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Abstract

Cast polyurethane thermosets have been modified with randomly oriented exfoliated and intercalated montmorillonite clay using
hyperbranched polymers (HBP) as reactive additives to promote dispersion of the clay platelets. The influence of the clay content on the
stiffness of the nanocomposites is discussed in terms of simplified classical micromechanical models that allow correlations to be established
between the properties of the final polyurethane and the limiting high strain rate shear viscosity of the HBP or HBP/polyethylene glycol
nanocomposite precursors. Such models imply certain restrictions on the potential for mechanical reinforcement with unoriented platelets
owing to crowding effects. Moreover, they appear unable to account simultaneously for the observed degrees of reinforcement in the glassy
and the rubbery states, if currently accepted values for the stiffness of the MMT are assumed. Possible reasons for this are discussed.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Naturally occurring smectite clays such as Na™ mon-
tmorillonite (MMT) typically consist of micron-sized stacks
of negatively charged platelets bound by interlayer cations.
If these layers can be fully dispersed, that is, ‘exfoliated’ in a
polymer matrix, the physical and mechanical properties of
the resulting nanocomposite may be significantly improved
with respect to those of the unmodified matrix, even at
relatively low MMT contents [1-6]. The combination of a
large specific polymer—clay interfacial area, constraints on
the matrix mobility close to the interface and changes in the
matrix morphology have frequently been invoked to explain
these improvements, particularly in the case of polyamide/
MMT nanocomposites [2,7]. However, the observed
mechanical reinforcement may at least to some extent be
accounted for by the stiffness and high aspect ratios, «, of
the individual MMT platelets [8—10]. High « ensure
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efficient stress transfer between the platelets and the matrix
in the presence of strong interfacial interactions, which are
usually a prerequisite for exfoliation [11-13].

Exfoliated and/or intercalated MMT nanocomposites
have been reported for a wide variety of polymer matrices,
including polyurethane (PUR) thermosets [14—18]. As with
many such materials, work on PUR-based nanocomposites
is often driven by the prospect of significantly improved
mechanical properties at MMT contents of as little as a few
weight percent, and this has provided the focus for the
investigation described in what follows. Nevertheless, other
potential benefits, such as improved flame retardance, may
prove to be of equal if not greater practical interest in the
long term, since it remains to be seen whether significant
MMT reinforcement is compatible with conventional
thermoset technology, particularly if the final product is in
the glassy state. Two important issues in this context are the
influence of the MMT on the viscosity of the resin and
control of the platelet orientation, particularly in castings.
This presupposes that adequate platelet dispersions can be
obtained. In the present case various degrees of exfoliation
have been achieved by incorporating —OH terminated
hyperbranched polyesters (HBPs) into the polyol precursor
along with the MMT. HBPs, for which a representative
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structure is shown in Fig. 1, are imperfect dendritic
polymers that may be characterized in terms of a degree
of branching (DB), such that DB =0 for the corresponding
linear polymer and DB=1 for the corresponding perfect
dendrimer [19]. Significant exfoliation for MMT contents
up to about 20 wt% has been demonstrated in nanocompo-
sites obtained by drying aqueous HBP/MMT suspensions,
and this is substantially maintained on subsequent mixing
with other components [6,18]. High degrees of exfoliation
obtained in this way have been shown to lead to significant
improvements in stiffness when the HBP/MMT s intro-
duced into cast PUR thermosets based on polyethylene
glycol (PEG) and a commercial diisocyanate hardener [18,
20]. On the other hand, they are also associated with large
increases in the low strain rate viscosity in the PEG/HBP/
MMT precursors [21]. The aim of the present work is to
establish a direct link between the precursor characteristics
and the low strain response of the final PUR nanocompo-
sites, based on simple geometrical models in which the key
parameter is the aspect ratio of the MMT particles.

2. Experimental

The structural parameters of the HBPs, which were
provided by Perstorp and will henceforth be referred to by
their pseudo-generation number [6], are summarized in
Table 1. Given that similar results were generally obtained
for the 2 and 4 pseudo-generation HBPs, the focus will be on
2 pseudo-generation HBP in what follows. Unless men-
tioned otherwise, the required amount of MMT (Na+MMT
from Southern Clay Products, density 2.86 g/cm?) was first
dispersed in the HBP and distilled water. The mixture was
stirred in air at about 100°C until the viscosity had
increased to the point, where stirring was no longer possible,
and then dried for 3 days at 80 °C under vacuum. The
resulting HBP/MMT nanocomposite was either mixed
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directly at 100 °C for 3 h with PEG of weight average
molar mass, M,, =300 g/mol (Fluka), and stored at 60 °C
under vacuum for at least 48 h prior to use, or combined
with the PEG in the presence of water, in which case the
product was once more carefully dried under vacuum. The
PEG/HBP/MMT nanocomposite and a stoichiometric
amount of modified diphenylmethane diisocyanate hardener
(MDI, M, =286 g/mol, average functionality 2.2, from
Dow Chemicals) were degassed separately under vacuum at
room temperature for 1h, hand-mixed, poured into a
metallic mould and left to react for 5 h in an autoclave at
140 °C and 12 bar.

Glass transition temperatures, T,, were obtained from
differential scanning calorimetry (DSC) heating scans
(Perkin—Elmer DSC7) at 10 K/min on 10 mg specimens.
Wide angle X-ray scattering (WAXS) measurements on the
solid materials were made in reflexion mode using a
Siemens Kristalloflex 805 diffractometer. A limited number
of measurements were also carried out on liquid
PEG/HBP/MMT nanocomposites using a Philips X’Pert
diffractometer to avoid tilting the specimens. In each case,
the WAXS spectra were recorded at room temperature in the
range 20=1-10° (CuK,, A=1.54 A). Transmission elec-
tron microscopy (TEM) observations were made using a
Philips EM430 TEM operated at 300 kV under low dose
conditions. Rheological properties were investigated with a
Rheometrics ARES (Advanced Rheometric Expansion
System) rheometer in oscillating shear with 25 mm diameter
parallel plates and a 0.3-0.6 mm gap. All the dynamic
rheological measurements were performed at room tem-
perature in the linear viscoelastic regime, whose extent was
determined from constant frequency sweeps. Dynamic
mechanical analysis (DMA) measurements were made on
50X 12X 2 mm® bars in three-point bending between — 40
and 160 °C at a heating rate of 10 K/min (Rheometrics
RSA). Tensile tests were carried out on 2 mm thick dog-
bone specimens cut from cast PUR sheets, using a screw
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Fig. 1. Representative chemical structure of the HBPs.
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Table 1

HBP structural parameters

Designation M, (g/mol)* M, (g/mol)® My IM,° OH-functionality® OH-functionality® DB¢
2 Pseudo-generation 1747 1130 16 13 0.30
4 Pseudo-generation 7316 4340 64 39 0.34

? Nominal values based on stoichiometry.

° GPC data.

¢ Calculated from NMR.

4 Degree of branching according to Frey [19].

driven apparatus (UTS Testsysteme GmbH) at 25 and
130 °C, and a crosshead speed of 2 mm/min. The gauge
width and length of the tensile test specimens were 5 and
18 mm, respectively, and the nominal strain rate was,
therefore, about 1.8 X 107 3s L

3. Results and discussion

The as-received MMT gave a strong WAXS peak at 20 =
7.3°, which corresponds to a platelet spacing, dgg;, of
1.21 nm. dyg; increased to 2.52 nm in 2 pseudo-generation
HBP/20 wt% MMT, and the WAXS peaks were substan-
tially suppressed at lower MMT contents, which suggested
significant exfoliation. Consistent with previous results, dyg;
was slightly higher in 4 pseudo-generation HBP/20 wt%
MMT, and exfoliation was again observed at lower MMT
contents [6]. For convenience, the effect of PEG on the
MMT dispersion was investigated systematically using a
relatively high M, PEG that was solid at room temperature
(M, =1500 g/mol). Fig. 2(a) shows WAXS results for
water-processed PEG/2 pseudo-generation HBP blends with
10 wt% MMT. Progressive addition of the HBP led to a
gradual decrease in the intensity of the strong WAXS peak
at 20=5° typical of PEG/MMT nanocomposites obtained
by both melt and aqueous processing, and which corre-
sponds to a layer spacing of about 1.76 nm, i.e. intercalation
of a monolayer of PEG [22-25]. (For HBP contents greater
than 50 wt%, the blends were no longer miscible.) Similar
trends were seen in blends containing 5 wt% MMT, as
shown in Fig. 2(b). Finally, Fig. 2(c) gives selected WAXS
results for the liquid PEG (M, =300 g/mol)/2 pseudo-
generation HBP/MMT nanocomposites, which indicate
comparable behavior to that in Fig. 2(a) and (b).

WAXS spectra from PURs obtained by melt mixing the
PEG with the HBP/MMT, and then with the MDI, to give an
overall matrix HBP content of 10 wt% are shown in Fig.
3(a). These were consistent with the results for the PEG/
HBP/MMT precursors in that small WAXS peaks were
visible at all compositions at comparable scattering angles
to those in Fig. 2. Fig. 3(b) compares the WAXS spectrum
from the melt mixed PUR containing 0.6 wt% MMT with
that of a PUR for which the PEG and the HBP were mixed in
the presence of water and dried prior to mixing with the
MDI. This suggests mixing of the PEG/HBP/MMT
precursors in the presence of water to increase exfoliation

in the PURSs. On the other hand, if the HBP was not included
in the formulation, the degree of exfoliation was found to be
relatively low regardless of the presence of water during
mixing. TEM of the PURs confirmed these trends. The
PURs prepared from PEG/HBP/MMT mixed in the
presence of water showed predominantly exfoliated struc-
tures (Fig. 4(a)) with limited platelet stacking (at most one
or two layers per stack), and apparent « between about 100
and 200, bearing in mind that the images do not necessarily
represent diametrical sections through perfectly circular
platelets. In the absence of HBP, on the other hand, MMT
particles containing relatively large numbers (50 or more) of
coherently stacked individual platelets were visible (Fig.
4(b)) and there was also an apparent increase in the lengths
of these particles with respect to those of the exfoliated
platelets in Fig. 4(a), possibly owing to shear deformation of
the stacks during mixing. « was, therefore, between about
20 and 50, in spite of the extensive stacking. Finally, as
shown in Fig. 4(c) and (d) for two different magnifications,
PURSs prepared by melt mixing the PEG directly with HBP/
MMT showed intermediate degrees of exfoliation; rela-
tively large numbers of stacked MMT platelets were again
visible locally, but in this case interspersed with isolated
platelets.

3.1. Rheological behavior

In constant shear rate experiments on HBP/MMT and
PEG/HBP/MMT nanocomposites with relatively high
degrees of dispersion, as inferred from the WAXS results,
pronounced decreases in viscosity were observed as the
shear strain, vy, increased beyond a few percent [20]. Such
behavior may be attributed to break-up of a fixed isotropic
network of platelets followed by flow induced alignment,
consistent with the observation of solid-like behavior in
dynamic measurements at low effective shear rates, that is, a
finite limiting shear modulus, Gy, as the angular frequency
w—0 and y—0. The global dynamic behavior was
approximated by
n* 1 1
N% Vor " o M

where the reduced frequency w, = n%w/G} and 1 =7, is
the limiting shear viscosity as w— o« and y—0 [21]. 5
depends strongly on 7 in these materials through its
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Fig. 2. WAXS results for PEG/2 pseudo-generation HBP/MMT nanocomposites with the matrix HBP weight fractions indicated: (a) PEG (M,,=
1500 g/mol)/HBP/10 wt% MMT; (b) PEG (M, = 1500 g/mol)/HBP/5 wt% MMT; (c) PEG (M, =300 g/mol)/10 wt% HBP with the different MMT contents

indicated.
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Fig. 3. WAXS results for (a) PURs obtained by using MDI to cure PEG
mixed directly with 2 pseudo-generation HBP/MMT with an overall
content of 10 wt% HBP, and the MMT contents indicated; (b) PURs
containing 0.6 wt% MMT and 10 wt% 2 pseudo-generation HBP in which
the PEG and HBP/MMT were (i) mixed in the presence of water and then
thoroughly dried prior to cure or (ii) mixed without water.

dependence on the matrix viscosity, 79, but Gj is nearly
independent of 7. Moreover, G, is a far more rapidly
increasing function of the MMT volume fraction, ¢;, than
n%, so that it dominates the behavior as ¢, increases,
particularly for high degrees of exfoliation. n* not only
increases by orders of magnitude in this regime, but also
becomes nearly independent of 71 and hence of 7. This
places severe restrictions on the range of ¢, that can be
envisaged in practical formulations, because viscosities
very much greater than that of the MDI lead to difficulties
with mixing.

Data for n*/ni for PUR-based nanocomposites with
different degrees of exfoliation have been shown to
superpose if ¢, is scaled by some constant characteristic
of each type of matrix formulation and/or processing route
[21]. This may partly be rationalized in terms of classical
models for dilute suspensions; simple effective medium
arguments for hard particles in a Newtonian fluid lead to

n = noexp([nlé1) 2

for the steady state viscosity in the Brownian limit [26],
where 7, is the matrix viscosity and [n] is an intrinsic
viscosity, given by

[n] = lim =

3
$1—0 d’lnm ©)

¢ may be determined from the corresponding weight
fraction, w, using
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Fig. 4. TEM micrographs of PURs obtained by using MDI to cure (a) PEG/10 wt% 2 pseudo-generation HBP/MMT mixed in the presence of water and dried,
overall MMT content of 1.2 wt%; (b) PEG/MMT, overall MMT content of 1.2 wt%; (c) and (d) PEG/10 wt% 2 pseudo-generation HBP/MMT mixed directly,

overall MMT content of 2 wt%, at two different magnifications.

— wppol
Wppot + (1 — W)pmmr

(ol

where ppo1 and pavr are the densities of the polymer matrix
and the MMT, respectively (pp,1 Was approximately 1 g/em’®
for the precursors in the range of measurement temperatures
of interest and approximately 1.1 g/cm® for the PUR
matrices at room temperature).

In the present case, given that the isotropic distribution of
particle orientation is maintained at small deformations,
Eq. (2) is assumed to describe the dynamic viscosity in the
high strain rate limit, where the platelets behave as non-
interacting particles. Models that relate [n] and a for
isotropic suspensions of spheroidal particles, which
approximate to platelets at high «, have been introduced

by a number of authors [27-30], and the following
representative expression

5 32a—1) 1—a!
-+ ———0628———
2 157 1 —0.075¢7!

which simplifies to [1] =0.68« for «>> 1, has been verified
experimentally for rigid inclusions [31].

Dynamic rheological data are given in Fig. 5(a) for PEG/
20 wt% 2 pseudo-generation HBP mixed with different
amounts of MMT in the presence of water, showing a strong
increase in G* and n* with increasing ¢, and the suggestion
of a limiting value for n* at high w. Where n* did not reach
a plateau, 7% was estimated by superposing the data in a
reduced plot, as described in detail elsewhere [21]. The
resulting superposition for the data in Fig. 5(a) is shown in

[(n] = “)
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Fig. 5. (a) Complex viscosity n* and complex modulus G* versus frequency
w from dynamic shear measurements on 2 pseudo-generation
HBP/PEG/MMT nanocomposites mixed in the presence of water and
dried with 20 wt% HBP and MMT contents indicted (20 wt% with respect
to the PEG gives about 10 wt% HBP in a stoichiometric mixture with the
MDI); (b) superposition of reduced rheological data G*/G§ and n*/ns
versus wny/Gg.

Fig. 5(b). [n] was then obtained by substituting 13 for 7 in
Eq. (3) and extrapolating to ¢; =0. For the nanocomposites
in Fig. 5, [n] was about 128, so that from Eq. (4), = 188.
Values determined in this way for all the precursors
investigated are given in Table 2, from which it may be
inferred that « increased significantly in the presence of
HBP and by mixing in the presence of water, consistent with
the WAXS results.

Eq. (2) not only accounted for the data at low ¢, but also
provided a reasonable description of the behavior up to
relatively large ¢,, whereas the viscosity of a classical
suspension might be expected to diverge as ¢, approaches
some maximum volume packing fraction, owing to

Table 2

crowding effects. Although the value of the maximum
packing volume fraction (the volume fraction beyond which
the platelets are no longer able to flow) is not well known
even for rigid platelets, the absence of any such threshold
would be a natural consequence of the MMT platelets’
tendency to align or bend at large ¢;. The onset of this
behavior may be associated with either a percolation
threshold or an overlap concentration. If the silicate layers
are taken to act as platelets with an effective aspect ratio «,
the percolation threshold ¢, is given by

9.87507 + a2
7.742 + 14.61a~ ' +12.330732 4+ 1.763072 + 1.6580 3
@)

OF Qper = 1.27a~ ! for a>> 1, which is an empirical fit to the
results of numerical simulations on randomly oriented
ellipsoids of revolution with different aspect ratios [32,33].
This compares with a critical overlap concentration

¢per =

=g~ (6)

for disc-shaped platelets derived from simple excluded
volume considerations [34]. ¢*, which defines the semi-
dilute regime, provides a conservative measure of the range
of compositions over which the assumption of randomly
oriented, randomly dispersed platelets is strictly valid. Thus,
for « of the order of 189 as estimated from the rheological
data in Fig. 5, and ¢, greater than about 1 vol%, it is inferred
that either local alignment of the platelets must occur, or the
platelets must bend in order to reduce their effective «, as
sketched in Fig. 6(b) and (c), respectively. The real
configuration obtained by drying a relatively dilute isotropic
suspension may combine both alignment and reductions in
«, depending strongly on the nature of the specific
interactions between the platelets. For example, for rigid
neutral platelets at equilibrium in a low molar mass matrix
and a negative MMT-matrix interaction parameter, appli-
cation of the equilibrium thermodynamic model of Onsager
to discs suggests that nematic ordering, that is local platelet
alignment, should occur at ¢, greater than about 0.05 for
a=100, and the isotropic phase to disappear altogether at

1=0.08 [34,35]. However, equilibrium theories are likely
at best to provide a qualitative indication of the mor-
phologies resulting from drying a suspension. Moreover, for
strong specific interactions between the platelets the phase
behavior may change radically. A commonly cited case,

Comparison of particle aspect ratios inferred from rheological measurements on the nanocomposite precursors and from the plateau modulus of the
corresponding polyurethane nanocomposites (HT =Halpin-Tsai, MT =Mori-Tanaka)

Matrix a (viscosity) « (modulus/HT) « (modulus/MT)
HBP/Na™MMT 527 - -
HBP/PEG-NatMMT® 188 150 352
HBP/PEG-NatMMT 49 58 135
PEG-Na"MMT 27 30 71

% PEG or ETMP mixed with 2 pseudo-generation HBP/MMT in the presence of water.
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Fig. 6. Two-dimensional representation of the different platelet configur-
ations referred to in the text: (a) random orientation at fixed «; (b) local
alignment at fixed «; (c) bending (reduced «).
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with direct relevance to MMT, is that of negatively charged
platelets with positively charged edges, for which a ‘house
of cards’ arrangement would be favored [1], possibly
implying bending rather than alignment to be the dominant
mechanism for accommodating high volume fractions of
exfoliated MMT, although this is not confirmed unambigu-
ously by TEM micrographs of relatively concentrated HBP/
MMT nanocomposites [18].

3.2. Tensile behavior

A number of authors have predicted the elastic constants
of MMT reinforced nanocomposites using classical micro-
mechanical models, generally based on a number of
simplifying assumptions, with regard to both the mor-
phology (e.g. homogeneously distributed perfectly planar
plate-like inclusions) and the properties (e.g. isotropic
inclusions with Young’s modulus E; =178 GPa (by analogy
with muscovite mica)) [8,10,36]. In the present case, the
cast PUR specimens were assumed to contain randomly
oriented and distributed inclusions, although as discussed in
the previous section, this may become questionable at large
¢1 owing to crowding effects. A first estimate of the stiffness
has been obtained from the semi-empirical Halpin—Tsai
expressions,

1 +&ne,
E, =Ey——>"1 (7)
T = e
E]/EO _1
- 8
" T EJE, +¢ ®

derived by interpolating numerical solutions for aligned
composites [37], where E; is the Young’s modulus of the
matrix and { is shape factor that depends on the geometry
and orientation of the inclusions. For identical isotropic
platelets whose planes are oriented parallel to (xq, x,), {=
2c. An estimate for the modulus perpendicular to the planes
of the platelets, E33, which is insensitive to «, is obtained by
setting =2 in Eqgs. (7) and (8). van Es et al. [38] have
shown that the reduced Young’s modulus of a composite
that contains randomly oriented platelets may be approxi-
mated to by a linear combination of E;; and Es33 for the
corresponding unidirectional composite

A more rigorous estimate of the various elastic constants
was derived from first principles by applying the Mori-Tanaka

average stress theory to a composite that contains ellipsoidal
penny-shaped inclusions [39]. This has the advantage of
providing explicit expressions for the moduli and may be
adapted in a straightforward manner to arbitrary platelet
orientation distributions. In the dilute limit (¢, up to about
5 vol%), the Mori-Tanaka predictions for randomly
oriented spheroids are well approximated by the expressions
of Norris for the bulk modulus and the effective shear
modulus [40],

4 [m 3—dy, 1 1—p]"
K=Ky +-¢pj|— ——— > +— 10
0 9¢1[805M0(1—V0) u11+v1] (10
1 T 3 —dy, 1 1—w]"
=un+—¢, | —— "9 =
p=Ho 15‘1"{801,;0(1—%) u11+u1}
2 T 7—8v 17!
+¢1{° } (11)
57 [16a po(l —vg)

where v and v, are the Poisson’s ratios of the matrix and
MMT, respectively, (vo=0.35 in the glassy state and
vo=0.5 in the rubbery state, v;=0.2). For an isotropic
material, the elastic constants are related by

E E 9K
Kzi, Mzi’ ==
3(1 —2v) 2(1 +v) 3K +pu

12)

The Mori-Tanaka approach has been shown to be
consistent with numerical simulations and predicts signifi-
cantly lower tensile stiffness than the Halpin—Tsai equations
at intermediate « [8]. However, these latter will be retained
for comparison, because they have been widely employed to
model MMT-based nanocomposites in the past. In the
present case, as will be seen later, reinforcement in the
glassy state was limited over the accessible range of ¢; and
discussion will, therefore, focus on the rubbery state, where
there was significant reinforcement. In this limit, the above
expressions for £ may be simplified somewhat. Assuming
E,=178 GPa and ¢, <1, and given that E; is of the order
of MPa, E|>> aE for any reasonable choice of « (values up
to about 1000). The Halpin—Tsai expression for Eq; in an
oriented composite may then be written

E\ =Ey1 +{¢) =Ey(l +2a¢))

and from Eq. (9),

E = 0.49E,(1 + 2a¢;) + 0.51E(1 +26,) = Eo(1 + achy)
(13)

for an isotropic composite and «>>>1. In the case of the
Mori-Tanaka model, given that E~3pu in the rubbery state
and again assuming E; > aEy, Eq. (11) implies

4

E:EO<1+“¢1) (14)
37T

for small ¢;. The modulus is independent of E; in Egs. (13)

and (14), because the idealized MMT platelets behave as
perfectly rigid reinforcing elements when the matrix is
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relatively compliant. It follows that the degree of reinforce-
ment in the rubbery state may be predicted without a precise
knowledge of E;. This is of particular interest in that values
as low as 10 GPa have recently been cited for the in-plane
modulus of MMT, based on light scattering measurements,
which, if verified, would raise questions regarding previous
attempts at micromechanical modeling of glassy or
semicrystalline nanocomposites [41]. On the other hand, if
Ey and o are taken to be 10 MPa and 500, respectively, say,
use of E; =10 GPa in Eq. (14) systematically overestimates
E by only about 20% with respect to the value given by the
full Mori-Tanaka expression.

The evolution of the storage modulus, E’, measured by
DMAA is plotted in Fig. 7(a) for a PUR containing an overall
matrix weight fraction of 10 wt% 4 pseudo-generation HBP
and different amounts of MMT (similar results were
obtained with the 2 pseudo-generation HBP). E' showed
little variation with MMT content below T, but significant
reinforcement was seen at temperatures corresponding to
the rubbery plateau. This is shown further in Fig. 7(b),
which shows E/E|, for a series of PURs containing 10 wt% 2
pseudo-generation HBP with different overall MMT con-
tents at temperatures above and below T, (approximately
35°C), along with the predictions of the Mori-Tanaka
expressions for a«=135 and E; equal to either 178 or
10 GPa, using the measured E, for the matrix indicated in
the figure. For comparison, a similar fit of the Halpin—Tsai
expression to the data for 130 °C implied « to be about 60.

= 9
:& MMT content
& 110 vol%
S 8 0.53 vol%
0.00 vol%
7
P
=
<
B
130°C(E,= 12MPa) a
21°C(E,=2.5GPa) x
1 20°C (E,= 3.1 GPa) +
0.5 T v . ’
0 0.002 0.004

¢

Fig. 7. (a) DMA data for E' as a function of temperature for a PUR
containing 15 wt% 4 pseudo-generation HBP and 0, 0.53 and 1.1 vol%
MMT; (b) E/E, measured at different temperatures in PURs containing
PEG/10 wt% 2 pseudo-generation HBP as a function of MMT content; the
solid curves are the predictions of the Mori—-Tanaka model for E,=
178 GPa and o= 135. The dotted curves were obtained taking E; =10 GPa.

The experimental scatter in the low temperature data in
Fig. 7(b), which may be attributed to variations in matrix
properties of different batches, obscured systematic trends
in E with ¢;. Nevertheless, if E; was taken to be 178 GPa
and a was adjusted to give a good fit to the data obtained at
T>T,, the Mori-Tanaka and the Halpin—Tsai expressions
both apparently overestimated the degree of reinforcement
at temperatures below T,. This was not the case if E; was
taken to be 10 GPa; although the predictions for 7> T, were
not significantly affected if the fitted values of « referred to
previously were maintained, the predictions for the glassy
state, given by the dotted lines in Fig. 7(b), appeared more
consistent with the data.

Fig. 8 summarizes further data for E/E, obtained at 7>
T, in different PUR nanocomposites as a function of ¢,
along with fits of Eq. (14) obtained by adjusting «. The «
values derived in this way are given in Table 2 along with
estimates of « from Eq. (13) (Halpin—Tsai). Both sets of
values were clearly correlated with the « values inferred
from the rheological measurements. However, the Mori—
Tanaka model gave significantly larger absolute values of «
than these latter. The assumptions that long range
interactions do not contribute to the melt response, and
that the high w plateau in dynamic rheological measure-
ments is equivalent to the low strain rate plateau in steady
state data are clearly questionable. However, the implied «
of about 200 at high degrees of exfoliation and low ¢, say,
appeared more consistent with direct observation by TEM

2.0 (iii)

0.8 O HBP and PEG premixed in presence of water
4 HBP and PEG premixed directly
< HBP omitted
0.6 T T T
0 0.01 0.02 0.03
¢

Fig. 8. E/E, measured for various polyurethane matrices as a function of
MMT content at T>T,, that is, 130°C (10 wt% 2 pseudo-generation
HBP/PEG/MDI, E;=17 MPa) and 100 °C (PEG/MDI, E,= 15 MPa); the
solid curves are Mori-Tanaka predictions for (i) «=150, (ii) «=70 and
(iii) =30, E, appropriate to the corresponding matrices as indicated in the
figure.
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(Fig. 4(a)) than the value of 352 inferred from the Mori—
Tanaka model. Indeed, given that the real MMT platelets are
not perfectly rigid, one might expect the values derived
from micromechanical models for the composite the
stiffness to be underestimates (platelet buckling will tend
to favor lateral contraction, for example).

Another possible explanation for these apparent incon-
sistencies is that the rubber network is altered by the
presence of the filler in the rubbery state (in the glassy state
the stiffness is dominated by relatively short range
interactions [42]). By analogy with the effect of carbon
black, say, on rubber networks, it would be reasonable to
expect the effective cross-link density to increase with the
surface to volume ratio of the MMT, that is, to be
proportional to ¢, at least in the dilute limit. In the absence
of direct mechanical reinforcement this would lead to

E=Eyl + pag;) (15)

where p is a constant related to the effective increase in
cross-link density due to the MMT. Hence, if one takes into
account the reinforcing effect of the MMT (and the
micromechanical models suggest this to be necessary even
for relatively modest «) one obtains

E=Ey(1 +Eag)(1 + pagy)

=Ey(1 + aé + p)p; + pt’ei) (16)

where £ is of the order of unity, depending on the choice of
micromechanical model (cf. Egs. (13) and (14)). However,
although a non-linear dependence of the stiffness on ¢,
might in principle be tested for, in the present case, a close
to linear dependence on ¢, is predicted for the accessible
range of data, making it difficult to discriminate between
effects relating to network modification and inaccurate
estimates of parameters such as E;.

The high strain behavior of the PURs was also strongly
dependent on 7. In PURs containing an overall weight
fraction of 10 wt% HBP melt mixed with the PEG and
tested at room temperature (below T,), where E showed
little dependence on MMT content, the stress reached a
local maximum at a few % strain, defined conventionally as
the yield stress, o,. Higher HBP contents led to brittle failure
in the elastic domain before yielding could occur. o,
increased by about 10% on addition of 1 wt% MMT, as
shown in Figs. 9(a) and 10. Again, similar results were
obtained for 2 pseudo-generation HBP as also shown in Fig.
10. Beyond the yield point, pronounced strain softening
occurred, followed by necking over the whole gauge length
at roughly constant force and finally strain hardening for
£>>0.2. The necking was accompanied by stress whitening,
believed to be due to cavitation associated with unexfoliated
MMT particles oriented at high angles to the tensile axis.
Although the elongation at break, ¢, increased somewhat at
1 wt% MMT, as the amount of MMT was increased further,
the specimens became more brittle, as observed previously
by Tortora et al. [43] and Plummer et al. [6] on MMT/PUR

801 a
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Fig. 9. Nominal stress—strain curve of PUR containing 10 wt% of 4 pseudo-
generation HBP at 0, 1 and 2 wt% of MMT (a) at 7=25 °C and (b) at T=
130 °C.

nanocomposites. At 130°C (well above T,), the PURs
containing 10 wt% HBP showed an elastomeric response, as
shown in Fig. 9(b). As in the glassy state, there was some
improvement in & at MMT contents of the order of 1 wt%,
but it began to fall off at higher MMT contents.

As well as the apparent limitations on ultimate properties
above a certain threshold MMT content, it may be inferred
from the discussion in connection with Eq. (6) that the
elastic properties can no longer be described in terms of a
simple isotropic model composite for ¢;>¢*. This is
difficult to test experimentally, because, as pointed out
earlier, processing is no longer straightforward in this
regime. However, it is useful to estimate the consequences
of packing constraints in order to assess the extent to which

1.6+

0 05 10 15 20
MMT content [wt %]

Fig. 10. Influence of the MMT content on the reduced yield stress at 7=
25 °C in specimens whose matrix contained 10 wt% HBP (open symbols, 2
pseudo-generation HBP; filled symbols, 4 pseudo-generation HBP).
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it is worth attempting to overcome these processing
difficulties. This has been done very approximately by
assuming a uniform reduction in « (by bending of the
platelets) throughout the composite for ¢;>¢*=1.6/a so
that the effective aspect ratio for ¢ > ¢* is equal to 1.6/¢;.
Alternatively, « may be assumed to remain constant (rigid
platelets), and the platelets to align locally to give stacks
containing an average number

¢ <" A7)

N =1,

N =ad;, ¢ >¢"

of platelets. Either approach leads to very similar results for
any reasonable choice of layer spacing [32], although the
interpretation of non-integral N in a model based on
identical inclusions is open to question. In the limit
E\>aFE, and ¢,>1.6/a, Eq. (14) implies E~=1.68E,
regardless of ¢;. The implication is, therefore, that there is
relatively little to be gained from adding volume fractions of
unoriented platelets greater than ¢*, if the object of MMT
addition is stiffness reinforcement. Another issue of
particular relevance to thermosets, particularly in view of
the effect of the MMT on rheological properties, is the
extent to which the MMT is homogeneously dispersed after
mixing with the diisocyanate hardener. Domains rich in
high « platelets, but for which the local value of ¢; > ¢*,
are likely to be particularly inefficient at reinforcing the
composite for the reasons discussed above. This effect may
be estimated by assuming the MMT to be restricted to a
volume fraction ¢’ of equiaxed domains. This latter is a
reasonable assumption given that the component containing
the MMT is expected to be more viscous than the hardener.
In the absence of any restrictions on orientation at high «,
small amounts of inhomogeneity, that is, relatively large ¢,
lead to relatively small decreases in E. However, if « is
taken to be 1.6/¢; for ¢; >> ¢*, E becomes more sensitive to
the state of dispersion, decreasing approximately linearly
with decreasing ¢’. Moreover, inhomogeneous platelet
distributions would also imply poor mixing of the hardener
with the polyol, so that deviations from stoichiometry may
also result in relatively low Ey,.

4. Conclusions

It has been shown that the particle aspect ratios inferred
from classical models for the viscosity of PEG/HBP/MMT
precursors are correlated with those derived from micro-
mechanical models for the low strain response of the
corresponding cast PUR thermosets. The implication is that
the MMT dispersions in the PURs reflect those of the
precursors, so that improvements in the low strain stiffness
can only be obtained at the cost of an increase in viscosity
and hence reduced processability. On the other hand, it is
argued that the assumption of isotropic MMT particle

orientation implies a progressive reduction in the effective
particle aspect ratio, and hence only minor additional
increases in stiffness with MMT content beyond a threshold
that decreases with the observed MMT particle aspect ratio
in the limit of low concentration, and corresponds roughly to
the limit of processability. Optimum specific stiffness in
isotropic nanocomposites in terms is, therefore, inferred to
be restricted to very low MMT contents, depending on the
degree of exfoliation or the extent to which the aspect ratios
of unexfoliated MMT particles increase as a result of shear
deformation during mixing, for example. This clearly has
important practical consequences. However, quite apart
from the issue of particle orientation during processing,
which is not addressed here, the models on which these
ideas are based involve substantial simplifications and,
although correlations are observed between the particle
aspect ratios derived in different ways, there are significant
differences in their absolute values. More systematic
morphological characterization is, therefore, required in
order to determine, for example, whether (i) the assumption
of constant MMT particle aspect ratios at low concen-
trations is justified; (ii) the MMT dispersion is maintained
during processing; (iii) the observed phenomena are scale
independent, and hence consistent with a simple classical
approaches adopted here.
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