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Full Paper: TPUs molded at 205 °C, 215 °C and 235 °C
are monitored by SAXS and WAXS during straining. A non-
affine nanostructure deformation and related evolution mech-
anisms are found. DSC and microscopy are applied. DSC
shows 2 melting endotherms. Results indicate that melts
kept below the 2nd peak stay phase-separated. The orien-
tation parameterf (ε) andd f/dε from WAXS is related to
chain orientation mechanisms (strainε). SAXS shows hard
domains that are only correlated to a next neighbor (“sand-
wich”). Thick sandwiches lengthen more than thin ones.
Thin-layer sandwiches feature a strain limit. Some are con-
verted into thick-layer sandwiches. 2 materials have tough
hard domains. Material processed at 235 °C is soft and con-
tains weak hard domains that fail forε > 0.75.
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Principal non-affine nanostructure deformation mecha-
nism of hard and soft domains in all TPU samples
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1 Introduction

The peculiar rubber elastic properties of thermoplastic elas-
tomers are the consequence of their two- or multi-phase
nanostructure consisting of hard domains in a soft matrix.
The region of the soft phase between two hard domains is
called soft domain. The formation of nanostructure during
manufacture is initiated by phase separation, while the poly-
mer melt is cooling down. Phase separation occurs, because
the polymer chains are composed from at least two blocks
of different chemical composition that are immiscible at the
service temperature of the material. Block copolymers syn-
thesized by living polymerization are characterized by uni-
form block lengths. Processing of such compounds may re-
sult in lattice-like nanostructures or even in photonic crys-
tals, in which the soft and the hard blocks reside completely
in different domains. This is different with thermoplastic
polyurethanes (TPU). Along their chains a mixed sequence
of soft segments and hard segments is found. Thus, even op-
timum process control only leads to domains of very diverse
shape and size, the arrangement of which can rarely lead to
lattice-like correlation. Moreover, soft domains may contain
several hard segments. Consequently, the chemistry1 and the
processing conditions2,3,4,5 define the nanostructure that, in

turn, determines the material’s mechanical properties. The
hard domains form physical cross-links and make the mate-
rial behave rubber elastic. Because the hard domains are per-
manent only to a first approximation, the stress-strain behav-
ior of TPUs is subject to “strong hysteresis, time dependence
and cyclic softening”.6 Thus maturing or aging may become
a problem, if longer time elapses between investigations with
different methods, because in this case the results may not be
combined.

Right after the commercial launch of TPUs small-angle
X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS) have been successfully employed to elucidate the
structure on the nanometer and sub-nanometer scale by
Bonart.7,1 The materials have been studied in strained and
relaxed states, and the recorded two-dimensional (2D) scat-
tering patterns have been analyzed. In the scattering pat-
terns the information on the sequence of hard and soft do-
mains in real space is not contained in the scattering curve
that is extracted from the pattern along the straining direc-
tion (a slice in the notion of the Fourier-slice-theorem), but
in the projection curve of the fiber pattern on the direction of
strain. Bonart has pointed out8 and exploited1,9,10 this appar-
ently forgotten11,12 fact. Moreover, in order to avoid a 2D
analysis of anisotropic patterns it has become fashionableto
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reduce it to an isotropic scattering curve by computing cir-
cular averages13 in the raw image, ignoring both the three-
dimensionality of reciprocal space and the geometry of the
detector plane in reciprocal space. This simple isotropization
method is only allowed if two conditions are fulfilled. First,
the pattern must be a fiber pattern (uniaxial symmetry). Sec-
ond, the tangent-plane approximation must be valid – as in
SAXS, but not in WAXS.

On the other hand, the technique of X-ray scattering has
made considerable progress since the early TPU studies. At
that time it was only possible to study samples statically in
differently strained states. Today synchrotron sources of-
fer potentials to run complex straining programs14 and to
monitor them simultaneously by 2D SAXS or WAXS with a
signal-to-noise ratio that is sufficient for image processing15

and quantitative analysis.
In this study we do not start from isotropic material like

most of the papers do, but start from oriented,16 injection-
molded material that is investigated during a first tensile test.
We determine true stress and local strain of the sample at the
position of X-ray irradiation. We combine well-known analy-
sis methods that are founded in theory, in order to both avoid
systematic errors of heuristic methods, and to attain an almost
model-independent view on the structure evolution from the
recorded sequences of scattering patterns. In doing so, thefo-
cus is on the still little investigated2,3,4,5 effect of processing
conditions on the structure and the properties of the material.

2 Experimental Part

Material. A thermoplastic polyurethane (TPU) is injec-
tion molded from melts of different temperature. The ma-
terial is a commercial grade polyester based thermoplastic
polyurethane (TPU) with 94 Shore A durometer hardness
from Huntsman Inc., e.g. for sealing applications. The TPU
has been polymerized in a one-step process and is provided
in granular form ground from cast film. The TPU is com-
posed of MDI (250 g/mol), HQEE (198 g/mol) and Capa
(2000 g/mol). The hard segment content is between 45 and
50 wt.-% and has been verified by energy-dispersive X-ray
spectroscopy (EDX). The volume fraction of hard segments
as estimated from light-microscopy images of microtome cuts
has been estimated 34.5 vol.-% yielding a weight fraction of
45 wt.-%.

Injection Molding. Samples for the SAXS measurements
have been processed directly from the received material.
Thus the corresponding material has first-time been melt pro-
cessed during injection molding. After processing the sam-
ples have been stored for 6 months until the synchrotron
beam-time requested for this project had been granted.

Samples for the WAXS measurements have been injection
molded from pellets made by extrusion of the received gran-
ular material. Thus the TPU material was 2 times melt pro-
cessed (extrusion / injection molding). Moreover, the WAXS

materials had freshly been prepared less than a week before
the start of the tensile tests at the synchrotron.

Dumbbell shaped specimens type 5 A according to DIN
ISO 527 are injection molded. The nominal dimensions in the
central zone of the specimens are 4 mm× 1 mm. Injection
molding is carried out in an Arburg 220 S Allrounder 150-
30 from pellets dried at 90 °C for 4 h. The screw diameter
is 15 mm. Specimens have been molded in a 2-cavity mold
and gated with film gate (0.8 mm thick). The mold is kept
at a temperature of 60 °C. The injection speed has been set
to 25 cm/s where the maximum injection pressure has been
1600 bar. Different kind of samples are produced, the tem-
perature at the nozzle of the injection unit is set to 205 °C,
215 °C and 235 °C, respectively.

Test Bar Characterization. The injection-molded test bars
are characterized by optical microscopy and by differential
scanning calorimetry (DSC). Light microscopy is carried out
in a Zeiss Axioplan 2 equipped with an AxioCam camera.
The specimens are cross-sections cut from the centers of
the test bars. They are 10 µm thick. Slicing is carried out
at -70 °C using a rotary cryo-microtome Leica RM 2165.
A Mettler–Toledo DSC 821e is employed. Sample mass is
5.0±0.1 mg. The samples are studied under nitrogen flux,
cooled to -100 °C, equilibrated for 2 min, and heated to
280 °C at a rate of 20 K/min.

Tensile Tests. Tensile testing is performed at ambient tem-
perature in a self-made tensile tester.17 The machine per-
forms symmetric drawing. It is operated at cross-head veloc-
ities of 1 mm/min or 2 mm/min for the monitoring of SAXS
or WAXS, respectively. Signals from load cell and transducer
are recorded during the experiment. The local tensile strain,
ε, at the point of sample irradiation is determined. For this
purpose fiducial marks are applied to the sample using a rub-
ber stamp. The sample is monitored by a TV-camera. Video
frames are grabbed every 10 s and stored together with the ex-
perimental data for determination18 of the local macroscopic
strain. Each experiment has been carried out only once. The
reason is the considerable effort for the collection and evalu-
ation of the scattering data.

WAXS Measurements. Wide-angle X-ray scattering
(WAXS) is performed in the synchrotron beamline A2 at HA-
SYLAB, Hamburg, Germany. The wavelength of the X-ray
beam is 0.15 nm, and the sample-detector distance is 125 mm.
Scattering patterns are collected by a 2D marccd 165 detec-
tor (mar research, Norderstedt, Germany) in binned 1024×
1024 pixel mode (pixel size: 158.2 µm× 158.2 µm). Dur-
ing the experiments series of scattering patterns are recorded.
The cycle-time is 30 s (20 s exposure).

SAXS Measurements. Small-angle X-ray scattering
(SAXS) is carried out in the synchrotron beamline A2 at
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HASYLAB, Hamburg, Germany. The sample-detector dis-
tance is 2488 mm. Data collection is identical to that of the
WAXS experiments. The cycle-time is 60 s (50 s exposure).

3 Data Evaluation

Data analysis is carried out by means of own, freely avail-
able19 procedures written in PV-WAVE®.20

Tensile Data. The local tensile strainε = (ℓ− ℓ0)/ℓ0 at the
point of sample irradiation by the X-ray beam is computed
from the initial distance,ℓ0, of the fiducial marks close to the
point of beam-irradiation, and the respective actual distance,
ℓ. The local true stress,σ = F/A, is computed from the force
F measured by the load cell after subtracting the force ex-
erted by the upper sample clamp, andA = A0/(ε +1), the
estimated actual sample cross-section.A0 is the initial cross
section of the central zone of the test bar. The equation as-
sumes conservation of sample volume.

WAXS Patterns. WAXS patterns recorded on the 2D de-
tector during the tensile tests exhibit fiber symmetry. The
axis of the tensile tester is oriented exactly perpendicular to
the X-ray beam. Thus, it is not necessary to consider fiber
tilt21,22 for the mapping of the detector image into reciprocal
space.23,24,25,26 Our mapping method26 requires a sample
with sharp crystalline reflections. Because the studied sam-
ples do not show such reflections, the mapping parameters
have been determined from the WAXS pattern of a semicrys-
talline poly(vinylidene fluoride) sample in the tensile ma-
chine employing the known crystallographic data. As a re-
sult, the scattering intensityI (s) = I (s12,s3) is obtained.s12

ands3 are the equatorial and the meridional component, re-
spectively, of the reciprocal-space scattering vectors, with

|s| = s =
√

s2
12+ s2

3 = (2/λ )sinθ . s3 is the fiber axis and

parallel to the strain.λ is the wavelength of radiation, and
2θ is the scattering angle. IfI (s) = I (s,φ ,ψ) is expressed in
spherical polar coordinates, uniaxial symmetry means thatthe
intensity is no function of the azimuthal angleψ , i.e. I (s,φ)
with s12 = s sinφ . The spherical inclination angleφ is mea-
sured with respect to the fiber axiss3.

For fiber patternsI (s,φ) that show peaks smeared-out on
circular arcs it makes sense to extract slices at fixed|s| = sm,
i.e. ⌈I (s)⌉sm

(φ) = I (sm,φ). Such slices are a function of the
inclination angleφ , but are frequently addressed “azimuthal”
scans. g(sm,φ ,b) = I (sm,φ) − b is the pole figure of the
scattering entities with the correlation distancedm = 1/sm.
Here b is a scattering background that is not related to the
sought-after scattering entities, but to other structural27 ef-
fects like Compton scattering, Breit-Wigner recoil factorand
to the setup (machine background, read-out noise, dark cur-
rent, etc.). In this studysm is chosen from the position of
the maximum of the amorphous halo. The halo reflects the

distribution and orientation of the inter-chain distancesin the
polymer.

Orientation can be quantified by the uniaxial orientation
parameter28,29,30

for (sm,b) =

´ π
0 g(sm,φ ,b)

[(

3cos2 φ −1
)

/2
]

sinφ dφ
´ π

0 g(sm,φ ,b) sinφ dφ
,

(1)
which is the first non-trivial coefficient of the multipole ex-
pansion of the fiber-symmetric pole figureg(sm,φ ,b). In fact,
for (sm,b) is the dipole moment of the pole figure sliced from
the WAXS pattern atsm. Before it can be computed from ex-
perimental data, the curveI (sm,φ) must be extrapolated both
into the blind wedge aroundφ = 0° (meridian), and into the
equatorial region aroundφ = 90° that is affected by the semi-
transparent beam stop used. Data are extrapolated by smooth
cubic spline functions31,20 choosing natural smoothing. As-
sumingb = 0 in a first evaluation round, no background is re-
moved. In a second evaluationb > 0 is determined by remov-
ing the diffuse background that is found to increase withs2 in
the mapped WAXS pattern. Background removal is sketched
in Figure1.

s
3

a b c

Figure 1:Removal of diffuse background.a: WAXS fiber pattern
I (s,φ) mapped into reciprocal space. The arrow indicates diffuse
background scattering that increases withs2. b: no more background
increase inI (s,φ)/s2. c: I (s,φ)/s2 − c. c is the constant back-
ground inI (s,φ)/s2. The circular arrow indicates the inclinational
intensity slice ats = sm, I (sm,φ). It is extracted to determine the
orientation of the most probable distance between adjacentpolymer
chains.s3 is the meridional axis

The pattern mapped into reciprocal space is shown in Fig-
ure1a. The observed radial (s) background increase withcs2

is indicated by a curved arrow. Division bys2 (Figure1b)
makes the background become almost constant, and the min-
imum intensity is readily subtracted (Figure1c). When
the uniaxial orientation parameterfor is determined from a
background-modified pole figureI (sm,φ)/s2

m − c, the abso-
lute value| for| becomes bigger. We do not claim that the pro-
posed heuristic method is correct. Ruland27 has expatiated on
the required calibration procedures.

Whenever the integral of Equation (1) is computed, the
positionφ = 0 must be assigned correctly.φ is not an az-
imuthal angle with its origin at the equator, but the inclination
angle in spherical coordinates that is measured with respect to
the meridian (Cf. Figure1c). Mixing up32 the reference di-
rection results in erratic orientation parameter data. By rule-
of-thumb, the analysis of arc-shaped reflections on the equa-
tor must yield negative values offor. Peaks centered on the
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meridian must return positivefor. In the latter casefor cannot
be computed with sufficient accuracy directly from the detec-
tor image. It is mandatory to prepare the WAXS pattern by,
first, mapping it into reciprocal space26 and, second, filling
the blind wedge by extrapolation.

SAXS Patterns. The scattering patterns are transformed
into a representation of the nanostructure in real space. The
only assumption is presence of a multiphase topology. The re-
sult is a multidimensional chord distribution function (CDF),
z(r).33 The method is exemplified in a textbook (Stribeck,30

Sect. 8.5.5). For a schematic sketch of the steps of data anal-
ysis and the extraction of structural parameters from the CDF
see for example Figure 2 in Stribeck et al.34 The method is
extracting the topological information on nanostructure (e.g.
a two-phase topology,ρ (r) ∈

[

ρhard,ρsoft
]

, of phases with
distinct densities) from 2D SAXS patterns with uniaxial sym-
metry. The resulting CDF is an “edge-enhanced autocorrela-
tion function”35,36,37,38 – the autocorrelation of the gradient
field, ∇ρ (r). Thus as a function of ghost displacementr , the
multidimensional CDFz(r) shows peaks wherever there are
domain surface contacts between domains inρ (r) and in its
displaced ghost. The CDF with fiber symmetry in real space,
z(r12,r3), is computed from the fiber-symmetrical SAXS pat-
tern, I (s12,s3), of multi-phase materials.33 In the historical
context the CDF is an extension of Ruland’s interface distri-
bution function (IDF)39 to the multidimensional case or, in
a different view, the Laplacian of Vonk’s multidimensional
correlation function.40

205°C 215°C 235°C
Figure 2:Optical micrographs of cross sections (10 µm thickness,
cryo-microtome -70 °C) from the central zone of injection molded
test bars. Labels indicate the temperature of the injected melt

4 Results and Discussion

4.1 Test Bar Characterization

Figure2 presents optical micrographs of the injection-molded
materials as a function of the melt temperature. The material
manufactured at 205 °C shows a high fraction of spherulitic
material. Processed at 215 °C the fraction is consider-
ably lower. In the material made from the hottest melt no
spherulites are detected. It is well-known that spherulites
grow during polymer crystallization and that they consist
of alternating crystalline and amorphous layers. In TPUs

the amorphous layers are formed by soft domains, and the
hard domains are not completely crystalline, but only quasi-
crystalline.41 This conclusion is drawn because the melt en-
thalpies of TPUs are generally low.41,42,43

50 100 150 200 250

en
do

T [°C]

235°C

215°C

205°C

raw pellets

Figure 3:DSC traces of TPU material before (raw pellets) and af-
ter injection molding. The labels at the dashed curves indicate the
temperature of the injected melt

Figure3 presents DSC data of the raw pellets and of the
injection molded materials. The part between 50 °C and
280 °C is displayed. Below 50 °C the curves are feature-
less. All samples exhibit two endothermic peaks. They are
readily related to the peculiar morphology of thermoplastic
polyurethanes. It consists of hard domains in a soft-domain
matrix sometimes forming spherulites. The hard domains
themselves contain both hard segments and soft segments.
Inside the hard domains some proximate hard segments are
merged into small crystals. Among the hard segments of the
crystals hydrogen bonds are formed. The first endothermic
peak has been associated42 with the melting of these small
crystals, the second one has been related42 to the mixing of
hard and soft segments from hard and soft domains to form
a single-phase melt. Another explanation for the upper en-
dothermic peak would additionally require the formation of
a second crystalline polymorph, as has been reported with
non hydrogen-bond forming TPUs.44 The determined melt
enthalpies and melting points are listed in Table1.

Table 1:Melt enthalpies,∆Hm and melting temperatures,Tm from
the DSC scans in Figure3. Peak 1 is the low temperature peak. The
processed materials are labeled with the temperature of theinjected
melt

Peak 1 Peak 2
sample ∆Hm [J/g] Tm [°C] ∆Hm [J/g] Tm [°C]

TPU_raw 3.0 211 15.2 237
TPU_205 10.6 207 3.8 240
TPU_215 6.8 206 3.0 239
TPU_235 10.9 202 4.3 237

Uncertainties of the enthalpy determinations are±0.3 J/g.
Melting temperatures have been determined with an uncer-
tainty of ±0.4 K. Considering the processed materials as a
function of the injection temperature,∆Hm does not show a
trend. WithTm there is a decrease as a function of increasing
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injection temperature that indicates a decrease of the average
crystallite size.

0 0.5 1 1.5 2 2.5
ε

0

50

100

σ(
ε)

  [
M

P
a]

TPU 205 W
TPU 205
TPU 215
TPU 235

Figure 4:TPU samples strained during the scattering experiments.
Stress–strain curve,σ (ε). TPU 205 W indicates the tensile data of
the WAXS experiment. The other curves are from the SAXS exper-
iments

4.2 Mechanical Data

The tensile tests in the synchrotron beam have been carried
out at constant cross-head speeds of (1 mm/s for SAXS mon-
itoring, 2 mm/s for WAXS monitoring). The stress-strain
curves recorded during the experiments are shown in Fig-
ure 4. WAXS experiments have been carried out on sam-
ples freshly prepared from reprocessed material. In the ear-
lier SAXS tests samples have been used that have been made
from manufacturer-supplied crushed granules long time be-
fore the measurement. The SAXS tests have stopped when
the samples slipped from the clamps. During the WAXS test
of TPU 205 the material has started to develop a neck. At this
event the experiment has been stopped.

The poor mechanical response during the WAXS test can-
not be related to the molding of the testbars, because molding
has been identical. There are two possible reasons for the
observed differences. Either the reprocessing of used gran-
ules has degraded the material, or the WAXS test bars have
still been immature. It has been reported that the mechanical
properties of the samples may increase considerably within
3 weeks after molding due to improvement of phase separa-
tion.

4.3 WAXS TPU 205

Wide-angle X-ray scattering patterns taken during a tensile
test of sample TPU 205 are reported in Figure5. All pat-
terns are on the same linear intensity scale. The fiber patterns
are mapped22,26 into reciprocal space. Wedge-shaped blind
regions at the meridian are a consequence of the mapping.30

ε =
σ=
t =

0.1
0.3 MPa
0.2 min

ε =
σ=
t =

0.5
6.2 MPa
2.2 min

ε =
σ=
t =

1.0
17 MPa
6.2 min

ε =
σ=
t =

1.5
32 MPa
14 min

ε =
σ=
t =

2.0
51 MPa
21 min

ε =
σ=
t =

2.5
72 MPa
27 min

ε =
σ=
t =

3.0
100 MPa
36 min

ε =
σ=
t =

3.1
111 MPa
42 min

Figure 5: TPU 205. Measured WAXS intensities from the ten-
sile test. Pseudo-color fiber patternsI (s12,s3) show the region
−3.6nm−1 ≤ s12,s3 ≤ 3.6nm−1. Straining direction (s3) is verti-
cal

On the equator (horizontal,s12-axis) an artificial half-shade
originates from the semi-transparent beam stop holder. All
patterns exhibit an amorphous halo. With increasing strain
the halo becomes more and more anisotropic. Crystalline re-
flections are not detected with our material, although there
are other polyurethanes that show WAXS crystallinity.3,32

Because polyurethanes vary considerably in chemical com-
position and morphology, this difference is no contradiction.
In order to detect weak crystalline reflections two tests have
been performed. First, the WAXS fiber patterns have been
isotropized by circular averaging of the mapped patterns and
the corresponding curves have been compared to the curves
reported by the group of Higgins.42 Second, the anisotropic
fraction of the WAXS pattern has been computed according
to the method proposed by the group of Hsiao.45,46 However,
crystallinity cannot be excluded from this result, becausetiny
crystallites cannot be detected by WAXS. The corresponding
reflections are too wide to be distinguished from the amor-
phous halo.

The angular position of the maximum intensity in the
amorphous halo corresponds to a d-spacing of 0.43 nm. This
position is identical to the position reported in another TPU
study.3 After not having detected crystallinity with any of the
materials nor strain-induced crystallization during the tensile
test of TPU 205, tensile tests of the other materials have been
skipped.

Figure 5 shows how the WAXS pattern changes during
the tensile test. At low strain the amorphous halo appears al-
most isotropic. With increasing strain the intensity contracts
at the equator, finally forming a rather narrow spot. This is
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expected, because the amorphous halo of the WAXS probes
the orientation of the inter-chain gaps that are normal to the
chain axes, whereas IR dichroism47,48,49,50 probes the orien-
tation of chemical bonds that frequently are chosen to directly
probe the orientation of the chain axes. Consequently,for de-
termined from the amorphous halo of the WAXS should be
negative, if for of the chain axes is positive for a material
with uniaxial orientation. Without making assumptions there
is no way to compute the chain orientation51,52,53,54,55 from
only the orientation of the inter-chain gaps in 3D space.

0 30 60 90 120 150 180
φ  [°]

10

15

20

25

30

I(
s m

,φ
) 

 [a
.u

.]

ε = 0.1 (01)
ε = 0.5 (05)
ε = 1.0 (13)
ε = 1.5 (28)
ε = 2.0 (43)
ε = 2.5 (55)
ε = 3.0 (73)
ε = 3.1 (84)

Figure 6: TPU 205. WAXS intensity in the pole figureI (sm,φ)

cut through the maximum of the amorphous halo at a radius of
sm = 2.32nm−1. φ = 0 is on the meridian. Documented in the leg-
end are the strainε and the index of the X-ray pattern. One index
step is 30 s

0 1 2 3
ε

-0.15

-0.1

-0.05

0

f or
(ε

) 

Figure 7: TPU 205. Uniaxial orientation parameterfor (ε) com-
puted fromI (sm,φ)/s2

m − c (cf. Figure6). Dashed curve: Without
reduction of background scattering, i.e.c = 0

0 1 2 3
ε

-0.08

-0.06

-0.04

-0.02

0

f ’ or
(ε

) 

Figure 8: TPU 205. Derivativef ′or (ε) of the uniaxial orientation
parameter. Dashed curve: Computed without reduction of back-
ground scattering

Figure 6 displays the corresponding inclinational slices
through the maximum of the amorphous halo. All curves ex-
hibit an artificial indentation at the equator (φ ≈ 90°) orig-
inating from the beam stop holder. At lowε anisotropy is
demonstrated more clearly in the curves than in the patterns
(Figure5). Up to a strain ofε = 0.6 the amorphous halo is a 4-
point pattern with its maxima between meridian and equator.
At higher strain the two remnant maxima are on the equator.
Because the slices are chosen to cut through the maximum of
the amorphous halo, they describe the orientation of the most
probable distance among the polymer chains. For a quantita-
tive description of this orientation, the uniaxial orientation pa-
rameter,for (ε), has been computed as a function of strainε.
Figure7 shows the result. If the background scattering in the
pattern is not reduced (dashed curve), the orientation parame-
ter becomes 30 % smaller than that computed after reduction
(solid line), but both curves show the same trend. In terms of
for the initial deviation from isotropy (i.e.for = 0) is small.
The ultimate orientationfor (3) = −0.15 is still far from the
ideal valuefor = −0.5 of perfect inter-chain gap orientation.
Compared to the featureless stress-strain curve of the material
(Figure 4), for (ε) exhibits an accelerated chain orientation
process at medium strain (1≤ ε ≤ 2). We propose to quan-
tify it by the derivative f ′or (ε) = d for (ε)/dε shown in Fig-
ure8. According to the curves, the maximum improvement of
inter-chain orientation takes place atε = 1.4. Unfortunately
we cannot relate this process to the results of the SAXS data
analysis that follows in the next section, because SAXS and
WAXS have been performed after different time with respect
to the molding. Consulting the literature and anticipatingour
results on the general mechanisms of nanostructure evolution,
a proposal presented by Bonart7,48 appears not implausible.
According to it the mechanism starts to accelerate the chain
orientation after some of the soft domains have reached their
strain limit and induce destruction of hard domains. Then
the hard segments that are set free respond more easily to the
applied load by orientation parallel to the straining direction.
Admittedly, for TPUs that show WAXS crystallinity the ob-
served chain orientation may be a superposition of different
processes in the hard and in the soft domains, but according
to Estes et al.49 more or less amorphous TPUs exhibit a sim-
ple straining mechanism in which the orientation responsesof
the hard segments and of the soft segments are very similar.

A second process of orientation improvement starts at
ε ≈ 2.7. This process initiates necking of the sample, which
is detected atε = 3. In the experiment the part of the mate-
rial that is irradiated by the X-ray beam is far from the neck.
As the neck starts to propagate, the material in the irradiated
volume begins to shrink. The maximum strain reached in the
irradiated volume isε = 3.04. Thereafter the test is stopped.

4.4 Measured SAXS

Representative SAXS patterns taken during straining exper-
iments of 3 TPU materials are shown in Figure9 – Fig-
ure 11. Remarkably, the nanostructure of all the materials
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shows considerable orientation already before the mechani-
cal test, whereas the orientation of the WAXS patterns before
the test is very low for all materials.
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Figure 9: TPU 205. Measured SAXS intensity during the ten-
sile test. The pseudo-color fiber patternsI (s12,s3) show the region
−0.2nm−1 ≤ s12,s3≤ 0.2nm−1. Pattern intensities on a logarithmic
scale. Cross-head speed is 2 mm/s. Straining direction is vertical
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Figure 10: TPU 215. Measured SAXS intensity during the ten-
sile test. The pseudo-color fiber patternsI (s12,s3) show the region
−0.2nm−1 ≤ s12,s3≤ 0.2nm−1. Pattern intensities on a logarithmic
scale. Cross-head speed is 1 mm/s. Straining direction is vertical
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Figure 11: TPU 235. Measured SAXS intensity during the ten-
sile test. The pseudo-color fiber patternsI (s12,s3) show the region
−0.2nm−1 ≤ s12,s3 ≤0.2nm−1. Pattern intensities on a logarithmic
scale. Cross-head speed is 1 mm/s. Straining direction is vertical

The intensity scales of the patterns in the figures are identical.
All patterns are scaled logarithmically. The tough, maturetest
bars used in the SAXS experiments have slipped from the
clamps after having been exposed to a stressσ ≈ 100 MPa.

Figure9 shows the scattering patterns taken during the strain-
ing of sample TPU 205 that had been injection molded from
a melt of 205 °C. The lateral extension of the reflections is
broad from the beginning, indicating that the arranged hard
domains do not exhibit the shape of extended lamellae, but
only of moderately anisotropic domains that arrange to form
microfibrils.56,57,58 With increasing strain an increase of the
reflection intensity is observed untilε ≈ 0.25. Thereafter the
reflection intensity is decreasing. During the test the maxi-
mum position of the reflection is moving towards the center
of the pattern indicating an increasing distance between the
hard domains.

Figure10 shows selected SAXS patterns from the moni-
toring of the material that has been injection molded from a
melt of 215 °C. A microfibrillar nanostructure with increas-
ing distance between the hard domains is observed. The re-
flection intensity maximum is first increasing with increasing
strain (up toε ≈ 0.5). Thereafter it is decreasing.

Figure11 shows selected SAXS patterns from the moni-
toring of the material that has been injection molded from a
melt of 235 °C. A microfibrillar nanostructure with increas-
ing distance between the hard domains is observed. The re-
flection intensity maximum is first increasing with increasing
strain (up toε ≈ 0.7). Thereafter it is decreasing.
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Figure 12: Tensile test of TPU 205. Chord distribution func-
tions (CDF) computed from SAXS. The pseudo-color fiber patterns
|z(r12,r3)| show the region−50nm≤ r12,r3 ≤ 50nm. Straining di-
rection is vertical. Pattern intensities on a logarithmic scale. Cross-
head speed is 2 mm/s. A white border indicates the region usedin
Figure18–20
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Figure 13: Tensile test of TPU 215. Chord distribution func-
tions (CDF) computed from SAXS. The pseudo-color fiber patterns
|z(r12,r3)| show the region−50nm≤ r12,r3 ≤ 50nm.. Straining di-
rection is vertical. Pattern intensities on a logarithmic scale. Cross-
head speed is 1 mm/s
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Figure 14: Tensile test of TPU 235. Chord distribution func-
tions (CDF) computed from SAXS. The pseudo-color fiber patterns
|z(r12,r3)| show the region−50nm≤ r12,r3 ≤ 50nm. Straining di-
rection is vertical. Pattern intensities on a logarithmic scale. Cross-
head speed is 1 mm/s

4.5 CDF: Nanostructure in Real Space

Multidimensional chord distribution functions33,30 (CDF) vi-
sualize the nanostructure of the studied materials and its evo-
lution in real space. While the measured SAXS intensity
peaks accentuate the well-correlated domains, the peaks in
the CDF are weighted according to the number distribution
of domain distances. The results are presented in Figure12
– Figure14. The general course of the peak intensities in the
CDFs is identical to the development observed in the SAXS
patterns. The materials exhibit an initial increase of peakin-
tensities that is followed by a decrease for higher strain.

Already in the unstrained materials the CDF peaks are
only moderately extended in horizontal direction, which is
the direction perpendicular to the strain. This means that the
corresponding hard domains show only a moderate lateral ex-
tension that decreases somewhat with increasing strain. Thus
the hard domains cannot be addressed “lamellae” from the
beginning, but only “anisotropic granules” that degrade with
increasing strain becoming less and less extended. This is the
well-known transition process from layer stacks to microfib-
rillar stacks.57,58 A presentation and discussion of the corre-
sponding analysis would lengthen the paper without adding
interesting information.

Figure12 shows selected CDFs from the monitoring of
the material that has been injection molded from a melt of
205 °C. A clean microfibrillar nanostructure with increasing
distance between the hard domains is observed. Only few
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peaks are noticed on the meridian. Because there is no peak
outside a distance of 50 nm, the correlation distance among
the hard domains is lower than 50 nm. The peaks exhibit a
peculiar skewed shape. Moreover, at low strain an x-shaped
weak background modulation is observed. This feature is of
very low intensity and could be considered a Fourier trans-
form artifact, but during the test it shows a monotonous de-
crease, and this decrease is closely related to the WAXS ob-
servation of the 4-point orientation of the amorphous halo
(cf. Figure6 and Figure5). When the WAXS maxima have
merged on the equator, the x-shaped background peaks in the
SAXS CDF have vanished.

Figure13 shows selected CDFs from the monitoring of
the mechanical test of sample TPU 215, the material injec-
tion molded from a melt of 215 °C. Similar to TPU 205 a
x-pattern background is observed that is visible up to a strain
ε = 1.3. As with the TPU 205 the domain peak intensity of
the material first increases after the start of the straining(de-
veloping dark spots in the center of the peaks) and falls below
the initial value as the x-pattern is erased. Similar to TPU 205
the tough material slips from the clamps rather early.

Figure14presents the nanostructure evolution during the
mechanical test for the material injection molded from the
hottest melt (235 °C). A plain microfibrillar pattern is ob-
served from the beginning. No x-pattern background is ob-
served. During the test the microfibrils narrow (vertical bar-
shaped reflections move closer to the meridian), and the inten-
sity in the central meridional streak is changing. The simple-
minded nanostructure and its response to strain is not ob-
served. This response would not exhibit a meridional streak,
but distinct peaks along the meridian that clearly move out-
ward with increasing strain. In all other polymer materials
that our group has studied in straining tests so far we have
observed such distinct peaks moving. They indicate a well-
defined preferential distance between hard domains insteadof
an extremely broad distribution of distances. Nevertheless, let
us relate the position of the peak maximum on the meridian
of the CDF to its initial position and discuss it. Is this quantity
an adequate measure for a nanoscopic strain with the studied
segmented TPU material?

4.6 Macroscopic and Nanoscopic Strain

Figure 15 – 17 present the macroscopic and nanoscopic
strains in the irradiated volume of the samples TPU 205 –
TPU 235 as a function of elapsed time.ε is the macro-
scopic strain as computed from the strain of the grid of fidu-
cial marks on the samples.εn,I(s) is a nanoscopic strain that
is computed from the movement of the maximum position of
the SAXS peak in the patternI (s). εn,CDF is a nanoscopic
strain parameter computed from the movement of the maxi-
mum position of the long-period peak in the CDF. Choosing
this parameter we take the most probable long period for the
average long period.
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Figure 15: TPU 205. Evolution of strains in the tensile test.ε:
macroscopic strain,εn,I(s)): nanoscopic strain from the shift of the
SAXS peak maximum,εn,CDF : nanoscopic strain from the position
of the CDF peak maximum
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Figure 16: TPU 215. Evolution of strains in the tensile test.ε:
macroscopic strain,εn,I(s)): nanoscopic strain from the shift of the
SAXS peak maximum,εn,CDF : nanoscopic strain from the position
of the CDF peak maximum
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Figure 17: TPU 235. Evolution of strains in the tensile test.ε:
macroscopic strain,εn,I(s)): nanoscopic strain from the shift of the
SAXS peak maximum,εn,CDF : nanoscopic strain from the position
of the CDF peak maximum

Obviously,ε andεn,I(s) exhibit initially the same behavior
for the materials TPU 205 and TPU 215. In TPU 235εn,I(s) is
always smaller than the macroscopic strain. For high macro-
scopic strains the nanoscopic strain from the SAXS peak po-
sition, εn,I(s), remains constant on a plateau. The structural
reason for this strange behavior is found in the CDF. As a first
test, the nanoscopic strainεn,CDF has been computed. The re-
sult appears even stranger.εn,CDF ≪ εn,I(s) is valid throughout
the whole experiment, but the onset of the plateau is similar.
This finding appears less surprising, if the peak maximum
position is no approximation of the mean (the average long
period). This is the case, if the long-period distribution is
not affinely expanded, but its skewness is growing during the
mechanical test.
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4.7 Long-period peaks in the CDF: Analysis of
Peak Shape

The simple CDF long-period-peak (L-peak) analysis pre-
sented in the previous section hooks the maximum of the
long-period distribution (brightest area in Figure18-20),
tracks its movement and relates it to a nanoscopic strain
εn,CDF . This approach is only reasonable, if the distribution
of the long periods is affinely expanded in the straining ex-
periment. Instead, if the skewness of the distribution is in-
creasing, thenεn,CDF as computed from the L-Peakmaximum
hangs behind theaverage nanoscopic strain considerably.
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0 
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Figure 18: TPU 205. Detail of the CDF: Evolution of the long
period peak in real space as a function of macroscopic strainε. Di-
rection of strain (r3) is vertical. The width of each band in transverse
direction (r12) is ±16 nm
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Figure 19: TPU 215. Detail of the CDF: Evolution of the long
period peak in real space as a function of macroscopic strainε. Di-
rection of strain (r3) is vertical. The width of each band in transverse
direction (r12) is ±16 nm
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Figure 20: TPU 235. Detail of the CDF: Evolution of the long
period peak in real space as a function of macroscopic strainε. Di-
rection of strain (r3) is vertical. The width of each band in transverse
direction (r12) is ±16 nm

4.7.1 Demonstration ofL-Peak Shape Variation

In order to discuss the shape evolution of the long period dis-
tributions, the regions (example: white border in Figure12)
of the corresponding peaks are extracted from the CDFs.
These regions are collected as a function ofε and displayed
in Figure18– 20for discussion.

For sample TPU 205 Figure18presents the regions of the
L-peak in the CDFs as a function of strain. Here and with
sample TPU 235 (Figure20) the most simple evolution is ob-
served: Upon straining the relative asymmetry of the long pe-
riod distribution increases considerably: The many thin soft
domains are relatively hard, the thick soft domains are con-
siderably softer.

We do not discuss this disproportionating in
terms of different Young’s moduli, because there
might as well be a different reason: an elastic
limit due to full extension of taut tie-molecules
that is increasing more or less continuously
with increasing soft-layer thickness. Taut tie-
molecules may simply block further extension of
respective sandwiches.

So the thin soft domains undergo a low nanoscopic strain,
whereas the thick soft domains are easily elongated during
the straining experiment. When the plateau ofεn,CDF (t) is
reached in Figure15 – 17, there is no more movement of
the maximum position of the L-peak. The many hard soft-
domains that contribute to this peak have all reached their
elastic limit, whereas the soft domains collected in the tail
of the L-peak are still lengthening as a consequence of the
continued macroscopic load. Let us consider the widths of
the strip-shaped reflections. The widths are a measure of the
average hard-domain widths. It is decreasing with increas-
ing macroscopic strain. This indicates disruption of hard do-
mains under stress. This observation supports the chain orien-
tation process by Bonart7,48 that has been discussed with the
WAXS analysis. With TPU 235 the initial width of the hard-
domain distribution is wider than with the materials molded
from cooler melts.

Figure19shows a more complex nanostructure. Here the
thickness distribution of the soft domains is not unimodal,but
multimodal with several preferential soft domain thicknesses.
Nevertheless, even this sample follows the basic mechanism
discussed with the other materials. Thin soft domains are
harder than thick ones, and the straining of thick domains is
easier than the straining of thin domains.

4.7.2 Principal Deformation Mechanism

These results are summarized in a simple sketch (Figure21)
that describes the principal deformation mechanism of the
studied TPU materials – still neglecting domain formation,
transformation or destruction. The virgin injection-molded
material (Figure21a, ε = 0) exhibits a nanostructure of hard
and soft domains with poor inter-domain correlation. Thus
the SAXS only sees uncorrelated “sandwiches”, e.g. two hard
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domains with a soft domain in between (or two soft domains
with a hard domain in between).
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Figure 21:Principal straining mechanism of the studied TPU ma-
terial. a: Unstrained state. There are many sandwiches with thin
soft layers and few with thick soft domains. The thicker the soft
domains are, the lower is their modulus.b: Medium strain. For the
thin layers there is a stretching limit. Double-head arrowsindicate
the distances between phase boundaries that are collected in the L-
peak of the CDF.c: High strain. Only the medium and thick layer
sandwiches keep responding

In the sketch only one type of sandwich is drawn. Thus
the main scattering effects in the CDF on the meridian are
the domain peak (at very smallr3), and the long period peak
(L-peak) that has been discussed in the previous section.
By definition of the CDF, the L-peak collects the number-
probabilities of those distances between phase boundaries
that are indicated by vertical double-head arrows. Inspec-
tion of the L-peaks of the unstrained material has yielded that
the long period distributions are highly anisotropic. We see
many sandwiches with thin soft domains, but few sandwiches
with thick soft domains. Figure21b sketches a situation in
the elongated state with changed shape of the sandwiches.
We assume that the hard-domain distributions are much more
rigid than the soft-domain distributions. Thus from the highly
non-affine shape change of the L-peak we infer that change is
mainly caused from the straining of soft domains. We observe
that the many thin-layer sandwiches are strained (εn,CDF )
much less than the macroscopic strain (ε). On the other hand,
the tail of the anisotropic L-peak is extended so far out that
the few thick-layer sandwiches have been strained much more
than the macroscopic strain. Finally, in Figure21c, all the
thin-layer sandwiches have reached their elastic limit anddo
not extend any more. Further nanoscopic strain is only taking
place in medium-layer and thick-layer sandwiches.

4.7.3 Domain Formation, Transformation and Destruc-
tion

As the last step in nanostructure evolution analysis we are
searching for hints concerning the formation, transformation
and destruction of domains. Initial strain may arrange hard
segments in such a way that they form new hard domains.
Further straining may break intermediate hard domains, re-

sulting either in a transformation of thin-layer sandwiches
into thick-layer sandwiches or in a complete loss that de-
creases the number of sandwiches.

In order to answer this question we study meridional
slices ⌈z(r)⌉1 (r3) = z(r12 = 0,r3) of the CDF. It appears
worth to be noted that such slices in real space,r, describe
the correlation among the phase boundaries between hard and
soft domains in the direction of strain. If one would like to
study the related nanostructure directly in the scatteringpat-
ternI (s), one would have to analyze59,30 the one-dimensional
projection curve{I (s)}1 (s3) = 2π

´

s12I (s12,s3)ds12 in s-
space, instead of the frequently studied sliceI (s12 = 0,s3).
The relation is known as the Fourier slice theorem and has
already been pointed out in the early work of Bonart8,9 on
TPUs.

Assuming that there is no relevant correlation beyond the
intra-sandwich ones, the curve−z(r12 = 0,r3) cut from the
CDF on its meridian must be positive forr3 > rmt . rmt is the
maximum thickness of a single domain. Then – apart from
oscillations that demonstrate the limit of the assumption –
−z(0,r3) is the distribution of long periods in the material.
The strip-plots (cf. Figure18 – Figure20) appear to sug-
gest that an analysis might be possible at least to a first ap-
proximation. Because of the fact that the scattering patterns
have been normalized for constant thickness, the curves can
be compared relative to each other.
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Figure 22: TPU 205. Evolution of CDF slices−z(r3) along the
meridian as a function of macroscopic strainε

Figure 22-24 show the CDF slices in semi-logarithmic
plots. The curves are selected in steps of∆ε ≈ 0.25. Inten-
sity collapses indicate correlations among neighbors thatare
violations of the simplifying assumption. Above a level of
strain that depends on the sample preparation these collapses
become rather small. The thin-layer sandwiches are indicated
by the sharp maximum at the beginning of the L-peak.

For all materials the nanostructure shows a broad variety
of scattering entities ranging from thin-layer sandwichesto
thick-layer sandwiches. After the start of the experiment the
thin-layer-sandwich maximum is increasing. Thus the num-
ber of thin-layer sandwiches is increasing for TPU 205 and
TPU 215 up toε ≈ 0.25, and for TPU 235 up toε ≈ 0.5. An
increase of contrast between the hard phase and the soft phase
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could cause the same effect, but it appears unlikely to assume
that the soft-domain density decreases as a result of applied
strain. The more probable formation of thin-layer sandwiches
may be the result of disruption of clusters of hard-domains
that contain soft segments (cf. Figure25, middle row).
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Figure 23: TPU 215. Evolution of CDF slices−z(r3) along the
meridian as a function of macroscopic strainε
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Figure 24: TPU 235. Evolution of CDF slices−z(r3) along the
meridian as a function of macroscopic strainε

After this initial strain-induced formation of thin-layer
sandwiches the number of thin-layer sandwiches is decreas-
ing. For the samples TPU 205 and TPU 215 at the same time
the number of sandwiches in the tail of the L-distribution is
increasing. Because it is unlikely that at the same time one of
the soft phases becomes more dense and the other becomes
less dense, this observation shows that some of the thin-layer
sandwiches are disrupted and, after that, the remnant hard do-
main may become member of a thick-layer sandwich. This
transformation process is active up to a macroscopic strain
ε ≈ 1.6. Then the two materials have become so hard that
they slip from the clamps of the tensile tester.

For sample TPU 235 the transformation process is only
dominant untilε ≈ 0.75 (highest curve forr3 > 30 nm). Af-
ter that even the number of thick-layer sandwiches starts to
decrease, most probably because of destruction of their hard
domains. As a result, the material appears more soft than
TPU 205 and TPU 215. It can be strained untilε = 3.1 be-

fore the stress increases beyond 100 MPa and the sample slips
from the clamps, as well. Thus we observe a direct correla-
tion between macroscopic properties and the stability of the
hard domains controlled by choice of the processing temper-
ature. The detected nanostructure evolution mechanisms are
sketched in Figure25.
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Figure 25: Nanostructure evolution mechanisms of the TPU
injection-molded samples as a function of processing temperature
and strain

Samples processed from a lower temperature melt
(205 °C, 215 °C) exhibit an evolution with two transforma-
tion mechanisms among the scattering entities (in the sketch
indicated by arrows): At strainsε < 0.3 clusters are trans-
formed into thin-layer sandwiches. Aboveε > 0.3 the dom-
inant transformation process is destruction of hard domains
from thin-layer sandwiches that leads to an increase of thick-
layer sandwiches. The hard domains are strong. The material
slips from the clamps atε ≈ 1.6.

The sample processed at 235 °C exhibits an evolution
with 3 transformation mechanisms. Only the third one is
new: Many hard domains are weak and are destructed dur-
ing straining. The destruction becomes dominant atε = 0.75.
An explanation for the different hard-domain strengths be-
comes obvious, because 235 °C is in the center of the sec-
ond melting endotherm (cf. Figure3) that has been related
to homogeneous mixing42 of soft and hard segments. The
detected strength of hard domains after low-temperature pro-
cessing may be caused from the fact that phase separation in
the mold advances to a higher level when it is applied to a pre-
sorted melt. Thus it may be favorable to partially preserve the
phase separation between hard and soft segments in the man-
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ufacturing process, if the aim is production of TPU materials
with strong hard domains.

hard
soft
hard

m
el

t f
lo

w

Figure 26:Proposed inner sandwich structure: Hard domains from
almost randomly oriented very small grains (that may be crystalline)
are preferentially oriented perpendicular to the flow direction of the
injected melt. Small arrows indicate the chain orientations inside the
grains

Figure26 shows a model for the initial inner structure of
the hard domains that conforms with both the WAXS and the
SAXS results. According to this model the hard domains are
clusters of very small grains that may be crystalline. SAXS
shows that the hard domains as a whole are oriented more or
less perpendicular to the melt-flow direction during injection
molding. The amorphous halo of WAXS probes the distance
distribution between neighboring chains. The result shows
that chain orientation directions from the ensemble of grains
is almost random. SAXS shows that during the straining pro-
cess the hard domains break apart, and WAXS shows that the
orientation of the grains in the fragments improves.

The materials from the lower injection temperatures
contain bigger crystallites inside the hard domain lamellae
(higherTm). These lamellae initiate spherulitic growth. The
small grains that are formed during injection from the high
temperature are neither strong nor able to initiate spherulitic
growth.

5 Conclusion

By in-situ monitoring of the nanostructure evolution in 3 dif-
ferently processed TPU samples during straining experiments
mechanisms have been revealed that cause different mechan-
ical properties in the material. WAXS monitoring carried
out on samples freshly prepared from extruded granules as
compared to matured samples from crushed granules used in
the SAXS study show that aging (and chain decomposition)
is a problem in the study of this TPU material so that not
all results of the WAXS study can be used to better under-
stand the mechanisms that govern the macroscopic mechan-
ical properties on the nanometer and on the sub-nanometer
scale. Nevertheless, the WAXS experiments show that the
material does not develop crystallites big enough to be de-
tected by WAXS. Moreover, a new method for the detec-
tion of chain-orientation mechanisms based on the analysis
of the derivatived for/dε of the uniaxial orientation parame-
ter for (ε) appears to be suitable for application in follow-up
studies. Compared to published technique in studies of TPUs

we have combined several achievements by other groups and
advanced the technique ourselves. For instance, the WAXS
data are mapped into reciprocal space before the analysis, and
diffuse background scattering is subtracted before pole fig-
ures are analyzed. The local macroscopic strain at the pointof
X-ray irradiation is determined and the change of the sample
cross section is considered in the computation of the stress.
The straining is not carried out step-wise, but continuously.
Unfortunately the strain rate is still very low, because suffi-
cient signal-to-noise ratio is required for the CDF analysis.
The corresponding limit will be shifted towards shorter ex-
posure and faster straining, as soon as much more brilliant
synchrotron beam lines and fast detectors will be generally
accessible. Because many TPU materials are changing their
properties with time, it would be a big progress if 2D SAXS
and WAXS could be monitored simultaneously.
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Synopsis. Injection molded TPU (sealing-grade) studied by 2D SAXS exhibits a simple "sandwich" (hard-soft-hard) do-
main structure. The chart shows shape distributions of “hard+soft” domains during straining. The lengthening is highly
non-affine. Simple analysis reveals nanostructure evolution mechanisms as a function of processing temperature of themelt.
At 235 °C soft material with weak hard domains is made.
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