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ABSTRACT

Ultra small-angle X-ray scattering (USAXS) experiments were conducted in order to examine structural
changes in micrometers upon uniaxial stretching of elastomeric segmented polyurethaneureas at room
temperature. It was possible to stretch the sample film up to « = 7.5 without break, where « designates
the stretching ratio. Around « = 6.5 the sample became turbid, while it recovered transparency when the
stress was removed. To understand this curious phenomenon, we conducted the USAXS experiments for
the structural analyses in micrometers. Although a set of streaks appeared in the direction parallel to the
stretching direction (SD) when the sample became turbid (around « = 7.2), more interesting result is that
a set of streaks appeared in the direction perpendicular to SD much earlier around «=5.0. Close
examination of the scattering intensity profile revealed evolution of multiple interference peaks, which
could be ascribed to the form factor of a lamellar particle. Since the streaks disappeared upon the
removal of the stress, “lamellar particles” are considered to be crazes, which develop further into cracks
in a subsequent stage. From the results of USAXS measurements, it is suggested that the lamellar-shaped
crazes appeared around «=5.0 being oriented parallel to SD, and further stretching created other
lamellar-shaped crazes being oriented perpendicular to SD, which are co-existing with the preceding

parallel crazes.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Segmented polyurethaneureas comprising hard and soft
segments [1-7] have been widely used as materials featuring the
prominent elastomeric property, for instance as elastic fibers [8].
More recently they have also been attracting interests for
biomedical applications [9-11] and for development of nano-fibers
[12]. It has been well known that the characteristic mechanical
properties are originated from the nano-structures due to phase
separation into hard and soft segment domains, and hence it is
important to understand the structure-property relationship. To
conduct structural analysis in nanometers, the small-angle X-ray
scattering (SAXS) technique is generally used. Not only the static
SAXS measurements [6,7,9-18], but also have been conducted in-
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situ measurements along with deformation [19-21]. Note here that
measurements of two-dimensional SAXS (2D-SAXS) pattern are
required to analyze structural changes and orientation of nano-
structures along with the mechanical deformation, which are
relevant to mechanical fatigue [14,17,22-25] and fracture [5,6].
Simultaneous measurements of 2D-SAXS with stress—strain
behavior become popular nowadays and applied to studies for
understanding of the structure-property relationship in poly-
urethanes [20,21].

As far as fatigue and fracture are concerned, the conventional
SAXS apparatus is not satisfactory because it allows us to analyze
structures only in several tens of nanometers. Analyses in much
larger scales are sometime required, for instance for highly
deformed elastomers where we are interested in craze formation,
kinetics of crack propagation, and the overall process towards the
macroscopic fracture. For this purpose, ultra small X-ray scattering
(USAXS) apparatus [26,27], which has been recently settled in
SPring-8 (Japan, Hyogo), is tremendously promising. This utilizes
a quite long evacuated flight path to provide the sample-to-
detector distance of about 150 m, covering the range of targeted
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structures from 300 nm up to 2.0 pm. This range, which is referred
sometime to as forsaken dimension, cannot be covered by small-
angle light scattering (SALS) either. Since the range can be covered
by the USAXS technique, one can obtain full range of scattering
function (structure factor) without intermittence, giving significant
contribution to nano-science and nano-technology.

In the current study, we applied the two-dimensional USAXS
(2D-USAXS) technique to the structural analyses of the poly-
urethaneureas undergoing fracture under uniaxial stretching. The
sample film could be stretched up to more than a = 7.5 due to their
excellent elastomeric property and from the intermediate stage the
hard-segment domains were divided into fragments, where
a designates stretching ratio. As a matter of fact, we observed
whitening at approximately a = 6-7. Therefore, we focused on the
early stage of the uniaxial stretching where craze initiation and
developments can be considered to have already set in because our
preliminary experiments imply that the hard-segment domains
undergo fragmentation at about « = 3.5 where the sample film is
still transparent. As shown schematically in Fig. 1, the so-called

a=1

initial state in an undeformed sample with
random orientation of hard-segment domains
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lamellar type hard-segment domains [16,19] suffer from micro-
scopic fracture so that crazing sets in. To detect the onset, we
should conduct in-situ measurements of the 2D-USAXS along with
the sample stretching. Unfortunately, the in-situ measurements are
not available because of insufficient intensity of the incident beam
when measured at the end of the evacuated flight path, which is
240 m away from the insertion device (undulator) in the synchro-
tron storage ring. Simultaneous stress—strain measurements are
not available, either. Therefore, we simply performed the 2D-
USAXS measurements one by one with holding the sample at fixed
stretching ratio, followed by subsequent stretching to the next
destination of stretching ratio.

2. Experimental
2.1. Sample preparation

The polyurethaneurea samples were synthesized by the chain
extension of MDI-terminated PTMG prepolymers, where MDI and

hard-segment domain
(hydrogen bonded)

<+

generation
of crazes

re-orientation towards
parallel orientation of
hard segments

a~2
negative orientation of
hard segments

Fig. 1. Schematic illustrations for orientation of the lamellar type hard-segment domains. In the intermediate stage, the hard-segment domain suffers from microscopic fracture so

that crazing sets in.
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Scheme 1.

PTMG stand for 4,4'-diphenylmethane diisocyanate and poly
(tetramethylene glycol), respectively. The number-average molec-
ular weight of the PTMG prepolymer (soft segment) was 1800.
Mixture of two different types of chain extenders (diamine
compounds), which were ethylenediamine (EDA) and propylene-
diamine (PDA), was used to control and adjust material property for
needs [28]. The chemical formulae for these compounds are shown
in Scheme 1. Note here that EDA has high cohesiveness so that the
hard-segment domains comprising EDA are firm. However, in the
meantime it imparts thixotropy to a solution of EDA-extended
polyurethaneurea sample. Since a highly thixotropic solution is not
easy to handle, another component PDA is mixed to adjust such
a subtle balance of properties. In this study, we used in total four
different compositions of EDA/PDA (= 100/0, 80/20, 50/50, 0/100 by
weight). Diethyleneamine (DEA) is finally added in the system to
terminate the chain extension reaction. Thus, the reaction product
(polyurethaneurea) solution in dimethylformamide was obtained.
For solution casting, the initial polymer concentration in the cast
solution was adjusted to 20% by the amount of DEA added as
a terminator. Thickness of the as-cast films was 15 or 70 pm,
depending on further measurements for structural analyses.

It should be noted here that chemical reaction between amine
and isocyanate groups gives the urethane bonding in poly-
urethaneurea, while the reaction between two isocyanate groups
results in the urea bonding. Therefore, the urea bonding is
accommodated always in the hard-segment domains. This fact can
be applied to extract information separately for the hard-segment
domains by Fourier transformed infrared (FTIR) spectroscopic
measurements [5-8,13,16,22-25,28].

2.2. Tensile stress—strain test

Instron Universal Testing Machine 4466 (Instron Co., Ltd.) was
used with the fixed stretching rate at 200 mm/min. An
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Fig. 2. Stress-strain curves measured at room temperature for polyurethaneurea films
with various ratios of EDA/PDA used as a chain extender. The nominal stress is plotted
as a function of strain.
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Fig. 3. Plots of dichroic-ratio orientation factor F° as a function of stretching ratio a.
For the evaluation of F°, the absorption band at 1634 cm~' being ascribed to the
stretching vibration of the carbonyl group in hydrogen bonded urea group was used,
which was extracted from the FTIR measurements at room temperature.

approximately 4-mm-wide film with the thickness of 70 pm was
clamped with the gauge length of 20 mm. We conducted more than
10 measurements for each polyurethaneurea sample and the most
representative stress-strain curve is shown in Fig. 2.

2.3. FTIR spectroscopic measurements

The orientational behavior of the hard segments under
uniaxial stretching provides significant physical insights into
resistance and rigidity of hard-segment domains against
mechanical deformation. The FTIR spectroscopic measurements
allow us to evaluate the orientation factor separately for the hard
segments by focusing on the absorption band at 1634 cm™!, which
is due to the stretching vibration of the carbonyl group in
hydrogen bonded urea group [5,6]. For this purpose, a pair of the
spectra along the directions parallel and perpendicular to the
uniaxial stretching should be measured. Based on the evaluated
dichroic ratio R, we can further evaluate the dichroic-ratio
orientation factor F.

PDA100% sample

a=20 a=30
| 20°
0
20°
a=4.0 a=5.0
-~
SD
S

Fig. 4. WAXD patterns measured at room temperature for the PDA100% sample. The
stretching direction (SD) is parallel to the equator.
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FP = (R-1)/(R+2) (1)
with
R=A/AL (2)

where the absorbance A is given by A = —In(I/Ip), with I and Ip being
the intensity of the transmitted infrared beam and that of the
incident beam, respectively. Because the observed FTIR spectrum
comprises several individual absorption peaks overlapping one
another, computational peak decomposition was performed to
retrieve individual contributions. Then, using absorbance peak at
1634 cm™ !, F° is evaluated. Note that in the limit of the dichroic
ratio R — 0, the negative orientation factor F° asymptotically
approaches to —1/2. It is needless to say that this is the case of A| — 0,
namely, no absorption in the direction parallel to the stretching
direction (SD). This indicates negative orientation of the absor-
bance transition moment with respect to SD. For the case ofA; — 0,
on the other hand, R — « and hence F° — 1, which is the case of
the parallel orientation. Thus, the range F° varies is —0.5 < F° < 1.0.

We conducted FTIR spectroscopic measurements with step-
wise uniaxial stretching with a Spectrum2000 (Perkin Elmer Japan
Co., Ltd.) operating at scan number of 16 and a spectral resolution of
4.0 cm™ L The rectangularly prepared films, 30 mm long, 10 mm
wide, and 15 pm thick, were subjected to the measurements.
During the FTIR measurements the sample was fixed at a given
constant length. Right after a pair of the dichroic measurements,
which are the spectra along parallel and perpendicular directions to

a=3>5.0
EDA100%

sample

Stretching
Direction *

)
a=3.0

a="17.0

>

SD, the sample was further stretched for the subsequent FTIR
quiescent measurements at the fixed stretching ratio. For more
details of the FTIR measurements, refer to some literatures [5-
8,13,16,22-25,28].

2.4. Wide-angle X-ray diffraction (WAXD) measurements

As mentioned above, we observed whitening phenomena of the
transparent polyurethaneurea film upon the uniaxial stretching
from the undeformed state. Stretching-induced crystallization of
the soft PTMG segments may be relevant to the whitening
phenomena. To detect the stretching-induced crystallization,
WAXD measurements were conducted at room temperature with
step-wise stretching of the sample (the same protocol as used for
the FTIR measurements). We used a conventional X-ray generator
RAD2C (Rigaku Corporation) operated at 18 kV-40 mA, which
generates the Cu-Ka X-ray with wavelength of 0.154 nm. 2D-WAXD
patterns were recorded directly on X-ray-sensitive photographic
films with exposure of X-ray for 2 h.

2.5. Optical microscopic (OM) observation

Since the polyurethaneurea film used in this study is trans-
parent at the undeformed state, we may have chance to observe the
change in the film appearance along with uniaxial stretching on the
optical microscope. Therefore, we performed OM observations with
BX50 (OLYMPUS) microscope at room temperature with step-wise

Fig. 5. Optical microscopic images observed at room temperature together with corresponding 2D Vv-SALS patterns for the EDA100% sample in the stretching process (so-called the
first run) as well as those in the reversed process by removing the stress and in the re-stretching process (so-called the second run). The stretching direction (SD) is horizontal.
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stretching of the sample under the microscope (the same protocol
as used for the FTIR measurements). The observed images were
recorded directly on photographic films.

2.6. Two-dimensional (2D) Vv-SALS measurements

To obtain more quantitative results complementary to the OM
observations, 2D Vv-SALS patterns were measured at room
temperature with step-wise stretching of the sample (the same
protocol as used for the FTIR measurements). A He-Ne laser with
the wavelength of 632.8 nm and the beam size of 1.5 mm was used
as a light source. The observed 2D Vv-SALS patterns were recorded
directly on photographic films. The sample-to-detector (screen)
distance was 115 mm.

2.7. 2D-USAXS measurements

The 2D-USAXS experiments were performed at the ‘medium-
length beamline’ BL20XU, SPring-8 (Hyogo, Japan) at room
temperature with step-wise stretching of the sample (the same
protocol as used for the FTIR measurements). Namely, we simply
performed the 2D-USAXS measurements one by one with holding
the sample at fixed stretching ratio, followed by subsequent
extension to the next destination of stretching ratio. The BL20XU is
an undulator beamline bearing two experimental hutches apart
each other by approximately 150 m. An evacuated flight path with
an inner diameter of 10 cm is placed to connect the two hutches.

PDA100%
sample

Stretching
Direction

)

Several pieces of Kapton films were used as window materials for
the evacuated flight path. A sample was set in the first hutch and
a scattering pattern is recorded in the second hutch using a cooled
charge-coupled device (CCD) detector (C4880, Hamamatsu
Photonics Ltd.) equipped with an X-ray image intensifier (V7339P,
Hamamatsu Photonics Ltd., XRII). The exposure time was 10 s. The
sample-to-detector distance was 160.5 m and the incident X-ray
energy was 23 keV, corresponding to the wavelength of 0.0539 nm.
More details of the USAXS beamline are described in literatures
[26,27].

3. Results and discussion

Fig. 2 shows the stress—strain curves at room temperature for all
of the samples used in this study. Note that the nominal stress is
plotted as a function of strain. As described above, these samples
differ in the ratio of EDA/PDA, chain extenders. Due to the strong
cohesive interaction between the EDA moieties, it can be clearly
confirmed in Fig. 2 that the stress level is higher for the sample with
the higher EDA content.

The dichroic-ratio orientation factor F°, which was evaluated
using the absorption band at 1634 cm~' being ascribed to the
stretching vibration of the carbonyl group in hydrogen bonded urea
group is plotted as a function of stretching ratio « in Fig. 3. It is
clearly seen that F° increases with stretching up to « = 2. Then the
behavior turned into opposite one via the maximum of F°, being
continuously decreased. Finally, the value of F° changed into

Fig. 6. Optical microscopic images observed at room temperature together with corresponding 2D Vv-SALS patterns for the PDA100% sample in the stretching process (so-called the
first run) as well as those in the reversed process by removing the stress and in the re-stretching process (so-called the second run). The stretching direction (SD) is horizontal.
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negative one around « = 3.5-4.0, of which order roughly depends
on the EDA/PDA ratio, for which we will discuss later.

To understand the behavior of F°, the following fact should be
taken into account. The transition moment of the stretching
vibration of the carbonyl group, we are now focusing on, is
approximately perpendicular to the hard segments in the main
chain of polyurethaneurea, so that the negative orientation factor
PP definitely indicates positive orientation of the hard segments
and in turn that of the polymer main chain, and vice versa. Thus, the
hard segments first orients perpendicular to SD in the early stage of
the stretching (for « <2.0) and then turned into the parallel
orientation for « > 2.0. This kind of behavior has been well known
[5,6,22-25,28]. One of the most reasonable explanations of this
result is as follows. In the early stage, the hard-segment domains
are to be oriented as a whole. If the lamellar shape can be assumed
for the domain, as shown in Fig. 1, then the longer axis of the
lamellar domain should be oriented parallel to SD. This further
suggests that the hard segments exhibit the negative orientation,
bearing in mind that the hard segments embedded in the lamellar
domain are perpendicular to its longer axis. Subsequent stretching
causes localized plastic fracture of the hard-segment domains and
therefore the larger domains should undergo fragmentation, giving
rise to reduction in anisotropy of the hard-segment domain shape.
Therefore, the negative orientation of the hard segment will be

Stretching
Direction

+—>

q=20uml

decelerated. Such a structural change is schematically shown in
Fig. 1. It is interesting to point out in Fig. 3 that the maximum of F°
seems to shift towards higher stretching ratio with an increase of
the EDA content. Furthermore, similar tendency may be found for
the behavior of the intercept of the abscissa where F° = 0. Both can
be rationalized to the higher cohesiveness due to EDA. Although
there are discernible differences in the behaviors of these samples,
all of them are substantially identical to each other. In conclusion,
the samples suffer from plastic fracture even in an early stage of
stretching (around « = 2.0), much earlier than « = 6.5 where typi-
cally the whitening phenomena were observed. Note here that even
in this case the sample recovered transparency when the stress was
removed. This fact suggests that the deformation is not permanent.

Fig. 4 displays the WAXD results for the PDA100% sample. SD is
parallel to the equator. Only the amorphous halo was detected
below « = 3.0, whereas two pairs of reflection due to the crystalli-
zation of the soft PTMG segments were definitely seen above
a=4.0. Bearing in mind that the whitening occurred at approxi-
mately a = 6-7, it seems that the strain-induced crystallization of
PTMG does not result in the whitening of the film. Thus, we further
explored structural changes responsible for the whitening.

Figs. 5 and 6 show results of OM observations together with
corresponding 2D Vv-SALS patterns for the EDA100% sample and
for the PDA100% sample, respectively. Figs. 5 and 6 contain results

Fig. 7. 2D-USAXS patterns measured at room temperature for the PDA100% sample. The stretching direction (SD) is parallel to the equator.
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Fig. 8. One-dimensional scattering profiles for the PDA100% sample, the scattering intensity I(q) vs. the scattering vector g, for (a) q || SD and (b) q L SD. The profiles were obtained

from 2D-USAXS patterns by conducting sector average.

obtained in the stretching process (so-called the first run) as well as
those in the reversed process by removing the stress and those in
the re-stretching process (so-called the second run). Here, SD is
horizontal. Overall, we observed formation of periodically

10 T T T

PDA100% sample
q// SD

log[ I(q) / a.u.]

alternating and space-filling stripes which are almost perpendic-
ular to SD in the OM images. The onset of the formation was found
at a =7.0 for the EDA100% sample, while it was at a =6.5 for the
PDA100% sample. Although the appearance in the OM photo was

10 T T T

PDA100% sample
qlSD

Fig. 9. Results of the model calculation to be fitted to the experimental data (the same SAXS profiles as shown in Fig. 8).
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ambiguous, the corresponding 2D Vv-SALS pattern was more reli-
able as it was clearly exhibiting strong streaks in the direction
parallel to SD. The streak is a signature of stripes perpendicular to
SD. Then a question will be raised, what are the stripes ascribed to?
To answer this question, the OM observation was conducted in the
reversed process by removing the stress. As shown in Figs. 5 and 6,
the stripes completely disappeared for both samples upon the
release of the stress at & = 3.0. This suggests that the stripes are not
permanent. It is further interesting to find that the stripes appear
much earlier in the second run of the stretching, as is clearly
confirmed in Figs. 5 and 6. This hysteresis, on the other hand,
implies that there would be a permanent damage in the highly
stretched sample during the first run, although its appearance is
transparent. Overall, the stripe formation can be considered as
a transient phenomenon but permanent damage in the microscopic
structures remains, which would be referred to as micro-cracking.
To further detect the microscopic formation of crazes and cracks,
we conducted the USAXS measurements. At this moment, it is
interesting to point out that there is a trivial difference between the
behaviors for the EDA100% and the PDA100% samples observed in
Figs. 5 and 6, respectively. Especially, the onset value of « at which
the stripes became discernible is a bit retarded for the EDA100%
sample, being attributed to the higher cohesiveness of EDA, as
compared to the PDA100% sample.

We have to pay attentions to evolution of the cross streaks
which are perpendicular to SD for the EDA100% sample, although
the intensity is much weaker as compared to those parallel to SD.
Nevertheless, we should be aware of the fact that the evolution of
the streaks perpendicular to SD preceded those parallel to SD at
a=5.0 in Fig. 5 where no streak appeared in the direction parallel
to SD. Another important finding in the Vv-SALS results is existence
of a peak on the streak parallel to SD. From the position of the peak
we were able to calculate spacing 4.19 um at a«=7.5 for the
PDA100% sample, which was in good agreement with the separa-
tion between the periodically alternating stripes observed in the
OM pictures. We will discuss this fact later in relation with the
USAXS results.

We are now in a position to examine the results of 2D-USAXS.
Fig. 7 shows the 2D-USAXS patterns as a function of « for the
PDA100% sample. For the deformed film, SD is parallel to the
equator. Up to a =4.0, no change in the pattern was observed. At
a=5.0 the meridional streaks, which are perpendicular to SD,
became intense. Bearing in mind that the corresponding 2D Vv-
SALS pattern displayed streaks in the direction perpendicular to
SD at « = 5.0 [29], the appearance of the meridional streaks in the
2D-USAXS pattern can be ascribed to the same structural change.
As for the equatorial streaks parallel to SD, they became discern-
ible at & = 7.0, which shows good correlation with the evolution of
the stripes in the OM photo at « = 6.5. Thus, the 2D-USAXS pattern
finally showed the bright cross streaks both in the directions
parallel and perpendicular to SD above « = 7.0.

For the quantitative analyses, one-dimensional scattering
profiles, the scattering intensity I(q) vs. the scattering vector q, were
extracted from the 2D-USAXS pattern in the direction of q || SD and
q L SD by conducting sector average. Here, the magnitude of q is
given as:

lq| = (4m/A)sin(0/2) (3)

with 4 and # being the wavelength of the incident X-ray and the
scattering angle, respectively. Fig. 8 shows the results. As
mentioned above, the excess scattering was not discernible up to
a=7.25forq| SD and up to « = 5.0 for q L SD. The most surprising
fact is that interference appeared upon the uniaxial stretching in
the USAXS profile with g L. SD especially in a range of 5.0 < a <7.5.
Such interference is generally ascribed to spatial order or particles

with nearly uniform size, which might suggest the generation of
scatterers with micron size in the film being uniaxially stretched. It
is needless to state that polyurethaneureas form nano-structures,
but in the micrometer scale it is uniform. Therefore, the generation
of scatterers with micron size is quite striking.

Model calculation of the scattering intensity enables us to figure
out the shape of the scatterers evolved. We found that calculation
with assuming lamellar shape can reproduce the experimentally
obtained USAXS profiles much better as compared to the case
assuming spherical or cylindrical shape. The results of the calcu-
lation to be fitted to the experimental data are shown by the solid
curves in Fig. 9. For the calculation, we used the following equation
for the lamellar particle with thickness of L [30,31]:

@)~ (f?)/q? (4)

f = {lsin(aL/2)/(aL/2)}}exp (~o%q? /2) (5)

Here, the so-called Lorentz factor (q~2) is included in Eq. (4) in
order to correct for distribution in orientation of the lamellar
particles. Furthermore, the finite thickness of the interface is taken
into account. Actually, the parameter ¢ in Eq. (5) characterizes it
and rationalizes the characteristic thickness of the interface, t,
through the following relationship:
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Fig. 10. (a) Plots of average thickness of lamellar-shaped crazes L and the standard
deviation of the thickness distribution ¢ as a function of the stretching ratio «. (b) Plot
of normalized standard deviation of the thickness distribution oy /L as a function of the
stretching ratio a.
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t = 2m'%e (6)

The size distribution for the lamellar particles is also incorporated
in the calculation to take average of f in Eq. (4). Actually, the
Gaussian distribution function P(L) is assumed:

P(L) = (27:05)70‘5 exp[ —(L-I)? /205] (7)

where L is the thickness of a lamellar particle and L is its average,
and o denotes the standard deviation for the thickness distribu-
tion. Thus, we can calculate the scattering function by adjusting the
structural parameters. As shown in Fig. 9, the model calculation
approximately accounts for the experimental results, which in turn
suggests generation of lamellar-shaped scatterers in the stretched
film. As we observed whitening at approximately a=6.5, it is
reasonable to consider that the scatterers are crazes. Moreover,
their shape is lamellar. This is only a possible outcome of the
2D-USAXS measurements so that further experimental examina-
tion of the shape should be needed. It was further found that the
1D-USAXS profile is almost featureless along the scattering vector
which is not parallel to equator, or meridian. This indicates that the
lamellar scatterers are highly oriented either parallel or perpen-
dicular to SD. Note here that the interference peaks appeared at
a=5.0 in the profile for g L SD, which precedes the whitening of
the film but is in very good accord with appearance of the

a lamellar particle with a firm d

core and thin interface A

pr)

o) lamellar particle with a firm
core and thick interface
e
4
E
Q

lamellar particle

without a firm core
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meridional streaks in the Vv-SALS pattern at « =5.0. Considering
the deficiency of the SALS technique for quantitative analyses of the
meridional streaks, the appearance of the several interference
peaks in the meridional streaks in the 2D-USAXS pattern definitely
indicates high potential and benefits of the USAXS technique for
microscopic studies of material fracture.

The best fit to the experimental data enables us to evaluate the
values for the structural parameters, L, o1 and t. Among them, Land t;
are shown in Fig. 10(a) as a function of the stretching ratio. Note that
tiis much larger for q || SD and the fraction of the interfacial thickness
is 35% or more. However, this is not so amazing. In the model for the
calculation of the particle scattering function, the one-dimensional
profile of the electron density distribution for the diffuse interface is
approximated to be hyperbolic tangent-type function (actually
which is more approximated by taking the convolution of a step
function with the Gaussian function). Furthermore, the character-
istic thickness of interface (t;) is resulted by linear approximation of
the slope of the hyperbolic tangent function for the diffuse interface
(see Fig.11(e) for the definition of t;). Therefore, the one-dimensional
profile of the electron density distribution is slightly changing up to
about twice of t; towards the interior of the lamellar particle. In other
words, the one-dimensional profile of the electron density distri-
bution can be considered to be constant at the central portion of the
lamellar particle with the thickness of about L — 2. If the charac-
teristic thickness is less than 50% of L, this means that the core of the

cross-sectional
electron density profiles

\4

definition of the thickness of the
characteristic interface, #;, and thickness
of the lamellar particle, L

I

»i
<

A\ 4

Fig. 11. Schematic illustrations for the physical picture of various types of lamellar particles; (a) lamellar particle with a firm core and thin interface, (b) lamellar particle with a firm
core and thick interface, and (c) lamellar particle without a firm core. (d) The cross-sectional electron density profiles, p(r), along the horizontal thick arrows in the respective
pictures of parts (a)-(c). (e) The definition of the thickness of the characteristic interface, t;, and thickness of the lamellar particle, L.
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lamellar particle (zone excluding the interfacial regions) is enough
firm (see Fig. 11(b)). On the other hand, when the characteristic
thickness is greater than 50% of L, it is of course nonsense. Refer to
Fig. 11(a)-(d) for the physical picture of various types of lamellar
particles; (a) lamellar particle with a firm core and thin interface, (b)
lamellar particle with a firm core and thick interface, and (c) lamellar
particle without a firm core, as well as (d) the cross-sectional elec-
tron density profiles, p(r), along the horizontal thick arrows in the
respective pictures of Fig. 11(a)-(c).

In the early and intermediate stages of the stretching (« < 7.0),
the interference peaks appear only for q L SD and resultant L
exhibits almost constant within the range 0f2.0-2.3 um. At « = 7.25,
there observed a discrete decrease in L, down to about 1.3 um. In
accordance with this change, the interference became discernible in
the profile for q || SD, from which the value of L is evaluated as
approximately 0.8 um (which is discernible in optical micrographs
in Fig. 6 and the onset of its formation is around a = 6.5, being also
consistent with each other). As for the characteristic thickness of
interface t;, similar phenomenon is observed for q 1L SD, i.e., there is
a discrete decrease in t; at « = 7.25. The change from broad to sharp
interface reminds us occurrence of a permanent damage, although
at this moment, we have no concrete idea to specify what kind of
structural change it is. However, one of the possible models
accompanies irreversible process from craze to micro-cracks
(permanent damages) upon stretching further than a=7. This
further implies fibrillization within a craze (see Fig. 12). Such kind of
transformation from craze to micro-cracks may be responsible for
the sudden decrease in L around a=7.25 and for hysteresis
observed in Figs. 5 and 6 (plastic feature of this material). The reason
why the transformation from craze to micro-cracks takes place all at
once over the sample around a = 7.25 may be considered as follows.
The activation energy for the fibrillization sets a criterion in the
stress level. When the stress is below it, crazes are stable with no
transformation into micro-cracks. As the stress increases, the
number of crazes would be increased but the thickness of crazes
remains constant. When the stress reaches the critical value, the
fibrillization sets in, giving rise to sharp interface and micro-cracks,
which in turn results in the sudden decrease in L. Comparing the
PDA100% sample with the EDA100% sample, the former one should
have a slightly lower critical value of the stretching ratio «, because
of the lower cohesive energy. This is already confirmed by the
optical microscopic observation shown in Figs. 5 and 6, which in
turn confirms the speculation why structural changes suddenly
occurred at a given degree of stretching. Fig. 10(b) shows the
normalized standard deviation ¢y /L, exhibiting a steep increase for
a > 7.0. Since the generation of the scatterers is attributed to frac-
ture (micro-cracking), the size distribution becomes broader.

On the contrary, t; is much larger for q || SD. This means that the
newly evolved lamellar-shaped crazes, which are perpendicular to
SD and periodically ordered in SD (observed in Fig. 6), have very
diffuse interface. Bearing in mind that the thickness of the crazes is
about 0.8 um, the fraction of the interfacial thickness is 35% or more
(see Fig. 11(b)). Since these crazes are not rigid but diffuse so that
they are considered to be responsible for elastomeric feature of this
material, i.e., the whitening completely disappears when the stress
is removed (elastomeric feature of this material).

Based on the structural analyses, we finally provide a possible
model for the process of fracture upon the uniaxial stretching of the
polyurethaneurea film (the PDA100% sample) in Fig. 13. Below the
stretching ratio of 7.0, the meridional streaks appear in q L SD,
which means that the lamellar-shaped crazes are generated parallel
to SD. Unfortunately, it was impossible to figure out the lateral size
of them, their thickness was found to be uniform in the range of
2.0-2.3 um. As schematically shown in Fig. 1, the lamellar crazes are
generated parallel to SD as a consequence of shear deformation

stretching ratio o < 7

amellar particle
oriented parallel to SD)

stretching ratio & > 7

micro-cracks (permanent damage)
sharp interface

Fig. 12. Schematic explanation for the sudden decreases at a =7 in the interfacial
thickness and the thickness of lamellar particles, which are oriented parallel to the
stretching direction. Here, irreversible process from craze to micro-cracks (permanent
damages) upon stretching further than a =7 is suggested.

induced localized fracture within a lamellar hard-segment domain,
which is so oriented that the hard segments are parallel to SD, as is
confirmed by the negative value of F° above a = 5.0 in Fig. 3.

On the other hand, their thickness decreased dramatically down
to approximately 0.8 um above the stretching ratio of 7.25, where
the film was turned to be turbid. This may be due to shear thinning.
Furthermore, the interfacial thickness also discretely decreased.
This implies the lamellar-shaped micro-cracks parallel to SD may
be responsible for plastic feature of this material. In the meantime,
lamellar-shaped crazes newly evolved perpendicular to SD, with
their thickness of about 0.8 um. The interfacial thickness for these
crazes was found quite diffuse. This implies the lamellar-shaped
crazes perpendicular to SD may be responsible for elastomeric
feature of this material. Although similar values of thickness were
found for the lamellar-shaped crazes aligned parallel and perpen-
dicular to SD, we should sate at this moment that the agreement of
the thickness might be accidental because we have no idea about
dynamic interplay between the two directions parallel and
perpendicular to SD. Finally, it is quite curious to find that lamellar-
shaped crazes newly evolved perpendicular to SD were ordered
regularly by separation of 4.19 pum. Such an ordering phenomenon
reminds us nonlinear pattern formation. As a matter of fact, the
uniaxial stretching of film can produce regularly ordered stripes
perpendicular to SD, as Toda et al. [32] have reported self-excited
oscillation in the neck propagation in amorphous poly(ethylene
terephthalate) film. However, this is the case of permanent
damages remained as whitening (necking) so that it is quite
contrast to the phenomenon reported in the current paper, which is



1576 S. Sakurai et al. / Polymer 50 (2009) 1566-1576

stretching ratio ¢ <7

2.0~2.3

Stretching h

N

s

thickness
0.8 um

Fig. 13. Schematic illustrations of a possible model for the process of fracture upon the uniaxial stretching of the polyurethaneurea film (the PDA100% sample), which is constructed

based on the results of 2D-USAXS.

totally elastic such that the strain could be almost removed and
the whitening disappeared. Therefore, the mechanism may be
completely different, on which the study deserves a future work.

4. Conclusion

OM observations, 2D Vv-SALS, and 2D-USAXS were conducted
to reveal the process of fracture upon the uniaxial stretching of the
polyurethaneurea film. It was found that these techniques could
cover individual size scales with sufficient overlaps and therefore
we could analyze structures in a considerably wide range of size.
Actually in this study, the g ranges covered by SALS as
0.5<q<5um~!and by USAXS as 3 < g <20 pm~! have an overlap
with 3 < ¢ <5 pm~! which allow us to adjust commensuration of
SALS and USAXS scattering curves to obtain a wide-range scattering
function in total 0.5<q<20pum~L Although the conventional
SAXS was not used here, combination of all will provide
0.5x103<q<15nm !, hopefully without intermittence. A
possible model for the process of fracture was constructed based on
the experimental results and is given in Fig. 13. Unfortunately, this
is totally static. Dynamic aspect should be studied for under-
standing of the whole process of fracture, which requires chal-
lenging time-resolved USAXS measurements in microseconds.
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