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ABSTRACT: Polyurethane (PU) composites incorporating
Cloisite 15A (15A) were prepared via melt compounding
and solvent casting. The melt-compounded composites had
better dispersion and a smaller silicate stack size as a result
of the higher shear forces associated with twin-screw extru-
sion. The PU microphase separation and hard domain order
were greater in the melt-processed materials. At the concen-
trations of 15A employed in this study (�7 wt %), the filler
did not have an observable effect on the microphase texture
of either the solvent- or melt-processed PU. The tensile
properties of the melt-compounded materials were lower

than those of their solvent-cast counterparts because of ther-
mal degradation. The solvent-cast composite containing a 3
wt % loading of 15A displayed improved tensile strength
and elongation, primarily because of plasticization by the
silicate organic treatment. The addition of layered silicates
with high aspect ratios increased the hysteresis and perma-
nent set of this PU elastomer. © 2005 Wiley Periodicals, Inc.
J Appl Polym Sci 97: 300–309, 2005
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INTRODUCTION

Thermoplastic polyurethanes (TPUs) are linear block
copolymers consisting of alternating hard and soft
segments. The hard segment is composed of alternat-
ing diisocyanate and chain-extender molecules (i.e.,
diol or diamine), whereas the soft segment is formed
from a linear, long-chain diol. Phase separation occurs
in TPUs because of the thermodynamic incompatibil-
ity of the hard and soft segments. The segments ag-
gregate into microdomains, and this results in a struc-
ture consisting of glassy or semicrystalline hard do-
mains and rubbery, soft domains that are below and
above their glass-transition temperatures (Tg’s) at
room temperature, respectively. The hard domains act
as physical crosslinks and impart elastomeric proper-
ties to the soft phase. Because of the absence of chem-
ical crosslinking, TPUs are able to be processed via
melt and solution methods.

Polymeric nanocomposites incorporating nanosized
layered silicates have attracted a great deal of interest
in recent years. Improvements in the mechanical, ther-
mal, and barrier properties have been reported at very
low filler concentrations (�1–5 wt %).1–5 Although the
mechanisms behind these improvements are not fully
understood at present, it is evident that the altered

properties of these materials are related to changes in
polymer molecular dynamics6,7 and crystallinity,8 in
addition to traditional filler reinforcement. An im-
proved understanding of these mechanisms is desired
to enable the design of materials with customized
property profiles.

TPU nanocomposites represent a fascinating system
for study because of the already complex microphase
structure of TPUs. Recent investigations have shown
that layered silicates can have a significant impact on the
microphase structure of block copolymers.9,10 Studies of
polyurethane (PU) nanocomposites to date have largely
overlooked the effect of the layered silicates on the un-
derlying microdomain texture.11–16 Previously, we in-
vestigated the effect of a layered silicate with a hydro-
philic surface modification on the morphology and
properties of two TPU host polymers varying in the
hard-segment/soft-segment composition ratio.17 In this
study, TPU composites were prepared via twin-screw
extrusion and solvent casting through the incorporation
of Cloisite 15A (15A), a commercially available layered
silicate with a relatively hydrophobic surface modifica-
tion. The effect of this layered silicate on the microphase
morphology and properties of the TPU was investigated
in an effort to enhance the understanding of this class of
materials.

EXPERIMENTAL

Materials

The PU employed in this study consisted of a 1000
g/mol poly(tetramethylene oxide) (PTMO) soft seg-

Correspondence to: D. Martin (darrenm@cheque.uq.edu.au).
Contract grant sponsor: University of Queensland

(through a Postgraduate Research Scholarship).

Journal of Applied Polymer Science, Vol. 97, 300–309 (2005)
© 2005 Wiley Periodicals, Inc.



ment and a 4,4�-methylene diphenyl diisocyanate
(MDI) and 1,4-butanediol (BDO) hard segment. The
hard-segment concentration was 35 wt %, and this
resulted in a soft elastomer with a Shore hardness of
80A. PU was supplied by Urethane Compounds (Mel-
bourne, Australia).

The Cloisite series of organosilicates (Southern Clay
Products, Gonzales, TX) is based on a natural mont-
morillonite with a cation-exchange capacity of 0.92
mequiv/g. 15A has a 1.25 mequiv/g dimethyl dital-
low ammonium modification, and the tallow compo-
sition is approximately 65% C18, 30% C16, and 5% C14.
15A was dried in a vacuum oven at 80°C for 12 h
before use.

Preparation

Melt compounding

PU and 15A were compounded in a Haake mini twin-
screw extruder (Rheology Solutions, Melbourne, Aus-
tralia) at a screw speed of 40 rpm and at a barrel
temperature of 210°C. The extrudate was then com-
pression-molded at 210°C for 3 min and cooled to
room temperature for 3 min more.

Solvent casting

A 5 wt % solution of dried 15A in toluene was ultra-
sonicated for 2 min before being added to a 5 wt %
solution of PU in dimethylacetamide (DMAc). The
combined solution was then mixed vigorously for 1
min in a high-shear homogenizer, and this was fol-
lowed by stirring for 1 h at room temperature with a
magnetic stirrer. The mixture was then ultrasonicated
for 2 min, and the films were immediately cast onto
glass plates. The films were dried under a nitrogen
atmosphere at 50°C for 36 h and subsequently dried in
vacuo at 50°C for 12 h.

The solvent-cast and melt-compounded films, with
thicknesses of approximately 0.5 and 1 mm, respec-
tively, were then annealed in vacuo at 80°C for 12 h
and left for 1 month before characterization. Compos-
ites with 15A loadings of 3 and 7 wt % were prepared.

Characterization

The molecular weights of the PUs were determined by
gel permeation chromatography on a Waters Alliance

2690 separations module (Milford, MA). High perfor-
mance liquid chromatography grade DMAc contain-
ing 0.03 wt % LiCl was used as the eluent, and two
Styragel columns (3 HT and 6E HT, with effective
molecular weight ranges of 500–30,000 and 5000 to 1
� 107, respectively) were used for separation. Polysty-
rene standards were used for calibration (Pressure
Chemical Co., Pittsburgh, PA).

Differential scanning calorimetry (DSC) measure-
ments were performed on a TA Instruments 2920
MDSC instrument. The sample weight was approxi-
mately 10 mg, and the heating rate was 10°C/min
from �100 to 300°C.

Dynamic mechanical measurements were made
with a Rheometric Scientific DMTA IV dynamic ther-
mal mechanical analyzer (New Castle, DE) equipped
with a tensile head and reducing force option. The
analysis was performed at a frequency of 2 Hz and a
heating rate of 2°C/min from �100 to 110°C.

Wide-angle X-ray diffraction (WAXD) analysis was
carried out on a Bruker D8 Advance X-ray diffractom-
eter (Karlsruhe, Germany) with Cu K� radiation gen-
erated at 40 kV and 30 mA. The samples were scanned
at 2.4°/min in the range of 2� � 1–40° with a step size
of 0.02°. The 15A powder was lightly pressed and
flattened to obtain a smooth surface before testing.

Small-angle X-ray scattering (SAXS) measurements
were performed on a camera at the Australian Na-
tional University with Cu K� with � � 1.54 Å. The
specifications of this instrument have been described
elsewhere.18 The scattering intensity was corrected for
the detector sensitivity, electronic background, sample
transmission, and sample thickness.

Transmission electron microscopy (TEM) samples
were cut on a Leica Ultracut S ultramicrotome (Wet-
zlar, Germany) with a glass knife at �100°C and were
collected on 400-mesh copper grids. Images were ob-
tained with a JEOL JEM 1010 TEM instrument (Pea-
body, MA) operated at 100 keV.

Tensile and hysteresis tests were carried out at 25°C
on an Instron model 4505 universal testing machine
(Canton, MA) with five replicates of each material.

Figure 1 WAXD intensity profiles (MC � melt-com-
pounded, SC � solvent-cast).

TABLE I
Effect of Processing on Host PU Molecular Weight

PU

Mn PDI

As received 216,000 1.8
Solvent-cast 121,000 1.7
Melt-compounded 66,000 2.0
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Dumbbells were punched from an ATSM D 638-M-3
die. A crosshead speed of 5 mm/min was employed,
and pneumatic grips were used to prevent slippage.
Young’s modulus was calculated from the slope at 0%
strain on the tensile curve. The reported hysteresis
values were measured on the fifth loading–unloading
cycle. The permanent set was taken as the strain at
which the zero load was measured on the unloading
cycle.

RESULTS AND DISCUSSION

PU molecular weight

The number-average molecular weights (Mn’s) and
polydispersity indices (PDIs) of the host polymer be-
fore and after processing via solvent casting and melt
compounding are given in Table I. The molecular
weights of the composites were not determined to
eliminate the possibly of layered silicates entering the
separation columns. A significant decrease in Mn oc-
curred during both solvent casting and melt com-
pounding. The ultrasonic probe was identified as the
cause of this decrease in the solvent-cast materials,
whereas thermal and thermooxidative degradation
processes associated with the melt processing of this
class of PUs were responsible for the molecular weight
reduction in the melt-compounded materials.19,20 Fur-

thermore, small extruders have been reported to im-
pose a harsher environment on polymers than their
larger counterparts because the ratio of the surface
area to the volume increases with decreasing extruder
size.21 In addition to the effects of the small extruder
used in this study, the PU did not contain any stabi-
lizing additives.

X-ray diffraction

WAXD patterns of the composites and the pure or-
ganosilicate are shown in Figure 1. All the composites
exhibited a well-defined diffraction peak (d001) at 2�
� 2.6°, corresponding to the regular interlayer spacing
of the organosilicate platelets. The second (d002) reflec-
tion of this structure was also visible. An increase in
the interlayer spacing is usually indicative of an inter-
calated structure (alternating polymer and silicate lay-
ers).2 In this case, the small increase in the interlayer
spacing from approximately 32.5 (15A) to 34.5 Å (com-
posite) suggests that very little, if any, polymer inter-
calated the interlayer spacing. 15A is produced with
an excess of a quaternary ammonium surfactant,
which is not ion-exchanged to the silicate surface. Vaia
et al.22 postulated that the majority of the excess 15A
surfactant is removed from the interlayer in a toluene
solution. It is conceivable that the excess surfactant

Figure 2 TEM images of solvent-cast nanocomposites: (left) 3 wt % 15A and (right) 7 wt % 15A.

Figure 3 TEM images of melt-compounded nanocomposites: (left) 3 wt % 15A and (right) 7 wt % 15A.
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was replaced by PU. Regardless of whether PU en-
tered the interlayer or not, the small change in the
interlayer spacing illustrates the low driving force for
intercalation between relatively hydrophobic 15A and
more hydrophilic PU.

TEM

TEM images of the composites prepared via solvent
and melt processing are displayed in Figures 2 and 3,
respectively. These images reveal a structure consist-
ing of stacks of organosilicates, rather single interca-
lated platelets. Although the processing route did not
affect the interlayer spacing measured by WAXD, it is
evident from the TEM images that the stacks were
smaller and more evenly distributed in the composites
prepared by melt compounding. The smaller stack
sizes in the melt-compounded composites were also
detected qualitatively by the slightly broader full
width at half-maximum values obtained from the

WAXD d001 diffraction peaks.22 The smaller stack size
achieved by melt compounding was a result of the
higher shear stresses associated with this processing
technique, which promoted the fracturing of layered
silicate stacks.23 The voids that can observed in the
images of the solvent-cast samples are not associated
with this processing method. The voids resulted from
prolonged exposure to the electron beam.

DSC

DSC thermograms are shown in Figure 4, and a sum-
mary of the DSC features is given in Table II. Strong
soft-segment glass transitions at approximately �55
and �52°C were evident for the melt-compounded
and solvent-cast materials, respectively. The higher Tg

values of the solvent-cast materials and the smaller
heat capacity step (�Cp) associated with the transition
indicated that there were more hard segments present
in the soft phase, and this hindered molecular motion.
The addition of 15A did not have an observable affect
on Tg, �Cp, or the temperature range over which the
transition occurred. Dynamic mechanical thermal
analysis (DMTA) provides a more sensitive measure
of this transition, and these results are discussed later.

There have been numerous studies of the multiple
endothermic behavior of segmented PUs.24–29 The size
and position of the melting endotherms have been
linked to various factors, including the segment
length,25,30,31 hard-segment/soft-segment ratio,30,32

and thermal history.25,33,34 The endotherms identified
in this study are labeled T1 and T2, in agreement with
the nomenclature used in our previous study.17

A T1 endotherm was observable at approximately
68°C in the materials prepared by solvent casting.
Endotherms occurring in the vicinity of this tempera-
ture have been attributed to various phenomena, in-
cluding enthalpy relaxation,28 the disordering of sin-
gle MDI hard segments,25,31 and the disordering of
nonideally packed NOH. . .OAC hard segments in
the interfacial region between the soft and hard

Figure 4 DSC thermograms (MC � melt-compounded, SC
� solvent-cast).

TABLE II
Summary of Heating Curves

15A content

Endotherm peaks Exotherm

Tg(soft) (°C) �Cp (J/g/°C) T1 (°C) T2 (°C) Hard-phase �H (J/g)a,b Peak (°C) �H (J/g)b

0% SC �52 0.40 68 113 130 21.3 � 3.6 177.5 5.3 � 0.9
3% SC �52 0.40 68 110 130 19.9 � 1.6 158 4.9 � 1.0
7% SC �52 0.40 68 113 136 22.8 � 3.7 — —
0% MC �55 0.44 — 107 144 27.5 � 5.5 — —
3% MC �55 0.44 — 101 143 36.6 � 3.7 — —
7% MC �55 0.44 — 99 141 30.6 � 6.0 — —

a Enthalpy of fusion values were the sum of the T1 and T2 melting enthalpies.
b Enthalpies were calculated per gram of hard segment (not per gram of sample).
SC � solvent-cast; MC � melt-compounded.
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phases.35 The absence of this endotherm in the melt-
compounded materials provided evidence for in-
creased phase separation via this processing route.

A bimodal T2 endotherm occurring in the temper-
ature range of 100–150°C was observed for all sam-
ples. The first of the endotherms (100–110°C), the
so-called annealing endotherm, occurred approxi-
mately 20–30°C above the annealing temperature.25–27

To confirm this assignment, we further annealed the
samples at 110°C, and this resulted in the merging of
the two endotherms at approximately 130–140°C (en-
dotherms not shown). Although there is still some
speculation surrounding the origin of this endotherm,
a relatively recent study proposed that this endotherm
is due to an enthalpy relaxation of the amorphous
hard segment.36 The second of the endotherms could
be attributed to the disordering of the hard segments.
The sum of the enthalpies associated with the T1 and
T2 endotherms was larger for the melt-compounded
materials, and this is further evidence for more orga-
nized hard domains. The addition of 15A did not
affect the enthalpy associated with the endotherms.

A broad exotherm was observed immediately after
the T2 endotherms in the host polymer and the com-

posite containing 3 wt % 15A and prepared by solvent
casting. The temperature associated with this transi-
tion decreased at a 3 wt % loading of 15A, and the
exotherm vanished completely at the 7 wt % loading.
Interestingly, the energy associated with this transi-
tion did not change at the intermediate 3 wt % loading
of 15A. At present, the origin of this behavior is un-
clear. There were no subsequent melting endotherms
as would be expected if this were a crystallization
process. Instead, this exotherm may be related to con-
formational changes taking place in the hard phase
after the melting endotherms. Heated SAXS/small-
angle neutron scattering studies are being considered
to help identify the nature of this exotherm.

Dynamic mechanical properties

The dissipation factor (tan �) and storage modulus (E�)
curves determined by DMTA are presented in Figure
5. Tan � is equal to E�/E�, where E� is the loss modu-
lus. The tan � peak is associated with the soft-segment
glass-transition temperature (Tg(soft)), and the peak po-
sitions are given in Table III. Tg measured via DMTA
shifted to higher temperatures with respect to that
measured by DSC because of its dependence on the
frequency. In agreement with the DSC results, Tg(soft)
of the host polymer occurred at a higher temperature
when it was prepared by solvent casting. This indi-
cates that there were more hard segments present in
the soft phase, and they hindered molecular motion.
The presence of hard segments in the soft phase led to
an increase in Tg(soft) in much the same way that the
crystalline portion of semicrystalline polymers in-
creases Tg of the amorphous fraction.37 The hard-seg-
ment Tg is often difficult to detect in this type of PU,38

and it was not clearly observed for any of the materials
studied here. In this case, the transition was probably
gradual because of the broad distribution in the hard-
segment lengths resulting from the one-step bulk po-
lymerization.39

The addition of 15A did not alter Tg(soft) of the
composites, with the exception of the 7 wt % 15A
solvent-cast sample, which displayed an increase in
Tg. Organosilicates similar to 15A have been observed
to impart competing effects on polymer relaxation
behavior.40,41 The layered silicates act to restrict mo-

Figure 5 Dynamic mechanical data as a function of tem-
perature: (a) tan � and (b) E� (MC � melt-compounded, SC
� solvent-cast).

TABLE III
Tg(soft) Values Determined from DMTA

15A content
(wt %)

Tg(soft)

MC SC

0 �39 �37
3 �39 �36
7 �38 �32

MC � melt-compounded; SC � solvent-cast.
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lecular motion, whereas the alkylammonium surfac-
tant plasticizes the polymer. Any increases in Tg that
could be expected from the addition of the filler may
have been offset by the plasticizing effect of the 15A
surfactant. It should also be considered that fillers can
loosen the molecular packing of the polymer chains
and shift Tg to lower temperatures.42

E� of the host PU at room temperature was higher
when it was prepared by melt compounding. This was
probably because the hard microdomains were more
cohesive, and this enhanced their fillerlike reinforce-
ment and physical crosslinking capability. E� in-
creased slightly with the 15A concentration. Increases
in the modulus resulted from the mismatch in the
elastic constants of the polymer and filler.43 Improve-
ments in stiffness were slightly larger for the melt-
compounded composites, presumably because of the
better silicate dispersion and larger effective aspect
ratio of the organosilicate stacks.44 The decrease in the
height of the tan � peak with increasing filler content
was a result of the increase in E� rather than a decrease
in E� (E� curves not shown).

SAXS

SAXS patterns of the host polymers and composites
are given in Figure 6. The scattering peak at q 	 0.18
Å�1 corresponded to the interlayer spacing of the
organosilicate platelets and was approximately 0.5–1
Å�1 larger than that measured by WAXD. In addition

to the concentration of the scatterers, the orientation of
the platelets has a large effect on the scattering inten-
sity observed for a given scattering geometry.22 The 3
wt % 15A melt-compounded composite scattered
more strongly than the 7 wt % solvent-cast composite
in transmission. This result suggests that melt process-
ing and solvent processing give rise to different ori-
entational stack distributions.22

The peak at q 	 0.05 Å�1 corresponded to scattering
from the periodicity in the PU microdomain structure.
The simplest way of estimating the periodicity or in-
terdomain spacing (d) is through the application of
Bragg’s equation (d � 2�/qmax, where qmax is the
maximum in the scattering curve). The d-spacings ob-
tained from the I(q)–q curves and Lorentz-corrected
[q2I(q) vs q] curves are given in Table IV. The reason-
ing for measuring the d-spacings from two styles of
plots will be discussed shortly. First, the solvent-cast
materials had slightly larger d-spacings than their
melt-compounded counterparts. The d values ob-
tained from the I(q)–q data suggests that there was also
a slight increase in d with increasing 15A content,
whereas the Lorentz-corrected data showed no change
in the periodicity upon filler addition. The apparent
increase in the d-spacing upon the addition of 15A
from the I(q)–q plot is believed to be a result of the
contribution from the lamellar silicate scattering,
which showed a power-law dependence (I � qm, m

 �2) in this region.22 The Lorentz correction is rec-
ommended for lamellar scattering, and so it seems
reasonable to assume that the microphase periodicity
was unaffected by the filler at these concentrations.

The intensity of the PU peak is related to the degree
of microphase separation. Referring back to Figure 6,
we can see that the melt-compounded samples were
slightly more phase-separated than those prepared by
solvent casting. This agreed with the DSC and DMTA
results, which showed the solvent-cast materials to
have slightly less hard domain order and higher
Tg(soft) values. Phase separation occurred as a result of
the incompatibility between the hard and soft seg-
ments. It is believed that the solvent-cast materials
were not as well phase-separated as the melt-com-

Figure 6 SAXS patterns (MC � melt-compounded, SC
� solvent-cast).

TABLE IV
Interdomain Spacings

15A content

Interdomain spacing (nm)

I(q) versus q q2 I(q) versus q

0% SC 13.7 10.5
3% SC 14.4 10.5
7% SC 15.2 10.5
0% MC 12.3 10.0
3% MC 13.0 10.0
7% MC 13.3 10.0

SC � solvent-cast; MC � melt-compounded; I � scatter-
ing intensity; q � scattering vector.
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pounded materials because of the DMAc solvent used
during casting. The solubility parameter of DMAc was
between those of PTMO and MDI/BDO, as shown in
Table V.45,46 This may have caused the hard and soft
segments to be more compatible in solution and re-
sulted in a slightly lower degree of phase separation
after solvent evaporation. Phase separation may also
be enhanced through hard-segment crystallization.47

At the low casting temperature employed in this
study, 60°C, the hard segment was unable to crystal-
lize. However, this is not believed to be the cause of
the reduced phase separation because the WAXD pat-
terns (not shown) of both the melt- and solvent-pro-
cessed materials exhibited an amorphous halo and no
distinct crystalline peaks.33,47 The addition of 15A re-
sulted in an increase in the PU peak intensity and the
appearance of a low-angle tail. As a first approxima-
tion, it would appear that if the silicate scattering was
subtracted, the intensity of the PU peak would be
roughly the same. However, a quantitative evaluation
of the scattering arising from organosilicates in poly-
mer composites “is a formidable task.”22

Mechanical properties

Tensile curves of the host polymer and composites are
presented in Figure 7, and a summary of the tensile
properties is provided in Table V. In contrast to the E�
results obtained via DMTA, the Young’s modulus re-
sults did not display a dependence on the processing
route, despite its effect on the microphase morphol-
ogy, molecular weight, and, in the case of the compos-
ites, silicate dispersion. Improvements in the modulus
upon silicate addition were reasonably small. The
modulus was observed to increase by approximately
25% at a 3 wt % loading of 15A, and further increases
in stiffness at a 7 wt % loading were small, if they
occurred at all. Although an increase in the filler con-
tent was expected to increase the stiffness, such gains
were probably offset by the plasticizing effect of the
short-chain surfactant.40,41

The ultimate tensile strengths of the solvent-cast
materials were significantly higher than those of their
melt-compounded counterparts. The solvent-cast ma-
terials were able to undergo higher levels of chain
stretching and soft-segment crystallization, as evi-

denced by the increased upturn in the stress–strain
curves. This was primarily a result of the differences
in the molecular weights resulting from the two pro-
cessing routes. Considering the host polymer initially,
we show in Table I that Mn of the solvent-cast PU was
twice that of the corresponding melt-compounded
sample. This halving of the molecular weight resulted
in the melt-compounded PU having a tensile strength
of 21 MPa, which was 24 MPa lower than that of the
solvent-cast PU (45 MPa).

The melt-compounded composites showed a reduc-
tion in the ultimate tensile properties with increasing
filler content. The reduction in the ultimate tensile
properties of the melt-compounded composites could
be primarily attributed to a further reduction in the
PU molecular weight brought about by the degrada-
tion of the 15A alkyl quaternary ammonium surfac-
tant. The temperature required to melt-process PU
was higher than the onset of the 15A surfactant deg-
radation temperature (�200°C). Some of the degrada-
tion products from alkyl quaternary ammonium salts,
such as alkenes,48 react readily with isocyanates,
which are present in melt processing because of the
normal urethane dissociation and recombination reac-
tions that occur above 170°C.20,25 These reactions are
believed to reduce the molecular weight and lead to

TABLE V
Summary of Tensile Properties

15A content
(wt %)

Solvent-cast Melt-compounded

Young’s modulus
(MPa)

Tensile strength
(MPa)

Fail strain
(%)

Young’s modulus
(MPa)

Tensile strength
(MPa)

Fail strain
(%)

0 7.5 � 0.2 45 � 4 1136 � 48 7.2 � 0.6 21 � 4 1445 � 97
3 9.3 � 0.3 53 � 2 1328 � 8 9.2 � 0.6 12 � 1 964 � 102
7 9.3 � 0.6 34 � 3 1299 � 34 9.5 � 0.8 8 � 2 933 � 106

Figure 7 Stress–strain behavior (MC � melt-compounded,
SC � solvent-cast).
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reduced strength and elongation. Although some wa-
ter is also released from the montmorillonite interlayer
above 200°C,48 it is believed to cause significantly less
damage to the PU molecular weight than the quater-
nary ammonium surfactant. A PU composite incorpo-
rating 3 wt % Cloisite Na� (no surfactant) was pre-
pared in our laboratories and displayed the same ten-
sile strength as the neat PU.

The solvent-cast composite containing 3 wt % 15A
exhibited improved tensile strength and elongation at
break. It is believed that these improvements were a
result of the 15A surfactant plasticizing PU. The plas-
ticizing effect promoted the relaxation of local stresses,
allowing the material to achieve a higher elongation at
break.49 At a 7 wt % loading, the tensile strength was
reduced. The 7 wt % solvent-cast material exhibited a
higher Tg values than the other samples, and this
means that the mobility of the polymer chains was
reduced. At higher elongations, the reduced mobility
may have affected the ability of PU to undergo hard-
segment fibrillation and soft-segment crystallization,
and this led to a reduction in the ultimate tensile
strength.50,51 The SAXS patterns did not provide any
evidence suggesting that the static microphase mor-
phology of this sample had been altered by 15A, and
this also would be expected to affect the tensile prop-
erties in some way. It is also probable that the larger
organosilicate stacks (present at the 7 wt % loading)
acted as flaws and led to reduced tensile strength.

Hysteresis was calculated on the fifth cycle to ob-
serve the behavior of the nanocomposites under cyclic
conditions. The hysteresis and permanent set results
are presented in Table VI. The hysteresis and perma-
nent set in PU elastomers result predominantly from
the plastic deformation of the hard domains.52 The
addition of layered silicates led to an increase in the
hysteresis and permanent set in the materials studied
here. The strain-induced stress softening of filled elas-
tomers is known as the Mullins effect. In elastomeric,
layered silicate composites, the stress softening is
large because the high-aspect-ratio particles are effec-
tive at hindering the ability of the polymer chains to
relax and return to their original positions.53 The de-

tachment of polymer chains from the filler and chain
slippage over the filler surface with strain are also
expected to contribute to the increased stress soften-
ing.54–56 The higher hysteresis and permanent set of
the melt-compounded composites were partly a result
of their better dispersion and smaller silicate stacks
that had higher effective surface areas and aspect ra-
tios. The reduced molecular weight of the melt-com-
pounded composites may also have contributed to the
increased hysteresis and permanent set.

CONCLUSIONS

PU composites incorporating 15A were prepared via
melt compounding and solvent casting. WAXD pat-
terns revealed a small increase in the interlayer spac-
ing, which suggested that minimal polymer interca-
lated the interlayer spacing. TEM images revealed the
presence of stacks of organosilicates, rather than indi-
vidual layers. The melt-compounded composites had
better organosilicate dispersion and a smaller stack
size as a result of the higher shear forces associated
with twin-screw extrusion.

DSC, DMTA, and SAXS provided evidence for
slightly higher phase separation and hard domain
order in the melt-processed materials. The solvent-
processing route produced a morphology consisting
of hard microdomains that were more disordered and
were centered further apart than those achieved via
melt processing. At the concentrations of 15A em-
ployed in this study, the filler did not have an observ-
able effect on the PU microphase morphology. This is
not surprising because little polymer was confined in
the interlayer spacing.

Although melt compounding offered better silicate
dispersion than solvent casting, solvent casting must
be the preferred processing route for these materials
because of the elimination of PU and surfactant deg-
radation. Improvements in stiffness were low upon
silicate addition because of the modest silicate disper-
sion and plasticizing effect of the surfactant. The ten-
sile properties of the melt-compounded materials
were lower than those of their solvent-cast counter-

TABLE VI
Summary of Materials Under Cyclic Conditions

15A (wt %)

Solvent-cast Melt-compounded

H100 (%)a PS100 (%)b H200 (%)a PS200 (%)b H100 (%)a PS100 (%)b H200 (%)a PS200 (%)b

0 9 � 1 13 � 1 14 � 1 32 � 2 11 � 1 13 � 1 14 � 1 35 � 6
3 11 � 1 17 � 1 16 � 1 41 � 1 16 � 1 18 � 2 19 � 1 54 � 7
7 14 � 1 19 � 1 19 � 2 45 � 5 21 � 1 24 � 2 23 � 1 72 � 9

a Hysteresis (H) was calculated on the fifth loading–unloading cycle to 100 and 200% strain.
b Permanent set (PS) was taken as the strain at which zero load was measured on the fifth unloading cycle to 100 and 200%

strain.

THERMOPLASTIC POLYURETHANE COMPOSITES 307



parts because of thermal degradation. In the solvent-
cast composites, the tensile strength and elongation
were improved at a 3 wt % loading of 15A, but the
tensile strength decreased at a 7 wt % loading. The
addition of layered silicates with high aspect ratios
increased the stress-softening effect of this PU elas-
tomer under cyclic straining.

In a previous study,17 layered silicates with a hy-
drophilic surface modification were incorporated into
the same PU. In comparison with the hydrophobic
modification used here, the hydrophilic surface re-
sulted in much higher PU intercalation and silicate
dispersion and delamination on the nanoscale. This
was because of the favorable enthalpic interaction be-
tween the PU and the hydroxyl functionality of the
surfactant.57–59 These studies have shown that the
need for optimized processing conditions becomes
less important as the strength of the interaction be-
tween the polymer and filler surface increases.

The much larger polymer–filler interface and
amount of mechanically restrained polymer present in
the hydrophilic nanocomposites resulted in signifi-
cantly higher stiffness, hysteresis, and permanent set.
The hydrophilic silicates did not have a significant
impact on the PU microphase morphology, as was the
case for the materials studied here. Although the ulti-
mate tensile properties of the solvent-cast PU were
improved at a 3 wt % loading of hydrophobic silicates,
the hydrophilic silicates caused a decrease in the prop-
erties at this concentration. It has since been observed
that the tensile properties can be improved with less
than 1 wt % hydrophilic silicates. This suggests that
the polymer–filler interface was too great at the 3%
loading, and this led to excessively restrained polymer
and reduced tensile properties. Further work investi-
gating the influence of the hydrophilic silicate aspect
ratio is expected to broaden our understanding of the
mechanisms at play in these complex multiphase sys-
tems.

The authors thank Kevin Jack, Jeremy Ruggles, and John
White for their helpful discussions regarding the small-
angle X-ray scattering results, Michael Murphy for his assis-
tance with the dynamic mechanical thermal analysis, and
Ronda Plummer for the gel permeation chromatography
results.
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