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Simultaneous small-angle X-ray scattering/wide-angle
X-ray diffraction study of the microdomain structure
of polyurethane elastomers during mechanical
deformation

Ken Kojio1, Keisuke Matsuo1, Suguru Motokucho1, Kohji Yoshinaga1, Yoshiki Shimodaira2

and Kazuya Kimura2

Polyurethane elastomers (PUEs) were prepared with poly(oxytetramethylene) glycol (Mn¼2000), 4,4¢-diphenylmethane

diisocyanate, 1,4-butanediol (BD) and 1,1,1-trimethylol propane (TMP) by a prepolymer method. To evaluate the effect of

curing temperature and the ratio of curing and crosslinking agents ((BD/TMP)¼(10/0 and 8/2)(wt/wt)) on deformation behavior,

four different samples were prepared. In the small-angle X-ray scattering (SAXS) profile for the PUEs prepared at 120 1C,

a four-point pattern was observed with the preferred tilt being produced by local torques exerted within the strained soft

segments from the initial deformation. At near failure strains, strong meridional scattering appeared and the four-point pattern

disappeared. In contrast, the PUEs at 80 1C produced meridional scattering through the deformation. As the microdomain

structure of the PUEs prepared at 120 and 80 1C initially possessed cylinder- and sphere-like structures, respectively, the

cylinder-like structure might have produced the four-point pattern. Obvious changes in interdomain spacing of PUEs at 120 1C

during the deformation process were observed in comparison with the spacing at 80 1C. This was due mainly to the formation

of a well-developed, networked, cylinder-like microdomain structure. Strain-induced crystallization of the soft-segment chains

evaluated by wide-angle X-ray diffraction results was also consistent with the results from SAXS.
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INTRODUCTION

Polyurethane (PU) is an intriguing polymer material because various
types of final PUs can be obtained by mixing only two raw materi-
als.1,2 PUs could be used as foam, coating, adhesive, sealant, elastomer,
fiber, sole and biomaterial,3–5 which suggests that PU is a polymer
with the widest industrial applications in the world. The key factor for
the broad usage of PUs is likely the formation of hydrogen bonds
between strong polar urethane groups. However, there are a number
of open questions on the structure–property relationship of PUs.

The PU molecules in PU elastomers (PUEs) need to form a
structure with separated microphases consisted of the domains with
hard segments and a matrix with soft segments. The microphase-
separated structure is influenced by many factors, such as the
chemical structure and weight fraction of both the hard and the soft
components, the molecular weights, the polydispersity of the soft
segment and preparation conditions including thermal history.1–23

The various properties including mechanical property of the PUEs

would be affected by the microphase-separated structure not only in
the initial state but also in the elongated one.

The deformation behavior of PUE has been investigated extensively
using a variety of experimental techniques.24–28 However, the defor-
mation behavior of the PUE is still not well understood because a
tremendous number of factors need to be considered to control the
original phase structure. Systematic sample preparation and mechan-
ical measurements for the samples would give us a general interpreta-
tion on this topic.

In this study, we prepared four PUEs at different temperatures and
with different ratios of curing and crosslinking agents. Then, small-
angle X-ray scattering (SAXS)/wide-angle X-ray diffraction (WAXD)
measurements were simultaneously performed on the samples with
and without deformation. The relationship between the initial micro-
phase-separated structure and the deformation behavior was investi-
gated. The results were important in designing the molecules to
control the various properties of the PUEs.
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EXPERIMENTAL PROCEDURE

Materials
Poly(oxytetramethylene) glycol (PTMG: Mn¼2000, Asahikasei Chemicals, Tokyo,

Japan), 4,4¢-diphenylmethane diisocyanate (MDI, Nippon Polyurethane Industry,

Tokyo, Japan) and 1,4-butanediol (BD, Wako Chemicals, Kanagawa, Japan) were

used as the polymer glycol, diisocyanate and chain extender, respectively. Purity of

MDI was 499.5%. BD was refluxed with calcium hydride to remove water and

subsequently distilled for purification. MDI was used without further purification.

Synthesis of PUEs
The PUEs were synthesized by a bulk prepolymer method. The PTMG was

dried with dry nitrogen under reduced pressure. Prepolymers were prepared

from PTMG and MDI with a ratio of K¼[NCO]/[OH]¼3.3 at 80 1C for 3 h

under a nitrogen atmosphere. The extent of the reaction was determined by an

amine equivalent method. After the reaction was finished, the prepolymer was

placed in vacuum to remove the air inside. The prepolymer and crosslinking

agent were mixed well at a ratio of [NCO]pre/[OH]¼1.05, where [NCO]pre is

the concentration of NCO groups in a prepolymer. After the viscous product

was mixed for 90 s, it was poured into a mold constructed using a 1 mm thick

spacer and two aluminum plates heated to 80 and 120 1C. To control the

chemical crosslinking density, BD-to-trimethylol propane (TMP) ratios (wt/

wt) of (10/0) and (8/2) were investigated. Because BD and TMP are difunc-

tional and trifunctional molecules, respectively, PUEs with a ratio of (10/0) and

(8/2) have linear and partially crosslinked structures, respectively. The PUEs

were demolded after a 2 h curing, followed by post-curing at 80 1C for 24 h in

air. Four PUEs were synthesized using various curing temperatures and TMP

contents, and their nomenclature denoted the BD/TMP ratio and curing

temperature.

SAXS and WAXD measurements
SAXS and WAXD data were acquired at the BL03XU29 beamline in the

SPring-8 facility in Japan. The typical beam flux was 2�1012 photons s�1,

and the size of beam at the detector was 140�80mm2. The X-ray with a 0.1 nm

wavelength was monochromatized from the bending magnet using a mono-

chromator. For SAXS measurements, a CCD detector with a pixel size of 63mm

per pixel and a total size of 1344�1024 pixels was used to measure the scattered

radiation. The detector was placed behind a vacuum path, and the camera

length was 1.7 m. For WAXD measurements, a flat panel detector was used, and

the camera length was 63 mm.

A home-built stretcher was used to elongate the B0.2-mm thick samples.

Scattering patterns were collected for B1 s. Data were reduced from the two-

dimensional (2D) format to one-dimensional (1D) by integrating with FIT2D

(Ver. 12.077, Andy Hammersley). Both sets of data were expressed in terms of

the wave vector, q, where q¼4p siny/l.

RESULTS AND DISCUSSION

Microdomain structure of PUEs
The PUEs synthesized in this study appeared opaque mainly because
of the crystallites of the hard segments. The microphase-separated
structure of the PUEs is strongly dependent on the BD/TMP ratio and
the curing temperature.1–3 First, we investigated the phase structure of
four PUEs without deformation being denoted the following sample
IDs: 10/0-80, 10/0-120, 8/2-80 and 8/2-120.

Figure 1 shows the (a) SAXS and (b) WAXD profiles for four
samples measured at a strain of zero. In the SAXS profile, scatterings
due to hard and soft segments were observed. Because the spacing
obtained from these peaks was B20 nm, it is conceivable that the
scatterings could be assigned to the interdomain spacing of the hard-
segment domains. Peak positions for the 10/0-120 and 8/2-120
samples were observed at a lower q range than those for the 10/0-80
and 8/2-80 samples, indicating that the interdomain spacings of the
10/0-120 and 8/2-120 samples were larger than those of the 10/0-80
and 8/2-80 samples. The magnitude of the interdomain spacings
was 19, 24, 19 and 28 nm for samples 10/0-80, 10/0-120, 8/2-80 and

8/2-120, respectively. The peak widths for 10/0-120 and 8/2-120 were
much sharper than those for 10/0-80 and 8/2-80, as clearly observed
in Figure 1a. The crystallized hard-segment chains were composed of
MDI and BD with melting points around 200 1C.3,8,13,14 Therefore,
curing at a higher temperature seemed to bring the crystallites closer
to the equilibrium state. That is, the crystallites in the equilibrium
state possessed larger sizes with small size distributions. The effect
of the trifunctional TMP content was evidenced in samples 8/2-80
and 8/2-120, which exhibited peaks at a lower q range with sharper
widths. Generally speaking, chain extender, TMP, which has three
hydroxyl groups, give a disordered crystal structure of the hard-
segment chains. However, the results obtained in this study showed
an opposite trend. The long –(MDI–BD)n– chains might not have
enough freedom to form the well-organized crystallites because of
their chain rigidity and strong interaction among molecular chains.30

Therefore, incorporating TMP may provide the hard-segment chains
with the necessary freedom and the proper length to form well-
ordered hard-segment domains.

In the WAXD profiles, the 10/0-80 and 8/2-80 PUEs showed only an
amorphous halo at 14.0 nm�1. In contrast, the 10/0-120 and 8/2-120
samples exhibited weak peaks and shoulders corresponding to the
crystallized hard-segment domains at 13.8 and 15.8 nm�1.31 Thus,
the hard-segment chains in the PUE prepared at 120 1C were well
crystallized in comparison with those at 80 1C.
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Figure 1 (a) Small-angle X-ray scattering and (b) wide-angle X-ray diffraction

profiles for four polyurethane elastomer samples measured at zero strain. A

full color version of this figure is available at Polymer Journal online.
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We directly observed the microdomain structure of these PUEs
using atomic force microscopy (Kojio et al. (unpublished results)). As
a result, it was determined that the structure of the 10/0-80 and 8/2-80
PUEs consisted of isolated hard-segment domains surrounded by
a soft-segment matrix. The sizes of the hard-segment domains were
10–20 nm. However, the structures of the 10/0-120 and 8/2-120
samples were formed by two characteristic regions. One region
contained isolated hard-segment domains with a surrounding soft-
segment matrix, and the domain sizes were 10–20 nm in diameter. The
other region contained branch-like hard-segment domains with
diameters of 20–30 nm. In summary, the 10/0-80 and 8/2-80 PUEs
possessed a sphere-type microdomain structure, whereas the 10/0-120
and 8/2-120 PUEs had a cylinder-like structure.

Microdomain structure change during mechanical deformation
10/0-80 PUE. Figure 2a shows the evolution of the 2D-SAXS
patterns for the 10/0-80 PUE as a function of strain during elongation.
Figure 2b depicts the corresponding 1D-SAXS intensity profiles for the
meridional and equatorial regions at various strains. Figure 2c shows
the azimuthal angle profiles of the 2D pattern at q¼0.4 nm�1. For each
profile, the mean value of q was 0.4 nm�1 with a range was 0.25 nm�1.
The stretching direction corresponded to the meridional axis in the
SAXS patterns. In the early stages of deformation, the circular
2D-SAXS patterns in Figure 2a became elliptical with the small radius
aligned with the meridional axis, indicating that the interdomain
spacings increased along the tensile axis and decreased in the direction

transverse to the tensile axis. As shown in Figure 2b, in the early stages
of deformation, the intensity at the meridional axis (which was at the
azimuthal angle with j¼01 and 1801) was stronger than that at the
equatorial axis (j¼901 and 2701). As strain increased, weak four-
point pattern appeared as shown in Figure 2b. Strong meridional
scattering appeared shortly after, coupled with disappearance of the
four-point pattern. Also of note was the equatorial streaking that
appeared at a strain of 3.3. The intensity of the streaking increased
with strain (Figure 2c).

Figures 3a and b show the 2D-WAXD patterns and the correspond-
ing 1D-WAXD intensity profile, respectively, for the 10/0-80 PUE
sample as a function of strain during elongation. In Figures 3a and b,
an amorphous halo was observed at zero strain. However, two high
intensities of diffraction peaks were observed on the equatorial axis at
a strain of 5.0. The two peaks observed at q¼14.2 and 16.8 nm�1

corresponded well with the (020) and (110) of the crystallized PTMG
chain.32 Therefore, it is conceivable that the strain-induced crystal-
lization occurred with increasing strain. Even though the structure
change in the hard-segment domains occurred at a strain of 0.3 as
shown in Figure 2, the strain-induced crystallization of the soft-
segment chains occurred at a much greater strain (B3.0). Quantita-
tive discussion will be given in the later section.

10/0-120 PUE. Figure 4a shows the evolution of the 2D-SAXS
patterns for the 10/0-120 PUE sample as a function of strain during
elongation. Figure 4b depicts the corresponding 1D-SAXS intensity
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Figure 2 (a) The evolution of two-dimensional (2D)-small-angle X-ray scattering (SAXS) patterns for the 10/0-80 polyurethane elastomer sample as a

function of strain during elongation. (b) The corresponding one-dimensional-SAXS linear intensity profiles for the meridional and equatorial regions at various

strains. (c) The azimuthal angle profiles of the 2D pattern at q¼0.4 nm�1. A full color version of this figure is available at Polymer Journal online.
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profiles for the meridional and equatorial regions at various strains.
Figure 4c shows the azimuthal angle profiles of the 2D pattern at
q¼0.4 nm�1. For each profile, the mean value of q was 0.4 nm�1, and the
range was 0.25 nm�1. The initially isotropic scattering pattern
quickly displayed anisotropy in the form of four-point scattering at a
strain of 0.3. As the intensity of the four-point pattern increased
with strain, meridional scattering began to appear and coincided
with the beginning of hard segment reorganization. As strain increased
to 3.6, the initial four-point scattering characteristic of tilted cylinder
almost completely disappeared, indicating that the majority of the hard-
segment domains had undergone reorganization. Also of note was the
equatorial streaking that appeared at near failure strains, which was
characteristic of the beginning of oriented nanofibril formation.
Figure 4b shows the 1D-SAXS profiles along the equatorial and
meridional directions, which could be used to discuss the orientation
of the hard-segment domains. Whereas the equatorial intensity
decreased monotonically with increasing strain, the meridional intensity
started decreasing after a strain of B1.5 and dropped off noticeably,
suggesting the beginning of a dramatic breakdown in the hard-segment
domains.
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Figure 4 (a) The evolution of two-dimensional (2D)-small-angle X-ray scattering (SAXS) patterns for the 10/0-120 polyurethane elastomer sample as a

function of strain during elongation. (b) The corresponding one-dimensional-SAXS linear intensity profiles for the meridional and equatorial regions at various

strains. (c) The azimuthal angle profiles of the 2D pattern at q¼0.4nm�1. A full color version of this figure is available at Polymer Journal online.

Figure 3 (a) The evolution of two-dimensional-wide-angle X-ray diffraction

(WAXD) patterns for the 10/0-80 polyurethane elastomer sample as a

function of strain during elongation. (b) The one-dimensional-WAXD intensity

profiles for the equatorial region at various strains.
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Figures 5a and b show the 2D-WAXD patterns and the correspond-
ing 1D-WAXD intensity profiles, respectively, for the 10/0-120 PUE
sample as a function of strain during elongation. In Figures 5a and b,
a tiny peak was observed at q¼13.8 nm�1 even at zero strain, which
could be assigned to crystallized hard-segment chains. As the strain
increased to more than 2.0, two peaks were observed on the equatorial
axis, which were also observed in the 10/0-80 sample (Figure 3).
Therefore, it is likely that the strain-induced crystallization of the soft
segment occurred.

8/2-80 PUE. Figure 6a shows the evolution of the 2D-SAXS patterns
for the 8/2-80 PUE as a function of strain during elongation. Figure 6b
depicts the corresponding 1D-SAXS intensity profiles for the mer-
idional and equatorial regions at various strains. Figure 6c shows the
azimuthal angle profiles of the 2D pattern at q¼0.4 nm�1. For each
profile, the mean value of q was 0.4 nm�1, and the range was
0.25 nm�1. The initial appearance of the meridional scattering and
weak four-point scattering during the elongation process for the
8/2-80 PUE sample were similar to the 10/0-80 PUE sample. The
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Figure 6 (a) The evolution of two-dimensional (2D)-small-angle X-ray scattering (SAXS) patterns for the 8/2-80 polyurethane elastomer as a function of strain

during elongation. (b) The corresponding one-dimensional-SAXS linear intensity profiles for the meridional and equatorial regions at various strains.

(c) The azimuthal angle profiles of the 2D pattern at q¼0.4nm�1. A full color version of this figure is available at Polymer Journal online.

Figure 5 (a) The evolution of two-dimensional-wide-angle X-ray diffraction
(WAXD) patterns for the 10/0-120 polyurethane elastomer sample as a

function of strain during elongation. (b) The one-dimensional-WAXD intensity

profiles for the equatorial region at various strains. A full color version of this

figure is available at Polymer Journal online.
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difference between the two samples was that no obvious streaking
was observed for the 8/2-80 PUE sample. This difference could be
associated with the existence of trifunctional TMP in the 8/2-80 PUE
sample.

Figures 7a and b show the 2D-WAXD patterns and the correspond-
ing 1D-WAXD intensity profiles, respectively, for the 8/2-80 PUE as
a function of strain during elongation. In Figures 7a and b, an
amorphous halo was observed at a zero strain. Weak peaks at

q¼14.2 and 16.8 nm�1 were observed shortly after at a strain of 3.0.
The peak intensity was clearly weaker than that in the 10/0-80 and
10/0-120 samples. This result was because the trifunctional TMP
suppressed the crystallization of not only hard-segment chains at
the initial state but also the soft-segment chains during deformation.

8/2-120 PUE. Figure 8a shows the evolution of the 2D-SAXS
patterns for the 8/2-120 PUE as a function of strain during elongation.
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Figure 8b depicts the corresponding 1D-SAXS intensity profiles for the
meridional and equatorial regions at various strains. Figure 8c shows
the azimuthal angle profiles of the 2D pattern at q¼0.4 nm�1. For
each profile, the mean value of q was 0.4 nm�1, and the range was
0.25 nm�1. The initial appearance of the meridional scattering and
weak four-point scattering during the elongation process for the 8/2-
120 PUE sample were similar to the 10/0-120 PUE sample. However,
no streaking was observed for the 8/2-120 PUE sample even at larger
strains because of the existence of trifunctional TMP. In addition, the
scattering peak along the meridional axis nearly disappeared at strains
41.6, as shown in Figure 8b. This phenomenon could be due to the
breakdown of hard-segment domains and the increasing interdomain
spacing with elongation. This result could be attributed to the
formation of well-organized hard-segment domains and the existence
of chemical crosslinking points.

Figures 9a and b shows the 2D-WAXD patterns and the corre-
sponding 1D-WAXD intensity profiles, respectively, for the 10/0-120
PUE as a function of strain during elongation. In Figures 9a and b, a
tiny peak was observed at q¼13.8 nm�1, identical to the 10/0-120
sample in the initial state. In the case of the 8/2-120 PUE sample, the
elongation at break was small because of the existence of well-
developed hard-segment domains and chemical crosslinking points.
Thus, obvious diffraction peaks from strain-induced and crystallized
PTMG chains were not observed.

Interdomain spacing of hard-segment domains and crystallinity of
soft-segment chains
Figure 10 shows the strain dependence of the interdomain spacing
obtained from SAXS measurements for the four PUEs prepared in this

study. The crystallinity of the soft-segment chains during the strain-
induced crystallization process obtained from WAXD measurements
was also plotted. The initial interdomain spacings of the PUEs
prepared at 120 1C were larger than those of the PUEs prepared at
80 1C. As discussed previously, curing at high temperatures induces
the formation of well-organized hard-segment domains. As a result,
the 10/0-120 and 8/2-120 samples exhibited larger interdomain
spacings with narrower distribution in comparison with the 10/0-80
and 8/2-80 samples.

For all four PUEs, the interdomain spacings along the meridional
increased with strain, whereas the spacings along the equatorial axes
decreased with strain. For the 10/0-80 sample, the interdomain
spacing along the meridional axis increased with strain to a constant
value, whereas the spacing along the equatorial axis gradually
decreased. A similar trend was observed for the 8/2-80 sample.
However, the interdomain spacing along the meridional and equator-
ial axes steeply increased and decreased as strain increased for the
PUEs prepared at 120 1C. In other words, there was significant
difference in the hard-segment domain structure between the mer-
idional and equatorial axes during the elongation process, which was
because the applied strain quickly propagated to the hard-segment
domains due to their well-organized and cylinder-like structure. For
the 10/0-80 and 10/0-120 samples, the interdomain spacing in the
higher strain region tended to be constant. These results indicate that
the hard-segment domains in the two samples reorganized because of
the lack of chemical crosslinking points. The fact that streaking was
observed for these two samples (Figures 2c and 4c) supported this
trend. The physical crosslinking points in the PUEs could reorganize
easily because the hydrogen bonds could break and form quickly
during the deformation process. The crystallinity (wc) of the soft-
segment chains could be obtained only at a strain 43.0. The
magnitude of wc of the 10/0-120 sample was larger than that of the
10/0-80 sample, which was rather consistent with the SAXS result.
That is, the applied strain propagated easily in the 10/0-120 sample
because of the cylinder-like microdomain structure with well-ordered
crystallites. The initial microdomain structure was closely related to
the mechanical deformation behavior.
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Figure 9 (a) The evolution of two-dimensional-wide-angle X-ray diffraction

(WAXD) patterns for the 8/2-120 polyurethane elastomer sample as a

function of strain during elongation. (b) The one-dimensional-WAXD intensity

profiles for the equatorial region at various strains. A full color version of this

figure is available at Polymer Journal online.

Figure 10 Strain dependence of interdomain spacing for the four poly-

urethane elastomers prepared in this study. The crystallinity of the hard-

segment chains was also plotted. A full color version of this figure is

available at Polymer Journal online.
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CONCLUSIONS

We investigated the relationship between the microdomain structures
of the PUEs prepared with different curing temperatures and curing/
crosslinking agents in the initial state and during the deformation
process. SAXS measurements revealed that the 10/0-80 and 8/2-80
PUEs possessed a sphere-type microdomain structure, whereas the
10/0-120 and 8/2-120 PUEs had a cylinder-like structure in the initial
state. The hard-segment chains in the 10/0-80 and 8/2-80 PUEs
formed a layer structure normal to the deformation direction, whereas
those in the 10/0-120 and 8/2-120 PUEs formed a tilted cylinder
structure following the formation of a layer structure. The occurrences
of these phenomena were dependent on the existence of the cylinder-
like structure. The PUEs without TMP (10/0-80 and 10/0-120) exhi-
bited streaking on the equatorial axis at larger strains because of the
formation of oriented nanofibrils. These results could be useful for the
molecular design of PUEs with high functionality and performance.
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