100 and -120. Table 2 shows the glass transition temper-
ature (T,) of the soft segments, and the AT,, heat capacity
(ACp) at the glass transition region and melting point (T, ;)
of the hard segment domains of the TPUs. AT, corresponds
to the transition width of glass transition. Ty hi (i=1,2,3) Were
simply defined as Ty, 1 T n2 and Ty, p3 from the lower temper-
ature side. Tgs of the soft segments and AC,, at the glass tran-
sition region decreased ca. 7 °C and increased ca. 0.02 J/gK
with increasing annealing temperature. In addition, AT, de-
creased with increasing annealing temperature, respectively.
These results clearly indicate that the degree of micro-phase

Table 1
Average molecular weight and molecular weight distribution®
M, x 107 M, x 107 MM,
(g/mol) (g/mol)
ES-85-23 30.8 180.3 5.86
ES-85-80 27.4 151.5 5.54
ES-85-100 26.5 151.6 5.76
ES-85-120 28.5 152.9 5.37

* Molecular weight of TPU sheets is determined by GPC in 0.01 mol L'
LiBr—DMF solution at a column temperature of 40 °C using polystyrene
standards for calibration.

ES-85-23

ES-85-80

ES-85-100

Endotherm

ES-85-120

111 1111 N T T TN S T T T S T
-100 -50 0 50 100 150 200 250 300
Temperature / °C

Fig. 1. DSC thermograms for ES-85-23, -80, -100 and -120.

separation became stronger with increasing annealing temper-
ature. On the other hand, T, 1, and Ty, 3 did not depend on the
annealing temperature, while 7,,; markedly increased with
increasing annealing temperature. T,,p; values were 20—
40 °C higher than the annealing temperature and these in-
creases of T,,5; corresponded well with the experimental
results reported by Seymour et al. [3] and Hesketh et al.
[11]. Based on the fact that the melting point for the hard seg-
ment model polyurethane was 194 [22] or 208 °C [23] and the
TPUs are multi-block polymers, the T}, ,» observed around ca.
161 °C might be attributed to melting of the disordered hard
segment domains formed with hydrogen bonds, where the de-
gree of aggregation of the hard segments was slightly higher
than that observed as Ty,n;. In contrast, the Ty,,3 values
observed around ca. 180 °C were attributed to melting of the
well-organized hard segment domains.

Solid-state NMR measurements were carried out to evaluate
the spin—spin relaxation times and the relative proton content
of each phase for the TPU sheets at 40 °C. First, we tried to sep-
arate the FID curve into two components [24]. The fast decay
component and the slow decay component were fitted to
a Gaussian function and an exponential function, respectively.
However, the calculated curves did not fit with the experimental
results. We added another Lorentzian function [21] as follows:

M () =M (t)exp ( - ;—i) + M (5)exp <_TL>

2f 2i

+M(ts)exp<—z) (1)
TZS

Where, M(#;) and M(t,) represent the initial values of normal-
ized magnetization of fast and slow decay, respectively, and
T»¢ and T, are the spin—spin relaxation time of the corre-
sponding components. The fast decay component was attrib-
uted to the hard segment phase, in which the molecular
mobility was constrained by the aggregation of the hard seg-
ment, while the slow decay component was attributed to the
soft segment phase, in which the mobility was high. M(#) rep-
resents the initial values of normalized magnetization of an
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Table 2
Thermal properties® of TPU sheets
Sample code Ty, stare °C) T, (°C) Ty, end” (°C) AT AC,! (J/gK) T (°C) T2 (°C) Tinns” (°C)
ES-85-23 —49.6 —40.9 —31.8 17.8 0.395 64.1 162.4 177.4
ES-85-80 —53.9 —47.0 —38.6 153 0.405 107.9 160.0 177.1
ES-85-100 —54.2 —47.6 —39.8 14.4 0.411 120.2 161.2 176.2
ES-85-120 —55.2 —48.2 —41.4 13.8 0.412 138.5 160.3 176.9

4 Thermal properties are measured by DSC in the temperatures ranging from —100 to 270 °C with a heating rate of 10 °C min~! under a nitrogen atmosphere.

" Glass transition temperatures of the soft segments.

¢ AT, was calculated by Ty cng — T, start-
4 Heat capacity at glass transition region.
Tmhi¢i=1.23) are melting points of the hard segment domains.

intermediate decay between fast and slow decays and T»; is the
spin—spin relaxation time of the component. The intermediate
decay component was attributed to the interfacial phase, which
was mainly composed of soft segments constrained by the
hard segments. Eq. (1) that included three decay components
was a good approximation for all TPU sheets. By applying
a non-linear least squares fit to the FID signals acquired, we
could obtain Ty, Ty; and T, and the relative proton content
of each decay component (M(t;), M(#;) and M(t,)).

Fig. 2 shows the annealing temperature dependence of the
spin—spin relaxation times (T, T5; and T,s) and the relative
proton content of fast, intermediate and slow decay compo-
nents for ES-85-23, -80, -100 and -120. The T5, T,; and T
for the TPU sheets were separated into three values, ca. 20—
23 ps, ca. 260—320 us and ca. 690—720 us, respectively.
Firstly, T»; decreased and T5,; and T, increased with increasing
annealing temperature. These results imply that the hard and
soft segment phases became richer with increasing annealing.
Secondly, the relative proton content of the T, and T,; compo-
nents decreased and that of the T,; component increased with
increasing annealing temperature. It seems that the T5; compo-
nent, which decreased from ca. 0.65 to ca. 0.61, mainly
changed to the 7,5 component. Thus, the TPUs have a strong
micro-phase separated structure with increasing annealing
temperature as shown by DSC.

Fig. 3 shows the temperature dependence of the dynamic
storage modulus (E') and loss tangent (tan 6) for ES-85-23,
-80, -100 and -120. Abrupt decreasing E' and a-relaxation
peak from glass transition of soft segment were observed at
around —30 °C. The temperature dependence (slope) of E' ob-
served from ca. —50 to ca. —10 °C increased and the o-relaxa-
tion peak of tan ¢ shifted to lower temperature with increasing
annealing temperature. These results suggested that the mobil-
ity of the soft segments increased with increasing annealing
temperature due to a formation of purer phases. In addition, E’
values at 23 °C decreased from 25.6 MPa for the ES-85-23 to
15.6 MPa for the ES-85-120, whereas the termination tempera-
ture of the rubbery plateau region increased from 48.2 °C for the
ES-85-23to 132.6 °C for the ES-85-120 with increasing anneal-
ing temperature. These results can be attributed to a decrease of
the physical crosslink density because of the formation of
a small amount of well-organized hard segment domains. In par-
ticular, the decrease of the physical crosslink density was related
to a decrease of the content of the hard segment phase, as shown
by solid-state NMR. Thus, these results suggest that the soft

23—+ 0.20
40 °C
Ol {019 _ @
L - gy
-~ =
22 |- Q_g
" 1018 83
< g
Ry oS
Jo17 3 g
- o 3
21 Sz
S
4016 "~ 9
340 ¢ 0.70
| 5'
320 g
- 3o
L o2
300 |- 065 &<
L g)'tb
B ® T
2 N Q.§
< 280 §g
= L < 0
L 0 0
260 |- -0.60 g.?.
- ]
: E
L 3 9..
240 2
-
750 | 0.24
4022 [ @
» o
725 - oo
s =
a8
° 1020 8o
3 20
~ 700 o
%) (2]
= o3
4018 3 8
-]
- o3
-~ 5 0
675 232
- =3
& 4016 9
650-1 U (NN TR TN TN T ST TN T (NN TN TN TN Y TN TN SN SN SN SN S N S S 014
0 20 40 60 80 100 120 140

Annealing temperature / °C

Fig. 2. Annealing temperature dependence of the spin—spin relaxation times
(T2, Tai, Tos) of the corresponding fast, intermediate and slow decay compo-
nents and the relative proton content of the three decay components.
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segment components mixed in or around the hard segment
phases were segregated and the content of the hard segment
and the interfacial phases decreased. In addition, the termina-
tion temperature of the rubbery plateau region increased due
to an increasing molecular packing of the hard segments.
From the results of DSC, pulsed NMR and dynamic viscoelastic
measurements, it is conceivable that the degree of micro-phase
separation between the soft and hard segments became stronger
in the TPUs with increasing annealing temperature due to the
progress of formation of well-organized hard segment domains.

The rheological properties of TPUs were investigated using
a stress-controlled rheometer. Fig. 4 shows the frequency de-
pendence of G’ and G” at 175 and 180 °C for ES-85-23. G’
values were almost same as G” ones at 175 °C, in contrast
G" values were larger than G’ ones at 180 °C. These trends
were observed for all TPUs in frequency sweep tests above
180 °C. Thus, TPUs were in the sol—gel transition state at
175 °C and in the melt state at 180 °C. We chose 180 °C as
the start temperature for the temperature sweep experiments.
Usually, TPUs are extruded at temperatures ranging from
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Fig. 4. Frequency dependence of the dynamic storage modulus (G') and
dynamic loss modulus (G”) at 175 and 180 °C of ES-85-23.

175 to 215 °C [1] and then gradually cooled to around room
temperature to produce films, sheets, tubes, fibers, etc. Hence,
the investigation of the rheological properties in the heating
and cooling processes is important for polymer processing
operations. Fig. 5 shows the temperature dependence of G’
and G” during both the heating and cooling processes for
ES-85-23 (a), -80 (b), -100 (c) and -120 (d). Each critical
gel temperature, at which G’ and G” [25] are comparable, is
also shown in Fig. 5. The viscoelastic functions of all TPUs
in the heating and cooling processes were quite different.
This result was similar to that reported by Yoon et al. [13].
In the heating process, G’ values decreased quickly, while
G” values decreased gradually for all TPUs up to 215 °C. In
the cooling process, G’ values increased quickly and G” values
increased gradually until ca. 150 °C for all TPUs. It took ca.
45 min for the temperature sweep experiment during the heat-
ing and cooling processes, including preparation time for mea-
surements. To evaluate the change of the M,, under an
isothermal dynamic condition, the time sweep experiments
at each temperature were conducted for 50 min. Fig. 6 shows
the time evolution of dynamic viscosity for ES-85-23 at tem-
peratures ranging from 180 to 225 °C under a nitrogen atmo-
sphere. The viscosity decreased with increasing time and
measurement temperature, and was strongly dependent on
the temperature. The times approaching equilibrium values
at measurement temperature above 205 °C were longer than
those below 190 °C. These results imply that the molecular
weight of TPUs decreased at 200 °C or above because of the
dissociation reaction of urethane bonds. The inset in Fig. 6
shows Ms after the time sweep measurements as a function
of the rheological measurement temperature. The M,, values
after applying dynamic strain at higher temperature in the
melt state decreased with increasing measurement tempera-
ture. The initial M, of ES-85-23 before the experiment was
ca. 180 x 103, while those magnitudes after the experiments
at 190 and 215°C were ca. 120 x 10° and ca. 90 x 107,
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Fig. 5. Temperature dependence of the dynamic storage modulus (G') and dynamic loss modulus (G”) during both the heating and cooling processes at a frequency
of 0.628 rad s~ for ES-85-23 (a), ES-85-80 (b), ES-85-100 (c) and ES-85-120 (d).
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Fig. 6. Variations of dynamic viscosity with time for ES-85-23 at temperatures
ranging from 180 to 225 °C. The inset shows the weight-average molecular
weight after the time sweep experiments as a function of the rheological mea-
surement temperature.

respectively. These results clearly suggest that a dissociation
reaction occurred during time sweep experiments [14]. Thus,
the hysteresis behavior of the visoelastic functions in Fig. 5
was attributed to the decreases in M,, during the rheological
measurements and change of the micro-phase-separated struc-
ture. In addition, we calculated the apparent activation energy
of flow (E,) and true activation energy of flow (E,)) using the
equilibrium complex viscosity of ES-85-23 at 3000 s accord-
ing to the equation proposed by Lu and Macosko et al. [15].
When AHg., was assumed to be 58 kJ/mol reported by Hent-
schel and Miinstedt [14], E, and E,, of ES-85-23 were 215 and
116 kJ/mol, respectively. These activation energies were close
to 233 kJ/mol of E, and 131 klJ/mol of E,, reported by them
[14]. Their TPU was composed of poly(tetramethylene ether
glycol) with M, of 800, MDI and BD as the hard segment
and its hard segment content (HSC) was ca. 34 wt%. The dif-
ference in E, and E, reported by Macosko et al. [15] and
our values was attributed to HSC, because they used the
TPU composed of MDI and hexanediol only.

In Fig. 5, rapid increases in G’ were observed below
160 °C, and G’ coincided with G” around 144—150 °C for
all TPUs. The T, increased with increasing annealing temper-
ature, while Ms of the TPUs decreased after the rheological
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measurements. To investigate the mechanism of the rapid in-
creases in G, the start temperature for crystallization of the
hard segments (T sar) during cooling process was measured
by DSC using the same specimens. The T¢, . values of ES-
85-23, -80, -100 and -120 were 147.6, 148.3, 151.1 and
152.2 °C, respectively. Although the cooling rate in the DSC
measurements was different from that in the rheological mea-
surements, it is conceivable that the steep increase in G’ below
160 °C was attributed to the crystallization of the hard seg-
ments. Fig. 7 shows the relationship between Tt s and Te,.
T, changed almost linearly with T . Seymour et al. [3],
Koberstein et al. [12] and Turner et al. [26] reported that hydro-
gen bonded N—H absorbance for MDI- and BD-based polyure-
thane remained around 200—220 °C in FT-IR measurement.
Hence, the increase in T, with increasing annealing tempera-
ture in this study might be attributed to the fact that the residual
hard segment domains played as a nuclei for crystallization
during the cooling process. From these results, the rheological
measurement is a useful technique even for the evaluation of
the aggregation state of the hard segment domains in TPUs.

The effects of the micro-aggregation structure on the uniax-
ial elongational viscosity (1g(f)) of TPUs were investigated us-
ing a Meissner type extensional rheometer. Fig. 8 shows the
time dependence of ng(f) with various strain rates of 0.01,
0.1 and 1.0 s~ " at 175, 180 and 190 °C for ES-85-23 (a), -80
(b), -100 (c) and -120 (d). The solid lines in Fig. 8 represent
37(¢) at 180 and 190 °C, where 7(¢) is the shear stress growth
coefficient in the linear viscoelastic region calculated from the
shear storage modulus (G’(w)) and loss modulus (G”(w)) using
an approximate equation proposed by Osaki et al. [27]. The
equation is as follows:

1(t) = 1[G"(w) + 1.12G'(0.50) — 0.200G' (w)],,_, , (2)
155
150 -
o |
ki i Y
145 |-
i °
140 1 1 1 1 | 1 1 1 1
145 150 155
Tc,start /°C

Fig. 7. Relationship between the start temperature for crystallization of the
hard segments (T, y.r) Obtained from DSC measurements and the temperature
at critical gel point (T,,) obtained from the dynamic temperature sweep
measurements.

Where, w is an angular frequency. The experimental data in
shear and uniaxial extension for a poly(isobutylene) melt
and a polystyrene melt were reported by Demarmels et al.
[28] and Takahashi et al. [29]. These results revealed that
ne(?) coincided with 37(¢) at short time region. The time—
temperature superposition principle for TPUs was not applied,
using the dynamic frequency sweep data measured at
temperatures ranging from 180 to 215 °C with a frequency
ranging from 0.1 to 100 rad s~ '. Therefore, 3n(f) at 180 and
190 °C was calculated from G'(w) and G”(w) measured only
at the measurement temperature of ng(¢), but that at 175 °C
could not be calculated owing to the gel state at this tempera-
ture. The behavior of ng(f) was significantly different in the
specimens. The temperature, at which ng(#) of the TPUs can
be measured, was limited. Below 170 °C, the specimens
were too hard to clip properly, as can be easily speculated
by DSC thermograms (Fig. 1). On the other hand, above
200 °C, the measurement was quite difficult because the spec-
imens loosened due to melting. Thus, we carried out measure-
ments at 175, 180 and 190 °C. As shown in Fig. 8, the strain
hardening behavior was observed with increasing time for
all TPUs. These strain hardening behaviors were attributed
to stretch of the soft segments owing to existence of residual
hard segment domains and entanglement. The strain hardening
behaviors were also observed at 180 °C, similar to those at
175 °C. In addition, it was obvious that the Trouton ratio of
uniaxial elongational viscosity to shear viscosity, could be ap-
plied at 180 °C. According to the Doi—Edward’s theory [30],
when the external rate of strain is high enough for the primi-
tive chain to extend, strain hardening behavior or upturn of
uniaxial elongational viscosity is expected. In this work, the
primitive chain was attributed not only to entanglement of
the polymer chain but also to aggregation of the hard seg-
ments. Upturns of ng(f) measured at 180 °C were observed
during a longer period of time than those observed at
175 °C. These results suggest that the residual hard segment
domains at 180 °C slightly melted in comparison with that
at 175 °C. Sharp upturns of 7ng(#) after gradual decreases in
ng(?) during longer periods were observed with time, in partic-
ular, for ES-85-23 and -80 at the strain rate of 0.01 s~ L. This
aspect will be discussed later in relation to data illustrated in
Fig. 11. On the contrary, upturns of 7g(f) measured at
190 °C were not observed even at a strain rate of 1.00s '
This is attributed to the fact that there were no hard segment
domains at 190 °C, which are necessary to stretch the soft seg-
ments. Moreover, 37(f) calculated from the G’ and G” obtained
from the dynamic frequency sweep measurements at 190 °C
was lower than ng(?) at 190 °C. The measurement time for
ne(f) at 190 °C was necessary for ca. 240s, whereas the
time of the rheological measurement at 190 °C was for ca.
800 s. The reason for the disagreement between 37(f) and
ne(?) is attributed to a decrease in M, at a higher temperature
because the time spent for the rheological measurement was
longer than that for uniaxial elongation measurement.

Fig. 9 shows time dependence of the non-linear parameter
(A4,) of uniaxial elongational viscosity measured at 175 °C
with strain rates of 0.01, 0.1 and 1.0s™! (a), and those at
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Fig. 8. Time dependence of uniaxial elongational viscosity (9g(f)) with strain rates of 0.01, 0.1 and 1.0 s~ ! at 175, 180 and 190 °C for ES-85-23 (a), ES-85-80 (b),

ES-85-100 (c) and ES-85-120 (d).

180 °C with the strain rate of 0.1 and 1.0 s~ (b). A, was cal-
culated from the equation proposed by Koyama et al. [31]

t .
An _ nE( )non—lmear (3)
nE(t>linea.r

The regions of Ng(Dnon-tinear ANd NE(Diinear Were defined as
shown in Fig. 10. A, at 180 °C and a strain rate of 0.01 s '
could not be calculated, since it was difficult to determine
NE(Dlinear» due to the gradual decrease in ng() above 16 s. Up-
turns of A, were observed clearly at shorter times with increas-
ing strain rate at 175 and 180 °C and the upturn time of the A,
at 175 °C was shorter than that at 180 °C. This is attributed to
a difference in the content of residual hard segment domains at
an operating temperature.

Fig. 11 shows time dependence of 7g(f) normalized with
ne(?) at t=6s. Measurement conditions were 180 °C and
a strain rate of 0.01 s~'. As A, could not be calculated owing
to the decrease in ng(f) above 16 s, we calculated the normal-
ized ng(?) using the ng(f) at t=6s as the minimum value
within a linear region of ng(f). The decreasing normalized

ne(t) was observed above 16 s for the ES-85-23 and -80, but
not observed for the ES-85-100 and -120. However, upturns
of the normalized ng(¢) for ES-85-23 and -80 were observed
above 100s. Gradual decreases in 7g(f) above 16s might
not be related to a decrease in M, of TPUs during the rheolog-
ical measurement because the M,s for all TPUs before the
measurement were almost same. A similar gradual decrease
in ng(f) with time after increasing the viscosity was reported
using poly(styrene-block-butadiene-block-styrene) triblock co-
polymer (SBS) by Takahashi et al. [32,33]. They concluded
that the block copolymerized structure decreased melt elastic-
ity under elongational and shear deformation. As a result, the
uniaxial elongational viscosity for SBS did not change after
the gradual viscosity increase because the lack of melt elastic-
ity in SBS melt was caused by orientation of the lamellar
structure towards the stretched direction during deformation.

In our study, a gradual decrease in ng(f) was observed ac-
cording to a decrease in the annealing temperature, in other
words, in relation to the micro-aggregation of the hard seg-
ments. Although these results seemed attributable to differ-
ences in aggregation state and the orientation of the hard
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Fig. 9. Time dependence of the non-linear parameter (4,) of uniaxial elonga-
tional viscosity measured at 175 °C with strain rates of 0.01, 0.1 and 1.0 s~!
(a), and those at 180 °C with strain rates of 0.1 and 1.0s™! (b).

segment domains towards the stretching direction, the reason
that ng(?) once decreased before strain hardening is not under-
stood in detail.

4. Conclusions

The effects of the molecular aggregation structure on the
rheological properties of MDI- and BD-based TPU were inves-
tigated. We prepared four specimens with different molecular
aggregation structures by changing the annealing temperature.
The micro-phase separation of the TPUs became stronger with
increasing annealing temperature. The degree of the micro-
phase separation strongly influenced the sol-to-gel transition
temperature and the strain hardening of uniaxial elongational
viscosity. The sol—gel transition temperature increased with

nE(t)non-Iinear

log(ng(t) / Pa-s)

-« nE(t)Iinear

log(t/s)

Fig. 10. Schematic model for the non-linear uniaxial elongational viscosity
and the linear viscosity to calculate the non-linear parameter (4,) of uniaxial
elongational viscosity.

the increasing degree of micro-phase separation on account
of the effect of residual hard segment domains. We firstly clar-
ified that the time at which strain hardening was clearly ob-
served, shifted to the shorter side with the increasing degree
of micro-phase separation in the uniaxial elongational viscosity
(ng) measurement. The upturn of ng was attributed to the resid-
ual hard segment domains as well as entanglement of mole-
cules in the TPU at an operating temperature. The results
obtained in this study are quite useful for the polymer process-
ing of TPUs demonstrated by extensional flow, illustrated with
film casting, tubular film inflation, fiber spinning and blow
molding.
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Fig. 11. Normalized uniaxial elongational viscosity (9g/1g, —es) at 180 °C and
a strain rate of 0.01 s~' with uniaxial elongational viscosity obtained at r =6 s.
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