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ABSTRACT: This work investigated the thermal behavior
of a series of thermoplastic poly(ether-urethane)s containing
36–71% by weight hard segments derived from 4,4�-meth-
ylene-bisphenylisocyanate and butane-1,4-diol, with poly-
(tetramethylene oxide) soft segments. In all materials stud-
ied, differential scanning calorimetry revealed the presence
of a T1 endotherm �20–30°C above the annealing tempera-
ture. Morphological changes during heating were observed
using small-angle X-ray scattering; the data was analyzed
using “globular” models based on a one-dimensional statis-
tical lattice or the Percus–Yevick description of liquids, both

of which appeared to provide good descriptions of these
materials. The results indicated that the T1 endotherm coin-
cided with the onset of morphological changes during heat-
ing. Possible explanations are discussed, based on the melt-
ing of small hard-segment crystals or an activation energy
associated with transient segmental mixing. © 2006 Wiley
Periodicals, Inc. J Appl Polym Sci 100: 779–790, 2006
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INTRODUCTION

Thermoplastic polyurethanes (TPUs) are segmented
copolymers, composed of multiple “hard” urethane-
containing blocks interspersed with more flexible
“soft” chain segments.1–4 Immiscibility of these
“hard” and “soft” segments (HS and SS) favor mi-
crophase separation, which can occur under suitable
processing conditions. The resulting glassy or semic-
rystalline HS microdomains act as filler and provide
physical crosslinks between SS, which are in a rubbery
state under normal conditions of use. Hence, TPUs are
generally elastomers. In contrast to conventional,
chemically-crosslinked rubbers, however, the physical
crosslinks in TPUs can be melted, allowing these ma-
terials to be melt-processed at elevated temperatures.
This facilitates various manufacturing methods, and
consequently, TPUs are used in many diverse appli-
cations.

Thermal behavior of polyurethanes

The complex thermal behavior of TPUs is well known
and has been the subject of numerous publications by
Cooper and coworkers,5–9 Koberstein and cowork-
ers,10–17 Pascault and coworkers,18–20 Martin et al.21–24

and others.25–34 Differential scanning calorimetry
(DSC) often reveals several features between �150
and 250°C, which can be attributed to physical
changes within the microphase-separated domains, as
well as enthalpy changes associated with segmental
mixing and demixing. Composition and processing
history have marked effects on the thermal behavior
of these materials, although the exact nature of the
relationships may not be fully understood.

The glass transition for SS microdomains (TgSS) is
generally well below room temperature. For example,
TgSS for pure poly(tetramethylene oxide) (PTMO)
is reported as �92.8°C20 to �96°C.24 In practice,
however, TPUs often exhibit a Tg somewhat higher
than that expected for pure SS microdo-
mains,5,6,8,11,12,16,17,20,21,24,33 which may be attributed
to incomplete segmental demixing and residual HS
dissolved in SS microdomains. Conversely, the HS
glass transition for HS microdomains (TgHS) normally
occurs well above room temperature. For pure HS
based on 4,4�-methylene-bisphenylisocyanate (MDI)
and butane-1,4-diol (BDO), TgHS has been reported in
the region of 107–110°C.19,26,35 In this case, however,
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residual SS dissolved in HS microdomains is expected
to decrease Tg.6,11,12,21,23,26

Some SS are prone to crystallization, which results
in a melting peak (TmSS) around room tempera-
ture.8,33,34–37 Van Bogart et al.8 reported that crystalli-
zation was more pronounced for higher SS molecular
weights and for TPU formulations with lower HS
content. This “cold crystallization” is generally re-
garded as undesirable, since it can cause embrittle-
ment and loss of elastomeric properties at low tem-
peratures.

MDI based TPUs generally exhibit a number of
endotherms above 170°C, which can be ascribed to a
combination of the microphase mixing transition
(TMMT) and melting of hard segment crystals (TmHS).
Small-angle X-ray scattering (SAXS) studies of poly-
(ether urethane)s (PEUs) during heating observed a
strong decrease in intensity that coincided with an
endotherm in the vicinity of 175°C, which was as-
cribed to the TMMT.

13–15,32,36 The results of Ryan et al.36

were particularly significant, since their material was
based on BDO and a mixture of 2,4- and 4,4�-MDI
isomers, which suppressed HS crystallization and pre-
cluded any TmHS peaks. Changes in wide-angle X-ray
scattering (WAXS) from polymers based on MDI-BDO
between 190 and 230°C have been attributed to
TmHS.12–14 The occurrence of multiple endotherms by
DSC may be due to the presence of two polymorphs,
as previously noted by Briber and Thomas.37,38 Kober-
stein and coworkers12,13 also noted the possibility of
melting the lower temperature form, followed by re-
crystallization and melting of the higher polymorph.

It appears that different molecular features affect
TMMT and TmHS. Consequently, their order can vary
between materials, depending on segmental composi-
tions and lengths. Koberstein and coworkers12–14

found that amorphous HS dissolved into the SS first,
and then HS crystals melted and dissolved at higher
temperatures. Conversely, a recent study by Saiani et
al.27 suggested that TmHS occurred before TMMT. Sig-
nificantly, while the PEUs studied by Koberstein and
coworkers used MDI � BDO, those studied by Saiani
et al. incorporated 2-methyl-1,3-propandiol in the HS,
to lower TmHS.

Polyurethanes often show an endotherm (T1) be-
tween 20 and 50°C, above the annealing tempera-
ture.8–11,13,14,22,23,25 The cause of this peak is unclear, at
present, although several potential explanations have
been suggested. Cooper and coworkers6,8 attributed
T1 to the loss of short-range order of an unknown
nature. Subsequently, Hu and Koberstein10 suggested
that the temperature dependence of T1 may be linked
to the relationship between HS length and solubility,
which is embodied in the Koberstein–Stein model of
TPU morphology.39,40 Martin et al.22 attributed the
peak in the temperature range 100–180°C to melting
of crystals based on short MDI-BDO sequences. Chen

et al.25 showed that the peak area and temperature
both increased with the logarithm of annealing time
(log ta) and ascribed the peak to an enthalpy relax-
ation. The work reported here provides further insight
into the possible morphological origins of the T1 peak
in TPUs.

X-ray scattering is widely used to characterize the
structures present in polymers and other materi-
als.41,42 WAXS is sensitive to the structure on the scale
of bond-lengths (typically 0.1–0.2 nm) and can reveal
information on crystallinity. SAXS is particularly use-
ful for observing structural features on the scale of the
microdomains in segmented copolymers (typically
1–100 nm). Moreover, the intense X-ray illumination
available at a synchrotron source permits SAXS and
WAXS measurements to be made with acquisition
times of a few seconds, so that morphological changes
may be observed in “real time” during heating and
other experiments. More detailed discussions of X-ray
scattering techniques and interpretation of the results
can be found elsewhere.41–44

Morphological studies using SAXS

A common problem with SAXS studies is that inter-
pretation is seldom unequivocal. Often, several differ-
ent interpretations of the same data can be made,
which may not provide the most accurate or detailed
account of the morphology under investigation. If a
reliable morphological model can be established (e.g.,
by electron microscopy or other methods), however,
SAXS then provides a convenient method for quanti-
fying the structure (e.g., in terms of distances, volume
fractions, or compositions).

It has been demonstrated recently45–47 that the
SAXS patterns from a wide range of TPUs could be
interpreted in terms of a “globular” model, of discrete
HS microdomains dispersed within a mixed HS � SS
phase. According to this model, the observed intensity
was proportional to a particle scattering function (P),
which depended on the size of the HS microdomains,
and a structure factor (S), which described their rela-
tive positions:

I(q)�I0P(q)S(q) (1)

I0 may be regarded as a scaling factor, which de-
pended on the intensity of the incident X-rays, illumi-
nated sample volume, scattering contrast between mi-
crophases (��) etc, and q was the modulus of the
scattering vector:

q�
4�

�
sin� (2)

where � was the wavelength and 2� was the scattering
angle. It was found that an adequate expression of the
particle scattering function was given by:
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P(q)�9�sin(qR)�qR cos (qR)
(qR)3 �2

(3)

where R was the radius of the scattering bodies. Al-
though this equation was strictly valid only for mono-
dispersed spheres, it appeared to provide a reasonable
“first approximation” to scattering from a collection of
randomly oriented anisometric bodies.

Two models were found to provide adequate ex-
pressions for the structure factor.45 The simpler ex-
pression was based on the one-dimensional statistical
lattice model, originally proposed by Zernike and
Prins (ZP) to describe WAXS from liquids.48 In the ZP
model

S(q)�
1�B2

1�2Bcos (qd)�B2 (4)

where d is the average projected distance between
scatterers. Assuming a Gaussian distribution of d,
with standard deviation �

B�exp��
q2�2

2 � (4a)

Although better models are now available for the
structure of liquids, the ZP model still provides a
suitable description of some crystal imperfec-
tions.41,43,44 Moreover, there appears to be no reason
why the microphase-separated morphologies of TPUs
should be strictly liquid-like.

The second, more complicated expression was
based on the Percus–Yevick (PY) model.49 This ap-
pears to provide a more accurate description of liq-
uids50 and has also been used to describe the mi-
crophase-separated morphologies of copolymers.51,52

According to the PY model

S(q)��1�
24�

x G(x)��1

(5)

where

G(x)�
�

x2{sinx�x cos x}

�
�

x3{2x sin x�(2�x2) cos x�2}�
	

x5{24�x4 cos x

�(12x2�24) cos x�(4x3�24x) sin x} (6)

��
(1�2�)2

(1��)4 (6a)

��
�6�(1�0.5�)2

(1��)4 (6b)

	�
�

2
(1�2�)2

(1��)4 �
�

2� (6c)

� is the volume fraction of scatterers and x � 2qRH.
Note that a distinction is made between the particle
radius in eq. (3) and the effective “hard sphere” radius
(RH) in eqs. (5) and (6). Commonly, it appears that a
“hard shell” boundary layer exists around the mi-
crodomains, of thickness h and the same scattering
power as the surrounding matrix, which affects their
relative positions but does not contribute to the scat-
tering.46,47,51,52 This can be accommodated using RH

� R � h in eqs. (5) and (6) and scaling � accordingly.
Although these two expression for S are based on

somewhat different structural models, the resulting
interference functions behave in similar ways.46,47

Both give series of local maxima, which become
broader and lower as q increases, until the functions
level off at a value of 1. Consequently, it appeared that
the breadth and position of the SAXS peak were dom-
inated by the spatial distribution of microdomains (by
way of the interference function), while the tail at high
q was controlled by the size of the microdomains. Our
previous work46,47 demonstrated that the observed
SAXS from TPUs could be reproduced equally well by
either model, although it was felt that the ZP model
provided a more intuitive interpretation of the mor-
phological response to deformation.

In the present work, SAXS and WAXS have been
used to study the morphological changes in TPUs
during heating. This provided a further test of the
proposed globular scattering model, while the results
also revealed more detailed information concerning
the morphological processes underlying the T1 endo-
therm observed by DSC.

EXPERIMENTAL

The PEU formulations used in this study incorporated
semiaromatic HS derived from MDI and BDO, with
PTMO polyether SS. These materials were synthesized
using a bulk reaction method, as described previous-
ly.53 The molar ratio of MDI:BDO:macrodiol was
maintained at 5 : 4 : 1 and the HS content was con-
trolled through the SS macrodiol molecular weight.
Using macrodiols with weight–average molar masses
ranging from 650 to 2900 Da, singly or as mixtures,
PEU formulations containing 71–36% HS by weight
were produced.

Portions of the fully reacted products from the syn-
thesis were hot-pressed between sheets of glass-fiber
reinforced PTFE mold release cloth, at 210–220°C, us-
ing metal strips as “spacers” to control the thickness.
The resulting films were ejected from the press and
immediately (i.e., within 10 s) quenched by immersion
in iced water, then stored at room temperature until
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required. These samples were designated HPQ (i.e.,
hot-pressed, quenched), although the storage was
equivalent to annealing at room temperature (�20°C).
Other samples were subsequently annealed at ele-
vated temperatures in a fan-assisted oven.

DSC experiments were performed using a Q1000 ther-
mal analyser (TA Instruments), fitted with a liquid ni-
trogen cooler. Temperature and heat-flow were cali-
brated using indium. Samples for DSC measurements
(�10 mg) were cut using a punch and sealed into alu-
minum pans. The samples were automatically loaded
into the thermal analyzer at 35°C, and then rapidly
cooled to �150°C. The system was allowed to achieve
thermal equilibrium, and then measurements were
made during heating at 20°C min�1, from �150 to 250°C.

Simultaneous SAXS/WAXS/temperature-rise ex-
periments were performed at the SRS, Daresbury, on
experimental stations 8.2 (now closed) and 16.1, using
X-ray wavelengths of 0.153 and 0.141 nm, respectively.
Samples, in aluminum pans sealed with mica, were
loaded into a “Linkam” hot-stage at room tempera-
ture, and then heated at 5°C min�1, from 25 to 250°C.
SAXS data were collected using a wire “quadrant”
detector; WAXS data were collected using an INEL
“knife-edge” detector. Each frame of X-ray scattering
data was collected over 12 s, such that consecutive
frames corresponded to a 1°C temperature rise.

The q-range observable by the SAXS detector was
calibrated against the known peak positions from wet
rat-tail collagen and the detector response was mea-
sured using the “flood-field” from an 55Fe radioactive
source. The angular range observable by the WAXS
detector was calibrated against the known peak posi-
tions of HDPE or triphenylamine.

Raw data were corrected for variations in detector
response, incident light intensity, absorption by the
sample and background scattering, then converted to
comma-separated variable files using the xotoko and
reconv2 programs (available from the SRS, Dares-
bury). The corrected data were analyzed using Mi-
crosoft� Excel. Curve-fitting was performed using the
“solver” tool,54 with up to 100 iterations, a precision of
0.000001, a tolerance of 5%, and a convergence of
0.001. The options of tangent estimates, forward de-
rivative, and the Newton search method were used.

RESULTS

DSC data for samples annealed for 24 h at 83°C are
shown in Figure 1. The softer formulations exhibited
inflections around -70°C, which may be attributed to
TgSS. This was roughly 25°C above the Tg reported for
pure PTMO, which is consistent with incomplete mi-
crophase separation of HS from the SS microdomains
in these formulations. Using the linear relationship
reported by Chen et al.,26 the observed TgSS corre-
sponded to about 13% HS dissolved in the SS. The

location of TgSS appeared to be essentially indepen-
dent of overall TPU formulation, but its magnitude
decreased with increasing HS content and it could not
be observed in the hardest formulations.

The softest formulations also exhibited a broad en-
dotherm between �10 and 25°C, which may be as-
cribed to TmSS. It should be noted that this peak oc-
curred below the sample loading temperature into the
DSC, which implied that SS crystallization occurred
during the analyses. Although the data were not re-
corded, a large exotherm was usually observed while
the samples were being cooled to the starting temper-
ature. Further crystallization during the measure-
ments would also explain the dip between TgSS and
TmSS, for the softest materials.

The hardest formulation exhibited an inflection
around 50°C, which may be attributed to TgHS. Again,
using the linear relationship reported by Chen et al.,26

this would correspond to roughly 70% HS, which is
close to the overall composition of this material. This
feature appeared to become broader, starting at lower
temperature with increasing SS content, which may
indicate increasingly variable composition in the HS
microdomains of softer formulations. As a result of the
broadening, this feature became progressively more
difficult to observe in the softer materials and was
further obscured by the strong TmSS endotherm in the
softest materials.

The T1 peak was observable around 115°C, which
corresponded to roughly 32°C above the annealing
temperature (24 h at 83°C) for the data presented in
Figure 1. This endotherm appeared most clearly for

Figure 1 DSC data for TPU formulations with different HS
content, after annealing for 24 h at 83°C (curves off-set
vertically for ease of viewing).
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the hardest formulations, but became broader and less
prominent for softer formulations. Moreover, al-
though it can be notoriously difficult to locate the
“baseline” in complex DSC traces such as these, the T1
peaks for the hardest formulations appeared to be
followed immediately by small exotherms.

The relationship between T1 and annealing temper-
ature for samples of the 71% HS formulation is dem-
onstrated in Figures 2 and 3. T1 appeared to increase
linearly with annealing temperature, eventually merg-

ing into the multiple high temperature peaks above
170°C, for samples annealed above 135°C. Similar re-
sults were also observed for the other formulations
studied.

The data for the HPQ samples deserve special men-
tion. The very prominent T1 peak for these samples
appeared to coincide with Tg and was followed by an
exotherm that may be attributed to microphase sepa-
ration. (This is supported by the SAXS data presented
below.) The implication is that these materials had
been quenched into a glassy, predominantly mixed HS
� SS phase, within which the processes responsible
for T1 could still occur.

Finally, all the materials exhibited multiple endo-
thermic peaks above 170°C. These features appeared
to depend on both the formulation and thermal his-
tory of the samples studied and may be attributed to
combinations of TMMT and TmHS.

12–15,32,36

SAXS data from samples of the 71% HS formulation
after various thermal histories are presented in Figure
4, along with fitted curves generated using the glob-
ular scattering model. The scattering from the HPQ
samples was relatively weak, which suggested that
little microphase separation had occurred in this ma-
terial. By contrast, much stronger scattering, in the
form of an “interference” peak, was observed from
materials that had been annealed at elevated temper-
atures (i.e., above Tg of the mixed HS � SS phase). The
peak height increased with annealing temperature
and moved toward lower q, which suggested an in-
crease in the extent of microphase separation and the
characteristic lengths of the resulting morphologies.

Figure 2 DSC data for 71% HS formulation after different
thermal history (curves off-set vertically for ease of view-
ing).

Figure 3 Relationship between annealing temperature and T1 temperature for 71% HS formulation (error bars indicate
uncertainty in Ta and T1.
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The curves in Figure 4 were generated using the PY
structure function, although equally good fits were
obtained using the ZP model. Some deviation between
the model and the data was observed close to the
beamstop, which may be attributed to error in back-
ground subtraction. Also, the model returned to the
baseline on the high-q side of the peak more quickly
than did the experimental data and exhibited a series
of progressively decreasing “ripples,” which can be
attributed to the oversimplified assumption of mono-
dispersed scatterers. Nevertheless, the globular scat-
tering model generally fitted the data very well.

Morphological information obtained by curve-fit-
ting is summarized in Table I. Annealing at higher
temperatures produced progressively coarser mor-
phologies, in terms of the sizes of and distances be-
tween the dispersed scatterers. Although the two ver-
sions of the globular scattering model revealed similar
trends with increasing annealing temperature, simple
geometric calculations using the values of R and d
from the ZP model produced higher estimates of �

than those given by the PY model. This may be attrib-
uted to differences in the probability distributions of
interparticle distances. Both versions of the scattering
model also indicated that contrast increased with an-
nealing temperature, suggesting larger composition
differences between microdomains.

HPQ samples of the softer TPUs exhibited more
microphase separation than did the 71% HS formula-
tion, which may be attributed to lower Tg, for the
corresponding mixed HS � SS phases. The scattering
contrast increased in the softer formulations, which
suggested greater composition differences between
microdomains in the materials containing longer SS.
Once again, the globular scattering model was able to
reproduce the data very well. The results are pre-
sented in Table II, for materials annealed for 24 h at
83°C. The trends shown by � and d suggested that the
scatterers were dispersed HS microdomains, which
were larger in the softer formulations.

Typical SAXS data acquired from a HPQ 71% HS
sample during heating is presented in Figure 5, along
with model curves based on the globular model. The
curves shown were generated using the PY model,
although the ZP version produced equally good fits.
The data appeared similar to that from samples an-
nealed at different temperatures, shown in Figure 4.
The scattering remained relatively weak below 60°C,
but increased dramatically above this temperature,
which was consistent with the microphase separation
exotherm observed by DSC. As the temperature was

Figure 4 SAXS data for samples of 71% HS formulation
after various thermal histories with fitted curves generated
using PY model.

TABLE I
Morphological Interpretation of SAXS Data for 71–650 Formulation after Different Thermal Histories

Samples

Zernike–Prins model Percus–Yevick model

d (nm) R (nm) �/d Scaling factor � R (nm) h (nm) Scaling factor

HPQ samples a a a a a a a a
Annealed samples

24 h at 85°C 6.7 � 0.1 2.3 � 0.1 0.40 � 0.02 8.9 � 0.1 0.049 � 0.002 2.2 � 0.1 1.4 � 0.1 7.5 � 0.1
2 h at 105°C 6.5 2.4 0.34 19.7 0.067 2.2 1.3 16.6
2 h at 120°C 7.2 2.6 0.33 23.9 0.074 2.5 1.3 20.5
2 h at 135°C 7.9 2.8 0.34 43.1 0.064 2.7 1.6 36.3

“a” indicates SAXS data too weak to be analysed reliably.

TABLE II
Summary of Morphological Results from Curve-Fitting

SAXS Data, for Different TPU Formulations
Annealed for 24 h at 83°C

% HS � d (nm) R (nm) I0

71 0.055 6.4 2.3 9.3
66 0.059 6.3 2.1 9.0
62 0.045 6.6 2.6 13.2
55 0.032 7.3 2.8 18.0
48 0.010 12.3 3.8 18.8
45 0.027 9.5 3.3 19.2
36 0.017 10.8 3.5 32.4
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raised further, the SAXS peak increased in height and
moved toward lower q, eventually merging into the
beamstop shadow above 190°C.

Changes in the morphology revealed by curve-fit-
ting SAXS data from HPQ 71% HS samples are pre-
sented in Figure 6. The SAXS data below 50°C was too
weak to permit reliable curve-fitting. Above this tem-
perature, however, the effective radius of the scatter-
ers (from either model), the average interdomain dis-
tance (from ZP), the scaling factor (from either model),
and volume fraction (from PY) all increased rapidly,
which was consistent with the onset of microphase
separation. After this rapid initial development, R, d
and I0 increased more slowly above approximately
70°C, before accelerating again at higher tempera-
tures. By contrast, the increase in � became progres-
sively slower up to �170°C, then decreased rapidly at
higher temperature, consistent with reaching TMMT.
The morphological analysis was stopped at 200°C,
since the results became less reliable as the interfer-
ence peak “disappeared” into the beamstop shadow.

Typical SAXS data from an annealed TPU sample
(71% HS annealed 2 h at 135°C) is shown in Figure 7,
along with fitted curves. Once again, the PY and ZP
models gave equally good fits. This data appeared
essentially similar to that obtained from HPQ samples,
apart from two key features. First, as already demon-
strated in Figure 4, microphase separation that had
occurred during annealing resulted in significant in-

terference peaks. Second, although the changes ob-
served during heating were qualitatively similar, the
temperatures at which they occurred depended on the
thermal histories of the samples. In the case of the data
presented in Figure 7, the SAXS peak height increased
relatively little below 155°C, but considerably faster
above this temperature.

It was found that the SAXS data from all the TPU
formulations and thermal histories studied here could
be fitted well using the globular model, which allowed
the morphological changes to be investigated. Selected
results for samples of 71% HS TPU with different
thermal histories are compared in Figure 8. In each
case, it appeared that R and d for the annealed samples
remained essentially constant at low temperature, un-
til they intersected the results for HPQ samples and
lower annealing temperatures, which occurred at the
T1 temperature observed by DSC. Above T1, the mor-
phologies suddenly started to change; R and d in-
creased progressively, with each parameter appar-
ently following a single curve at higher temperature,
irrespective of annealing temperature.

Moreover, although the starting morphologies de-
pended on both thermal history and composition, all
the TPUs investigated exhibited qualitatively similar
behavior during heating. This is demonstrated by val-
ues of R for the softest formulation used in this study
(36% HS), which are presented in Figure 9.

By contrast, clear differences were observed be-
tween � and the other morphological parameters. This
is demonstrated by the results for the 71% HS formu-
lation, which are presented in Figure 10. Although �
remained essentially constant at low temperature, for
each of the annealed samples, only the plot for the
material annealed at 85°C appeared to intercept the
HPQ plot in the vicinity of T1. Plots for samples an-
nealed at higher temperatures converged with the
HPQ results above about 160°C, when � started to
decrease in the vicinity of TMMT. Moreover, no clear
hierarchy based on annealing temperature was found;
the highest starting values of � were observed for the
samples annealed at 120°C, while the results for the
samples annealed at 105 and 135°C appeared to be
essentially identical.

It should also be noted that the estimates of � based
on curve-fitting exhibited similar trends to the scatter-
ing invariant:

Q�4� �
0

�

q2I(q)dq (7)


 V	��)2�(1��) (7a)

which is independent of the precise morphology, but
depends directly on the volume fractions and scatter-

Figure 5 SAXS data measured during heating HPO 71%
HS sample, with fitted curves generated using PY model.
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ing contrast between microdomains.41,42 This is dem-
onstrated in Figure 11.

Typical examples of the WAXS data collected from
71% HS and 36% HS TPU formulations during heating
are presented in Figure 12. Harder formulations ex-
hibited a single broad peak between �12 and 30° (as
shown in Fig. 12(a)), which may be attributed to scat-
tering from noncrystalline HS and SS. This peak ap-
peared to move to lower angle as the temperature was
raised, which may be attributed to thermal expansion
affecting the radial distribution function. There was,
however, no evidence of crystallinity in any of the
harder formulations studied.

The softer formulations exhibited sharp crystalline
peaks (at �18.2 and 22.0°) at the start of the heating

experiments, which can be attributed to SS crystallin-
ity. These peaks diminished rapidly between 35 and
40°C, which was essentially consistent with the obser-
vations of TmSS by DSC. The slightly lower TmSS ob-
served by DSC may be attributed to differences in the
crystallite sizes resulting from the thermal histories;
samples for X-ray scattering were loaded below 25°C
and would retain most of the SS crystallinity devel-
oped during storage, whereas the DSC samples were
loaded between 35 and 40°C, and so only crystals
formed during the cooling and low temperature stages
of the measurements would contribute to the TmSS
endotherm. Only the broad, amorphous background
scattering remained above 40°C, moving progres-
sively toward lower q as the temperature was raised.

Figure 6 Morphological changes during heating HPQ 71% HS samples, obtained by curve-fitting SAXS data. (a) Effective
radius of HS microdomains, (b) interdomain spacing, (c) scaling factor, (d) volume fraction (experiments performed in
duplicate).

786 LAITY ET AL.



DISCUSSION

It was reported previously46,47 that the globular model
provided a good description of the SAXS patterns
exhibited by some TPUs and their underlying mor-
phological behavior during uniaxial extension. The
work presented here indicated that this model was
also able to provide plausible explanations for the
changes in SAXS patterns for TPUs during heating.

The results indicated small volume fractions of dis-
persed HS microdomains in the materials studied,
even for relatively hard formulations. This rather lim-
ited extent of microphase separation, compared with
the mass fractions of HS and SS in the formulations
used, may appear somewhat surprising. As noted pre-
viously,46,47 however, the potential for weak but nu-
merous interactions between HS urethane and SS
ether groups may promote a degree of miscibility.
Moreover, the materials used in this and the previous
work had relatively short average HS lengths, which is
also expected to favor segmental mixing. Hence, while
the globular model appeared suitable for these mate-
rials, it may be inappropriate for other TPUs exhibit-
ing stronger microphase separation, either as a result
of segment length or chemical composition.

Both versions of the globular scattering model, in-
corporating the structure factors based on ZP or PY

models, fitted the SAXS data equally well. It was
found, however, that simple geometric calculations
based on the values of R and d from the ZP model
indicated larger � than what was estimated by the PY
model. This may be attributed to differences in the
probability distributions of interparticle distances em-
bodied in the models. Deliberately broadening the
distribution in the ZP model resulted in lower esti-
mates of d. Moreover, decreasing the boundary layer
thickness around the scatterers, which affected the
distribution of interparticle distances in the PY model,
produced higher estimates of �. As noted previously,
there appears to be no reason why the dispersed mi-

Figure 8 Morphological changes (from ZP model) during
heating for HPQ 7I% HS samples and after annealing for 2 h
at temperatures shown: (a) effective radius of HS microdo-
mains, (b) interdomain spacing.

Figure 7 SAXS data measured during heating 71% HS
sample annealed 2 h at 135°C with fitted curves generated
using PY model.
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crodomains in TPUs should exhibit liquid-like distri-
butions, as embodied in the PY model, nor Gaussian
distributions of d-spacings, as assumed in the ZP
model. Consequently, while the general morphologi-
cal behavior revealed by this SAXS analysis appears
plausible, an overly quantitative interpretation of the
results should be avoided.

Analysis of the SAXS data indicated strong correla-
tions between the onset of morphological changes
during heating and T1 observed by DSC. A progres-

sive coarsening of the morphology was generally ob-
served, in terms of the size of dispersed microdo-
mains, the interdomain spacings, and the scattering
contrast. Changes in morphology associated with the
onset of TMMT have been reported previously15,32,36;
however, the present work appears to provide the first
evidence for changes in morphology at T1. And, al-
though this did not prove a direct causal link, these
observations suggested two possible explanations for
the T1 endotherm.

The driving force for the morphological changes can
be attributed to the reduction of less favorable heter-
ogeneous contacts between HS and SS, which may be
associated with the interfacial area between microdo-
mains and incomplete segmental demixing within mi-
crodomains. This is demonstrated with respect to the
behavior of the 71% HS formulation annealed at
105°C, in Figure 13. The relative interfacial area was
estimated as:

A�
3�

R (8)

assuming the dispersed microdomains to be roughly
spherical. This remained essentially constant at low
temperature, but decreased rapidly above T1, by a
process that appeared similar to “Ostwald ripening.”
At the same time, the progressive increase in I0 above
T1 was consistent with growing composition differ-
ences between microphases, due to improved segmen-
tal demixing. By contrast, the overall volume fraction
of the dispersed microdomains remained effectively
constant up to TMMT, around 170°C.

Figure 9 Changes in effective radius of HS microdomains
during heating, for HPQ 36% HS samples and after anneal-
ing for 2 h at temperatures shown.

Figure 10 Changes in volume fraction for HPQ 71% HS
samples and after annealing for 2 h at temperatures shown.

Figure 11 Scattering invariant for HPQ 71% HS samples
and after annealing for 2 h at temperatures shown.
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It has been suggested previously that the T1 endo-
therm was due to the melting of small or imperfect HS
crystals.22 Certainly, the increase in HS motion asso-
ciated with melting could be consistent with the ob-
served onset of further morphological developments,
while the severe constraints on volume fraction and
peak broadening due to the small crystal size (i.e., no
larger than the HS microdomains, R 
 4 nm) would
explain the lack of observable crystalline WAXS peaks.

Since the polymer chains in the TPUs are expected
to be highly entangled, the morphological changes
observed above T1 must involve reptation, as de-
scribed by the Doi–Edwards model.55 Hence, as an
alternative explanation, the T1 endotherm may repre-
sent the activation energy for this process. Several

authors56,57 have noted that “long-range” reptation of
segmented copolymers must involve transient seg-
mental mixing. In their original publication, Bouchaud
and Cates56 argued that reptation would be strongly
impeded by the resulting periodic potential, for even
relatively small positive values of the interaction pa-
rameter and segment lengths greater than the entan-
glement length. Subsequently, Semenov57 proposed
that reptation would be slowed but not completely
stopped, since short sections of chains could move
independently as a result of short-range Rouse modes.

Moreover, these explanations are not mutually ex-
clusive. The “transient segmental mixing” hypothesis
could explain the apparent T1 endotherm prior to
microphase separation in the HPQ 71% HS material
and provide a mechanism for initiating microdomain
formation. HS crystallization would increase the en-
ergy penalty associated with transient segmental mix-
ing, giving a stronger impediment to reptation.

CONCLUSIONS

The work reported here provided further support for
a “globular model” interpretation of the morphology
exhibited by PEUs with HS based on MDI � BDO.
This interpretation implied relatively small volume
fractions of dispersed HS microdomains, resulting
from incomplete segmental demixing. However, since
this may be due to partial miscibility between the HS
and SS of the materials studied, the “globular model”
may be inappropriate for other more strongly mi-
crophase-separated TPUs.

The results demonstrated an apparent link between
T1 and the onset of morphological changes in the
TPUs. Hence, the T1 endotherm appeared to represent
the activation energy for the underlying dynamic pro-

Figure 13 Volume fraction and estimated interfacial area
for 71% HS samples after annealing for 2 h at 105°C.

Figure 12 WAXS data measured during heating for (a) 71%
HS sample annealed 2 h at 135°C; (b) 36% HS sample an-
nealed 2 h at 120°C (data in duplicate for the temperature
ranges shown, curves off-set vertically for ease of viewing).
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cesses, which may be associated with the melting of
small HS crystals or transient segmental mixing.

The help of N. Terrill and A. Gleeson in setting up stations
8.2 and 16.1 at the SRS is gratefully acknowledged. The
authors especially thank S. Freeburn, K. Noorsal, and A.
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