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Particle Size Nanofillers on the Morphological Response to Uniaxial
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ABSTRACT: A series of TPU nanocomposites were prepared by incorporating organically modified layered
silicates with controlled particle size. To our knowledge, this is the first study into the effects of layered
silicate diameter in polymer nanocomposites utilizing the same mineral for each size fraction. The tensile
properties of these materials were found to be highly dependent upon the size of the layered silicates. A
decrease in disk diameter was associated with a sharp upturn in the stress—strain curve and a pronounced
increase in tensile strength. Results from SAXS/SANS experiments showed that the layered silicates did
not affect the bulk TPU microphase structure and the morphological response of the host TPU to
deformation or promote/hinder strain-induced soft segment crystallization. The improved tensile properties
of the nanocomposites containing the smaller nanofillers resulted from the layered silicates aligning in
the direction of strain and interacting with the TPU sequences via secondary bonding. This phenomenon
contributes predominantly above 400% strain once the microdomain architecture has largely been
disassembled. Large tactoids that are unable to align in the strain direction lead to concentrated tensile
stresses between the polymer and filler, instead of desirable shear stresses, resulting in void formation
and reduced tensile properties. In severe cases, such as that observed for the composite containing the

largest silicate, these voids manifest visually as stress whitening.

Introduction

Thermoplastic polyurethanes (TPUs) are linear, seg-
mented copolymers consisting of alternating hard and
soft segments. The hard segment is composed of alter-
nating diisocyanate and short chain extender molecules
(i.e., diol or diamine), while the soft segment is formed
from a linear, long-chain diol. Phase separation occurs
in TPUs because of the thermodynamic incompatibility
of the hard and soft segments. The segments aggregate
into microdomains resulting in a structure consisting
of glassy or semicrystalline hard domains and rubbery
soft domains that are below and above their glass
transition temperatures at room temperature, respec-
tively.

The morphology of TPUs as well as its relationship
to the thermal and mechanical properties has long been
a topic of interest.! =5 It is often difficult to visualize the
morphology via transmission electron microscopy (TEM)
because of the low electron density contrast between the
soft and hard segments and the imperfect phase separa-
tion that generally occurs. Nonetheless, globular, cylin-
drical, and lamellar morphologies have been evidenced
via TEM depending on the composition of the TPU and
the processing route.6~11 Atomic force microscopy (AFM)
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is proving to be a more effective and time-efficient
technique for resolving the phase morphology of TPUs
on the nanoscale. In recent years globular, cylindrical,
and lamellar-like morphologies have been reported with
this technique.!2715

Small-angle X-ray scattering (SAXS) is one of the
most powerful techniques for studying the phase mor-
phology of TPUs.16:17 The use of synchrotron radiation
as the X-ray source has permitted morphological changes
to be followed in real time. Significant advancements
in the understanding of TPU morphology and its
complex thermal behavior have come through the use
of DSC in combination with SAXS,? wide-angle X-ray
scattering (WAXS),* and Fourier transform infrared
(FTIR) spectroscopy.!® High-intensity SAXS has been
used to follow the phase separation kinetics during
cooling from the melt state!®20 and polymerization?! and
combined with FTIR to simultaneously follow the phase
separation and reaction kinetics during polymeriza-
tion.22 The use of SAXS,523-28 WAXS, 12529 and FTIR
dichroism525-30-35 during uniaxial extension and cyclic
loading has also enabled the microstructural changes
responsible for the observed macroscale stress—strain
behavior to be better understood. Generally speaking,
initial deformation takes place in the soft phase because
of its lower modulus, and the long axis of the hard
domains orient parallel to the direction of strain. As the
soft segments are stretched further apart, stress is
transferred to the hard domains, causing them to rotate
such that the segments within the domains are aligned
parallel to the strain direction. As the strain increases
further, the hard domains begin to fragment into
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smaller structures, and the hard segments are pulled
out of the domains. The aligned soft and hard segments
form a fibrillar structure that may be accompanied by
soft segment crystallization. Note that the exact defor-
mation mechanism depends on the structural integrity
and shape of the domains.2324

In recent times nanometer-sized layered silicates have
been introduced into many host polymers.?6-38 This
interest was initiated by the large improvements in
stiffness and heat distortion temperature Kojima et al.
achieved by incorporating layered silicates into nylon-6
at very low loadings (compared to traditional fillers).3?
The majority of nanocomposite papers have focused on
how the silicate surface treatment and concentration
affect various properties of these materials. It was
therefore of interest to investigate the effect of the
silicate platelet size or disk diameter on the properties
of a TPU. Of the small number of investigations into
the effect of silicate size on nanocomposite structure and
performance, all have used different clay minerals to
obtain the different size fractions.*°~4> However, chang-
ing the mineral phase complicates the interpretation of
results because the different minerals have their own
unique properties. For example, if the cation exchange
capacity (CEC) differs between clay minerals or depos-
its, then the concentration and conformation of a sur-
factant ion-exchanged to the silicates will be different.
The result will be a different polymer—filler interaction
that leads to altered polymer intercalation, organosili-
cate dispersion, and, of course, material properties.

This particular problem of surfactant coverage can be
overcome to a certain extent, at least for alkylammo-
nium-modified silicates, if the same surfactant chain
density can be achieved for each silicate under investi-
gation.*6~%9 Krishnamoorti et al.#0~*2 used this concept
to study the influence of platelet size on the phase-
separated morphologies of block copolymers*42 and
polymer blends.*? In these studies Laponite (30 nm,
CEC = 0.75 mequiv/g) and montmorillonite (500 nm,
CEC = 0.9 mequiv/g), modified with dimethyldioctade-
cylammonium, and fluorohectorite (10 um, CEC = 1.5
mequiv/g), modified with trimethyloctadecylammonium,
were utilized to obtain the different size fractions with
similar organic coverage. These studies revealed that
the microphase morphologies of the block copolymers
and polymer blends were dependent upon the platelet
size.

Aside from the evidence that layered silicates can
significantly change the microphase domain size and
shape of block polymers,? which in turn leads to altered
properties (and a potential route to control morphology
on the nanoscale), one would expect the size of the
silicate particles to play an important role in material
properties in its own right. Wang et al. studied the effect
of silicate diameter on the solid state*> and melt state**
properties of maleated-polyethylene (ma-PE) nanocom-
posites and found that the composite containing 100 nm
disks displayed superior properties and processability
over the neat ma-PE and 25 nm disk composites.
Molecular dynamics simulations by Gersappe suggest
that the smaller, and therefore more mobile fillers,
would offer larger improvements in toughness than
their larger counterparts, particularly in rubbery host
polymers.?!

In this work four size fractions of Somasif MEE
(organically treated, synthetic fluoromica, CO-OP Chemi-
cal Co.) have been incorporated into a TPU. To the best
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Figure 1. Chemical structure of Somasif MEE surfactant.

of our knowledge, this is the first time the effect of disk
diameter has been studied using the same layered
silicate. The tensile behavior of the nanocomposite
containing the smallest filler is exceptional, and as a
result, this paper will focus primarily on the micro-
structure of this series of materials and their response
to tensile deformation as studied by SAXS. Further-
more, we provide a model for the means of describing
how the size of the filler particle affects both the
microstructure and mechanical properties in these
materials.

Experimental Section

Materials. The TPU employed in this study consisted of a
1000 g/mol poly(tetramethylene oxide) (PTMO) soft segment
with a 4,4'-methylene diphenyl diisocyanate (MDI) and 1,4-
butanediol (BDO) hard segment. The hard segment concentra-
tion was 35 wt %, resulting in a soft elastomer of Shore
Hardness 80A. The TPU was supplied by Urethane Com-
pounds, Melbourne. The number-average molecular weights
(M,) and polydispersity indices (PDI) of the host polymer was
determined to be 216 000 and 1.8, respectively, by gel perme-
ation chromatography. The hard segments are glassy, and the
glass transition temperature and microphase separation tran-
sition of the TPU were determined via differential scanning
calorimetry to be —52 and 130 °C, respectively.5?

Somasif MEE (MEE) was supplied by CO-OP Chemical Co.
(Japan). MEE is a synthetic fluoromica with the chemical
COmpOSitiOl’l of NaerﬁMngeg(SigAggAlvog)O10_02F1.95 and CEC of 115
mequiv/g.® The MEE variant of Somasif has a dipolyoxyeth-
ylenecocomethylammonium surface modification (Figure 1).

Sample Preparation. Different size fractions of MEE (30,
75, 200, and 650 nm) were obtained via a proprietary, high-
energy milling process. The preparation and characterization
of these silicates have been discussed elsewhere.?* Nanocom-
posite films were prepared via solvent casting. A 5 wt %
solution of dried MEE in toluene was ultrasonicated for 2 min
before being added to a 5 wt % solution of TPU in dimeth-
ylacetamide (DMAc). The combined solution was then mixed
vigorously for 1 min in a high-shear homogenizer, followed by
stirring for 24 h at room temperature with a magnetic stirrer.
The mixture was then cast onto glass plates, and the films
were dried under a nitrogen atmosphere at 50 °C for 48 h and
subsequently dried under vacuum at 50 °C for 12 h. The films
were then annealed under vacuum at 80 °C for 12 h and stored
under ambient conditions for 1 month prior to characterization.
The nanocomposites contained 3 wt % of organosilicate, and
the film thickness was 0.5 mm.

Characterization. TEM samples were cut on a Leica
Ultracut S ultramicrotome with a glass knife at —100 °C and
collected on 400 mesh copper grids. Images were obtained
using a JEOL JEM 1010 TEM operated at 100 keV. The size
of the layered silicates were estimated by recording the lengths
of a large number of platelets and particles in a number of
TEM images to obtain a size distribution.5®

X-ray diffraction (XRD) analysis was carried out on a Bruker
D8 Advance X-ray diffractometer using Cu Ka radiation
generated at 40 kV and 30 mA. Samples were scanned at 2.4°/
min in the range of 20 = 1°—40° using a step size of 0.02°.
The MEE powders were lightly pressed and flattened to obtain
a smooth surface prior to testing.

Tensile tests were carried out at 25 °C on an Instron model
4505 universal testing machine using five replicates of each
material. Dumbbells were punched from the films using an
ATSM D-638-M-3 die and strained at 50 mm/min. Young’s
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modulus was estimated from the slope at 0% strain on the
tensile curve.

Scattering Measurements. Small-angle neutron scatter-
ing (SANS) experiments were performed on the LOQ station
at the ISIS pulsed neutron source, Rutherford Appleton
Laboratory, UK. The TPU had sufficient neutron density
contrast between the hard and soft phase such that deutera-
tion was not required. A sample thickness of 1 mm and a beam
size of 8 mm diameter were used. 2D-SANS data were collected
over the course of 30 min for each sample. All neutron
scattering data were corrected for sample transmission, thick-
ness, and background scattering. The data were converted to
absolute units by calibrating with a blend of deuterated and
hydrogenated polystyrenes of known absolute cross section.?®

In-situ tensile deformation studies using SAXS were per-
formed on station 15-ID-D (ChemMatCARS) of the Advanced
Photon Source at Argonne National Laboratory, Argonne, IL.
Three X-ray wavelength/camera length setups were used to
capture the g ranges of interest: 1.54 A/6.817 m (long), 1.05
A/1.91 m (medium), and 0.41 A/0.563 m (short). The beam size
at the sample position was ~0.3 mm in the strain direction
and 0.2 mm in the transverse direction. Data acquisition times
of 1, 10, and 5 s were required for each measurement at the
long, medium, and short camera lengths, respectively. The
data were normalized against the intensity measured at the
beamstop to account for changes in transmission due to
changes in sample thickness with strain and further corrected
for background scattering. The SAXS and SANS data were
both corrected for thermal density fluctuations using the
procedure of Bonart.?”

SAXS samples were cut with a nonstandard dumbbell die
with a narrowest width of 5 mm. The nonstandard dumbbell
resulted in higher strain at break values in the SAXS experi-
ments compared with those measured on the Instron machine
using the ATSM D-638-M-3 die. A purpose-built tensometer
was constructed for the SAXS experiments. The design fea-
tures include a travel of 400 mm to allow the complete tensile
curve to be studied, dual tensile actuation in order to maintain
the sample’s center in the beam, and self-tightening grips that
prevent slippage. Specimens were strained at a rate of 15 mm/
min.

Scattering Analysis. Laity et al.’® assessed the ability of
a number of scattering models based on different morphologies
to reproduce the scattering features observed for PTMO/MDI/
BDO-based TPUs with various compositions. Spherical models
based on a Zernike—Prins type lattice or a Percus—Yevick
liquid type structure were found to most accurately fit the
data. The Zernike—Prins model was used by Laity et al. to
successfully fit SAXS data from TPUs subjected to uniaxial
deformation.?® The Zernike—Prins model was chosen over the
Percus—Yevick model for the uniaxial deformation study
because it directly provides an estimate of the interdomain
distance. Visser and Cooper® and Krakovsky et al.?° have also
used the Percus—Yevick model to fit the scattering peak and
high-q tail of polyurethane ionomers and cross-linked poly-
urethanes, respectively. While both of these models have been
found to be consistent with the data presented here, only the
Zernike—Prins modeling will be discussed.

The scattering from two phase systems can be represented
as the product of the form factor, P(q), and the structure factor,
S(q)

I(q) = AP(q) S(g) (1)

where ¢ is the scattering vector and A consists of both
instrument and sample dependent terms and can be treated
as a scaling factor. P(q) is a function that describes the
interference effects between X-rays scattered by different parts
of the same scattering body (microdomain) and is dependent
upon both the size and shape of the scattering body.®' S(q) is
a function that describes the interference effects between
X-rays scattered by different scattering bodies in the sample
and depends on their relative positions.®!
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(b) TPU-200

650, (b) MEE-200, (c) MEE-75, and (d) MEE-30.

The form factor of a sphere of radius (R) is given by

(2)

Plg) = { 3 sin(qR) — qR cos(qR)} 2

(qR)?

Zernike—Prins Model. The Zernike—Prins model®® as-
sumes that the positions of the scattering bodies in a medium
can be described in any direction by a distorted one-dimen-
sional statistical lattice

a2
Sgp=—-1"4 ®)
1 — 24 cos(gd) + A

where
2
A= exp{ - %2} (4)

for the case of a Gaussian distribution of nearest-neighbor
distances (d) on the lattice, with standard deviation o.

Hermans Orientation Parameter. The orientation of the
platelets during tensile deformation was expected to be an
important factor contributing to the tensile properties dis-
played by the nanocomposites.5? ¢4 The Hermans orientation
parameter (/%6 was used to assess the orientation of the
different sized fillers during tensile deformation and is given
by the following equation

_ 3leos’ @O0 1

5 (6))

where

fo ”/21 cos2 O sin © dO
Gos® O= — (6)
j; I sin © d©

The value of fis equal to 1 or —'/2 when the orientation of the
system is completely aligned along 77/2 or 0 directions, respec-
tively, and f = 0 when the system is completely random.

Results

Silicate Size and Nanocomposite Structure. TEM
images of the nanocomposites containing the four size
fractions of MEE are displayed in Figure 2. The mean
effective diameter of the different size fractions was
measured in the nanocomposites to be approximately
30, 75, 200, and 650 nm using the method described by
Fornes and Paul.?® The size statistics of the silicates are
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Table 1. TEM Size Statistics

interparticle no. of particles
diameter (nm)  distance (nm) counted
MEE-30 29 4+ 17 27 564
MEE-75 75 + 36 68 420
MEE-200 203 + 191 122 374
MEE-650 644 4+ 526 177 504

given in Table 1, and from this point onward the
silicates and nanocomposites containing them will be
referred to as MEE-X and TPU-X, respectively, where
X = 30, 75, 200, and 650 (i.e., the mean effective
diameter).

In general, the MEE silicates dispersed and delami-
nated well in the TPU because the hydroxyl functional-
ity of the surfactant provided a favorable thermo-
dynamic driving force for TPU intercalation.*6—48 TPU-
650 exhibited an ordered intercalated structure that also
contained larger silicate stacks or tactoids (on the order
of several microns) interdispersed throughout the mate-
rial. The degree of dispersion and delamination was
observed to improve as the diameter decreased. This is
attributed to a reduction in spatial restrictions, tactoid
size of the milled MEE powders, and an increase in
nanofiller mobility. To achieve complete exfoliation, the
volume fraction of layered silicates must be less than
1/aspect ratio.?” In this study, the composites incorpo-
rate 3 wt % of MEE, which equates to approximately 1
vol % inorganic material. This means that only MEE-
30 was spatially capable of fully delaminating at a 3 wt
% loading without experiencing frustrated orientational
freedom. Note that MEE-650 and MEE-200 have inter-
particle distances that are significantly smaller than
their size (Table 1). The large platelet stacks observed
in the composite containing MEE-650 suggest that as
the disk diameter increases, the nanofiller mobility
decreases, making it more difficult for the intercalated
polymer to peel the platelets away from the well-
intercalated tactoids. The milling process most likely
reduced the tactoid size of the milled silicate powders,
further easing their delamination in the TPU.

XRD patterns of the organosilicates are shown in
Figure 3a. The small peak at 1.93° is assigned to a
superstructure composed of alternating high and low
charge layers. The superstructure originates from So-
masif’'s charge heterogeneity that causes different
amounts of alkylammonium ions to intercalate the
layers, and hence monlayer—bilayer or bilayer—pseudot-
rilayer arrangements to occur, depending on the size of
the alkylammonium.?3:68 When regular interstratified
structures form, the superstructure reflection is ob-
served.®?70 Because the superstructure reflection was
not clearly observed in MEE—30 and MEE-75, this
indicates that the ordering of the high and low charge
layers may have become more random during milling.
As the particle size reduced, the peaks became broader
and the signal intensity decreased, which also made it
more difficult to see the superstructure reflection. The
doog reflection at 20 = 3.97° for MEE-650, and at 20 =
4.2° for the milled silicates, is the sum of the scattering
from the two layers and corresponds to an basal spacing
of approximately 22 and 21 A for the nonmilled and
milled silicates, respectively. Thermogravimetric analy-
sis and FTIR results have indicated that the chemical
structure and concentration of the dipolyoxyethyleneco-
comethylammonium surfactant on the silicate surface
did not change during the milling process.?* Instead, the
lower basal spacing of the milled silicates may be a
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Figure 3. XRD patterns of (a) organosilicates and (b) TPU
composites.

result of altered surfactant conformations. The peak at
5.79° is the 003 interference of the superstructure Gi.e.,
5.79°/3 = 1.93°).

XRD patterns of the nanocomposites are shown in
Figure 3b. The basal spacing for the nanocomposites
was _determined from the doo1 peak at 20 = 2.6° to be
34 A, which illustrates the good degree of polymer
intercalation achieved in this system. The basal spacing
is approximately the same in all of the composites,
providing further evidence that the four size fractions
of MEE are thermodynamically equivalent.*6=4% The
decrease in intensity and peak broadening observed
with decreasing diameter and stack size is due to a
reduction in the length and ordering of the repetitive
layer structure.

Tensile Properties. The initial part of the tensile
curves of the nanocomposites is given in Figure 4a. As
expected from composite theory, the modulus of the
composite is observed to increase with platelet size.
Increases in modulus result from the mismatch in the
elastic constants of the filler and polymer. Polymer in
the vicinity of the silicate becomes mechanically re-
strained, enabling a significant proportion of the load
to be transferred to the silicate.’564¢ The amount of
restrained polymer increases with diameter: resulting
in an increase in modulus.

The complete tensile curves of the MEE composites
are given in Figure 4b. The size of the silicates has a
profound effect on the tensile properties. Most notably,
there is a pronounced increase in the upturn of the
stress—strain curve and an increase in tensile strength
associated with decreasing platelet size. The tensile
behavior of TPU-30 is exceptional and resembles more
closely the mechanical characteristics of a highly drawn
poly(urethane—urea) fiber (Lycra or Spandex). There
are a number of possible explanations for this behavior.
First, the small silicates may be able to act as nucleation
sites, thereby enhancing soft segment crystallization.
Second, physical interactions between the polymer and



7390 Finnigan et al.

a) o
Increasing disc

diameter

Stress (MPa)
o
oo
1

0.4 —
0.0 = T T T T
0 2 4 6 8 10
709 (b) Strain (%)
60 — TPU-30
® 50— TPU-75
CEL TPU
= 40
s TPU-200
$ 30
o TPU-650
& 20
10 -
0 T I T I T l T l
0 400 800 1200 1600

Strain (%)

Figure 4. Effect of silicate size on the (a) modulus and (b)
stress—strain curve.

the smaller, more mobile silicates may be strengthening
the TPU by increasing secondary bonding and/or physi-
cal entanglements to reduce slippage during straining.
Third, the silicates may be able to alter the static (or
strained) microphase morphology of the TPU in such a
way that results in improved tensile properties. Such
an alteration to the microphase morphology may be
critically dependent upon the size of the filler. As
mentioned in the Introduction, the dependence of block
copolymer domain size and shape on the platelet size
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has been reported.*!#2 SAXS experiments were therefore
performed as a function of strain in an effort to better
elucidate the mechanisms responsible for the observed
tensile properties in these materials.

Silicate Orientation. 2D SAXS patterns obtained
at the longest camera length are given for TPU-30 as
an example at selected strains in Figure 5a. The initially
isotropic SAXS pattern is observed to become anisotro-
pic as the strain increases. The stripe formed along the
meridian or transverse direction indicates significant
platelet alignment in the direction of strain. The SAXS
data collected at the longest camera length are believed
to be almost entirely due to scattering from the silicates.
This is demonstrated in Figure 5b where it can be seen
that the intensity of the radially averaged 1D scattering
profile from the pure TPU is negligible compared to that
of the composites (TPU-200 shown as an example). The
Hermans orientation parameter, f, was used to assess
the orientation of the silicates during uniaxial deforma-
tion. An example of the azimuthally averaged data used
to calculate f'is shown in Figure 5c. f was calculated at
g = 0.003 A™! and g = 0.005 A~ where scattering is
dominated by the silicates (Figure 5b). The results
obtained were the same for both ¢ values, and it is
believed that f is independent of ¢ in this region. The
orientation parameter is given as a function of strain
in Figure 5d.

In the initial stages of deformation the largest silicate
is observed to align the most in the direction of strain,
followed by the smallest silicate, and finally the inter-
mediate size fractions are the least aligned. As the
specimens were strained further, the smallest silicate
displayed the highest degree of alignment and the
orientation of the intermediate size fractions became
comparable to the largest size fraction. The orientation
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Figure 5. (a) 2D SAXS patterns at selected strains for TPU-30, (b) 1D SAXS profiles illustrating the dominant silicate scattering
and power-law behavior, (¢) azimuthal scan of scattered intensity at g = 0.003 A™! for TPU-200 at selected strains, and (d) Hermans
orientation parameter as a function of strain.
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of the silicates is clearly not a simple function of size
(silicate mobility), but depends also on other factors such
as the initial state of dispersion and spatial restrictions
encountered from neighboring platelets. The higher
spatial restrictions experienced by the larger silicates
are likely to have prevented them from orienting to the
same extent as MEE-30 at high elongation.

TPU Microphase Morphology. SAXS data relating
to the TPU microphase morphology were obtained at
the medium camera length setup. The radially averaged
1D SAXS and SANS profiles of the undeformed materi-
als are shown in Figure 6. The TPU shows an upturn
in intensity at low g followed by a broad peak corre-
sponding to the microphase periodicity in the material.l”
In the SANS nanocomposite profiles, the P(q) scattering
contribution from the silicates is only evident at low ¢
as an increased upturn in the intensity, whereas this
contribution is more significant in the SAXS nanocom-
posite profiles. This is because the neutron scattering
length density of the silicates is comparable to that of
the TPU hard segment, whereas the X-ray scattering
length density of the silicate is much higher than that
of the TPU. While SANS had an advantage for studying
the static TPU morphology in the nanocomposites, the
disadvantage of SANS in this study was that the data
collection time was significantly longer. For this reason
SANS was not used to study the morphological response
to tensile deformation because substantial relaxation of
the polymer would occur during the measurements.

Zernike—Prins (ZP) Analysis. To fit the SAXS
nanocomposite profiles with the ZP model, it was
necessary to estimate and subtract the silicate scatter-
ing. Layered silicates exhibit a power-law dependence
at q less than the doo; or interlayer spacing, I(q) = Aq™.57
This dependence was determined for each of the com-
posites from the data obtained at the longest camera
length where the TPU scattering was negligible (see
Figure 5b). The silicate scattering was then subtracted,
and an example of this, along with the ZP fit to the data,
is shown for TPU-200 in Figure 7. The approximation
and subtraction of the silicate scattering are thought
to be reasonable, and the ZP model was able to ac-
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Figure 7. Example Zernike—Prins fits for TPU and TPU-200
following subtraction of silicate scattering. TPU-200 curves
have been shifted vertically for clarity.

Table 2. Morphological Data Obtained from
Zernike—Prins Fits of SANS Data

Zernike—Prins model

d (nm) R (nm) old
uncertainty® +0.5 +0.5 + 0.05
TPU 8.5 3.5 0.66
TPU-30 10.4 3.1 0.49
TPU-75 10.2 3.1 0.50
TPU-200 8.4 3.2 0.63
TPU-650 9.5 34 0.63

¢ Expected uncertainty due to sample variations and curve
fitting.

curately reproduce the scattering peak and high ¢ data.
This model, however, was unable to reproduce the
upturn in intensity at low g, consistent with previous
findings.5%-60

In addition, the model data contain a small minima
centered at approximately ¢ = 0.13 A~1, which is not
present in the scattering data (Figure 7). This minima
is due to the assumption of a monodisperse spherical
form factor. The use of a polydisperse form factor smears
out the minima; however, the solution to the model is
more complex, and an additional fitting parameter is
introduced that cannot be solved independently.??7!
Polydisperse sphere modeling was attempted here, and
while the minima was smeared out, no additional
insight was gained.

The morphological data obtained from the ZP analysis
of the SANS data are given in Table 2. In all materials,
the interdomain spacing (d) and radius of the hard
domains (R) were estimated to be approximately 10 and
3.3 nm, respectively. The SAXS results are consistent
with this and are presented later in Table 3. The
Percus—Yevick model, while not discussed in depth
here, was equally able to fit the scattering data. An R
value of 3.3 nm was also estimated by the Percus—
Yevick model, and the hard domain volume fraction was
estimated to be 0.23 out of a possible 0.3, indicating that
approximately 77% of the hard segments are present
in the hard domains. The volume fraction of hard
segment participating in the hard domains reported
here is significantly higher than that reported by Laity
for compression-molded TPUs based on PTMO/MDI/
BDO.%¢

Strained Morphology. 1D SAXS profiles for the
pure TPU averaged over 10° sectors in the strain and
transverse directions are given in Figure 8 along with
7P fits to the data. Previously, morphological changes
had only been followed to 150% strain using the ZP
model due to limitations of the straining apparatus.?6
Here the ZP model was applied at a number of intervals
up to 300% strain as well as at two high strains, 800%
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Table 3. Morphological Data Obtained from Zernike—Prins Fits of SAXS Data

strain direction

transverse direction

strain (%) d (nm) R (nm) old d (nm) R (nm) old
uncertainty® +0.5 + 0.5 + 0.05 +0.5 +0.5 + 0.05
0 TPU 9.9 3.4 0.56 10.1 3.5 0.55
TPU-30 9.3 3.2 0.63 9.2 3.2 0.63
TPU-75 9.5 3.3 0.55 9.6 3.3 0.56
TPU-200 10.2 3.4 0.55 10.2 3.4 0.54
TPU-650 10.2 3.3 0.57 10.2 3.3 0.56
100 TPU 20.1 3.7 0.69 6.7 3.0 0.66
TPU-30 12.5 3.3 0.79 6.0 2.7 0.82
TPU-75 15.2 3.4 0.62 6.6 3.0 0.60
TPU-200 15.5 3.4 0.62 6.8 2.9 0.74
TPU-650 14.5 3.4 0.68 7.7 2.9 0.74
800 TPU 9.6 3.3 0.67
TPU-30 10.2 3.3 0.69
TPU-75 11.0 3.3 0.59
TPU-200 11.2 3.3 0.55
TPU-650 10.9 3.4 0.54
1200 TPU 11.5 3.2 0.58
TPU-30 10.6 3.2 0.82
TPU-75 11.8 3.2 0.66
TPU-200 9.7 3.2 0.72
TPU-650 10.3 3.2 0.67

@ Expected uncertainty due to sample variations and curve fitting.
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Figure 8. SAXS intensity of pure TPU averaged over 10°
sectors and the associated Zernike—Prins fits in the (a) strain
and (b) transverse directions.

and 1200%, where differences in the morphology of the
TPU and nanocomposites may be expected on the basis
of the tensile curves shown in Figure 4. The ZP model
was able to reproduce the scattering peak and high q
data over the entire strain range in the direction of
strain. The ZP model was unable to fit the data in the
transverse direction at high strains because the scat-
tering peak had diminished, indicating that correlations
between the hard segment structures had ceased to exist
in the transverse direction.

1D SAXS profiles of the nanocomposites containing
the smallest and largest silicates prior to silicate scat-
tering subtraction are given in Figure 9. For compari-
son, SAXS profiles for the TPU host polymer at low
(100%) and high (1200%) strain are also provided. These

results suggest that the layered silicates do not have a
significant effect on the TPU microphase morphology
response to deformation, regardless of their size. Note
that the small peak observed at g = 0.2 A~! for TPU-
650 in the transverse direction is attributed to the basal
spacing. Silicate scattering was subtracted in the same
way as the unstrained samples, and the ZP fitting
results obtained after the subtractions are tabulated in
Table 3. The d and R values presented in Table 3 are
similar for all of the materials, providing further
evidence that the layered silicates did not have a
significant effect on TPU microphase deformation.

The d values determined from the ZP fitting of the
TPU host polymer are presented graphically in Figure
10. The solid lines in Figure 10 represent the expected
d spacings for nondeformable domains undergoing affine
deformation. The interdomain spacing is observed to
increase in the strain direction up to 100% strain as
deformation takes place predominately in the soft phase.
Above 100% strain, d decreases in the strain direction,
indicating that the domains are fragmenting into smaller
structures. A decrease in d is observed at all strains in
the transverse direction as expected for uniaxial flow.
The R values presented in Table 3 are approximately
the same in the strain and transverse directions prior
to deformation.This indicates that the hard domains are
either approximately spherical or randomly oriented
and anisotropic. Laity et al.26 observed an increase in
R in the direction of strain and a decrease in R in the
transverse direction, at low elongation. This behavior
was attributed to the alignment of the long axis of
anisotropic domains in the direction of strain, as op-
posed to hard domain elongation. This was a reasonable
assumption given the higher modulus of the hard phase
and because the features of the 2D scattering pattern
at low strains can be reproduced by nondeformable
spheres on a statistical lattice subjected to affine
deformation.?3 In this study, R did not change signifi-
cantly over the entire strain range, as might be expected
during hard domain breakup. The data fitting was more
sensitive to the position of the peak in the scattering
profile, and hence the interdomain spacing (d), than to
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Figure 9. 1D SAXS profiles of TPU, TPU-30, and TPU-650 at low strain (100%) and high strain (1200%) prior to silicate scattering

subtraction in the (a) strain and (b) transverse directions.
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Figure 10. Average interdomain spacing of the pure TPU in
the strain and transverse directions determined from the
Zernike—Prins model. Solid lines represent expected values
based on affine deformation.

the form factor contribution and hence the domain size
(R).

While the ZP model does not provide insight as to
whether the hard domains are approximately spherical
or anisotropic, the small deviation between model and
data at low elongation (50—100% strain) might indicate
that the hard domains possess some degree of anisot-
ropy. This is because the spherical domain assumption
is only an approximation for randomly oriented aniso-
tropic scattering bodies, and at low elongation aniso-
tropic hard domains would be presumably aligned with
their long axis in the direction of strain direction prior
to their destruction.

Strain-Induced Soft Segment Crystallization. It
was considered that the layered silicates may have an
effect on the strain-induced crystallization of the soft
segment and therefore the stress—strain properties of
the TPU. The data collected in these experiments (data
not shown) at the shortest camera length (0.1 A™! < ¢
< 2.6 A71) did not reveal any soft segment crystalliza-
tion taking place during extension for any of the
materials, thereby eliminating it as a possible cause for
the observed tensile properties. Soft segment crystal-
lization was observed by Yeh et al.25 in a poly(urethane—

urea) containing a PTMO soft segment of M,, = 1800
g/mol. In this study a PTMO of M, = 1000 g/mol was
utilized, which may have been sufficiently above its
melting temperature to prevent strain-induced soft
segment crystallization from taking place.

Discussion

The microphase morphology of TPUs has often been
regarded as lamellar in the analysis of scattering data.
Hard-sphere models have also been employed to analyze
scattering data from various polyurethanes.10.26:56-60
Most notably, hard-sphere models based on a Zernike-
Prins type lattice and the Percus—Yevick liquid struc-
ture have been found to be consistent with the scatter-
ing from PTMO/MDI/BDO-based TPUs.2658 These models
were found to accurately fit the scattering peak and high
q data of the TPU studied here. This is not to say that
the microdomains of this TPU should necessarily be
considered as spherical. Laity®® pointed out that these
models may also be used to provide insight into the
microstructure from TPUs that contain short, meander-
ing, cylindrical or lamellar-type domains. The schemat-
ics shown in Figure 11 were developed in view of the
composition and segment polydispersity of the TPU, the
absence of any hard segment crystallization due to the
solution casting and annealing process,?? and the scat-
tering analysis. These schematics were also influenced
by Koberstein’s partial miscibility model,?16 in which
the longer hard segment sequences are forced to fold
and reenter the domains, while shorter segments and
single MDI units are soluble in the soft phase. This
model illustrates that there is a significant proportion
of hard segments present in the soft phase: a point often
overlooked.

The schematic of the TPU-30 nanocomposite illus-
trates that even in the case of the smallest silicate
studied here, the size scale of the microphase structure
is still approximately one-third of the size of the filler
particles and is an order of magnitude smaller than the
larger particles. This is important to note because
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N

previously montmorillonite silicates approximately 100—
200 nm in size have been represented on a length scale
equivalent to that of the polyurethane microstructure.”
Another important finding is that the hard micro-
domains are incapable of fitting in the interlayer spac-
ing. This may indicate that the PTMO-rich phase
occupies the interlayer spacing. While the SAXS and
SANS results presented here have shown that the bulk
TPU morphology is unchanged by the presence of these
layered silicates, it is still expected that there may be
differences at the polymer—filler interface and in the
interlayer, which are not detected by these scattering
techniques. As yet, we have been unable to obtain TEM
images that are representative of the microstructure of
this TPU, let alone visualize the TPU—filler interface.
In future studies, these layered silicates will be incor-
porated into a recently synthesized polyurethane with
monodisperse segments in which a globular-like domain
morphology has been observed via TEM.”3

In previous studies the ZP model had only been
applied to the initial part of the stress—strain curve.?6
In this work the ZP model was used to fit the entire
tensile curves of these materials. While the model
adequately fit the high strain data in the strain direc-
tion, it should be mentioned that the spherical domain
assumption becomes less valid at high strain where the
scattering is expected to arise from correlations between
elongated hard segment-rich structures, as opposed to
hard domains. Nevertheless, the results obtained from
the fitting combined with the direct visualization of the
1D scattering profiles have shown that the layered
silicates did not have an observable effect on the
morphological response of the TPU to deformation.

At high elongation the ability of the silicates to align
in the direction of strain appears to be of great impor-
tance. In this study the smallest size fraction, MEE-
30, was found to be more aligned than the larger
silicates at high strain, presumably because of the lower
spatial restrictions encountered in comparison to its
larger counterparts. Large tactoids present in TPU-650,
and to a lesser extent TPU-200, are less mobile and
unable to align in the strain direction. Tactoids and
unaligned platelets lead to tensile stresses between the
polymer and filler resulting in void formation. Evidence
for this is provided in the TEM image in Figure 12 from
a nonmilled Somasif ME100 composite microtomed at
the site of tensile failure. A void can be clearly observed
at the site of the unaligned tactoid. More conclusive

Macromolecules, Vol. 38, No. 17, 2005
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Figure 12. TEM image illustrating void formation at the site
of an unaligned tactoid. Sample was microtomed at the site of
tensile failure.

evidence for this mechanism was provided by the
visualization of stress whitening in TPU-650, and to a
lesser extent in TPU-200, which is indicative of void
formation.” The pure TPU and the TPU-30 and TPU-
75 nanocomposites remained relatively transparent
throughout the tensile test. In the case of aligned
silicates there are instead shear stresses as opposed to
tensile stresses between the polymer and silicate, al-
lowing for more effective stress transfer from the
polymer to the filler.55

Also of importance is the interparticle distance at high
strain. The silicates in TPU-30 and TPU-650 initially
have an interparticle distance of ~30 and ~180 nm,
respectively (Table 1). Assuming affine deformation, at
800% strain, the interparticle distance for MEE-30
would be expected to be 240 and 10 nm in the strain
and transverse directions, respectively, while MEE-650
would have interparticle distances of 1600 and 60 nm
in these directions, respectively. Clearly, a decrease in
size leads to a reduction in interparticle distance and a
significant increase in the amount of polymer influenced
by the silicates at high strain. This is illustrated in the
high strain schematics provided in Figure 13 (note the
different scale bars employed). Therefore, as the size
decreases, the stress transfer to the filler increases and
polymer chain slippage is simultaneously reduced.
While the polymer becomes more restrained with in-
creasing diameter, the amount of polymer influenced
by the silicates at high strain is insufficient to bring
about the pronounced upturn in the tensile curve
observed in TPU-30 and TPU-75. Also, as the size of
the silicates increase, the presence of tactoids and voids
acts to reduce the tensile properties, thereby countering
any benefit possible from the larger fillers.
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Figure 13. High-strain schematics of (a) TPU-30 and (b) TPU-650.

The interaction between the TPU and the filler is also
a key factor in generating an upturn in the stress—
strain curve. The dipolyoxyethylenemethylammonium
surfactant allows for good silicate dispersion and hy-
drogen bonding to take place between the filler and the
urethane-rich hard segment sequences and, to a lesser
extent, the ether oxygens in the soft segment. It is
believed that it is the hydrogen bonding between the
polymer and filler that enables good stress transfer from
the polymer to the filler and reduced chain slippage for
strain hardening to occur. We have prepared composites
containing silicates that are 30 nm in size with various
surfactants, and only those that provide sufficient
hydrogen bonding potential are able to promote an
upturn in the stress—strain curve.

Summary

In summary, the findings of the SAXS/SANS studies
are that the layered silicates do not have an observable
effect on the microphase separation process during
solution casting and annealing, nor do they affect the
morphological response of the TPU to deformation,
regardless of the platelet sizes studied here. In passing
it would be quite desirable to investigate the effect of
silicates that are smaller in size than the interdomain
spacing (<10 nm) on the morphology and properties.

In terms of the stress—strain response it is proposed
that the layered silicates have the following effects. At
very low strains the layered silicates are able to increase
the stiffness of the TPU through mechanical restrain-
ment and hydrodynamic effects that increase with the
diameter.55:63.6¢ At intermediate strains the microphase
structure dominates the properties, and the layered
silicates have little influence on the stress—strain
response. It is not until high elongation when the
domain structure is disassembled and the silicates are
well aligned that they are capable of interacting with
the individual segments and imposing a significant
influence on the tensile properties.
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