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ABSTRACT: Composite materials loaded with nanometer-sized reinforcing fillers are widely believed to have
the potential to push polymer mechanical properties to extreme values. Realization of anticipated properties,
however, has proven elusive. The analysis presented here traces this shortfall to the large-scale morphology of
the filler as determined by small-angle X-ray scattering, light scattering, and electron imaging. We examine
elastomeric, thermoplastic, and thermoset composites loaded with a variety of nanoscale reinforcing fillers such
as precipitated silica, carbon nanotubes (single and multiwalled), and layered silicates. The conclusion is that
large-scale disorder is ubiquitous in nanocomposites regardless of the level of dispersion, leading to substantial
reduction of mechanical properties (modulus) compared to predictions based on idealized filler morphology.

1. Introduction reinforced elastomers, nanocomposites have not lived up to

Polymer nanocomposites are two-phase systems COnsistingexpectations. AI_though claim_s of modulus enhancement by
of polymers loaded with high-surface-area reinforcing fillers. ~ factors of 10 exist, these claims are offset by measurements
Such systems have attracted enormous interest from the materithat show little or no improvement. At this point we restrict
als community because they theoretically promise substantialOUr attention to the impact of nanoscale fillers on composite
improvement of mechanical properties at very low filler modulus. Modulus enhancement depends on intrinsic properties
loadings. In addition, nanocomposites are compatible with Of matrix and filler as well as interactions between matrix and
conventional polymer processing, thus avoiding costly layup filler. Ultimate properties, on the other hand, are more sensitive
required for the fabrication of conventional fiber-reinforced to defects, a topic beyond the scope of this review.
composites. The appeal of nanocomposites is illustrated by The lackluster performance of nanocomposites has been
considering single-walled carbon nanotubes (SWCNTSs). With attributed to a number of factors including poor dispersion, poor
tensile moduli in the terapascal radgend lengths exceeding interfacial load transfer, process-related deficiencies, poor
10 um, simple composite models predict order-of-magnitude gajignment, poor load transfer to the interior of filler bundles,
enhancement in modulus at loadings of less than 1%. ~and the fractal nature of filler clustetsThat said, not all

Introductory paragraphs similar to the above can be found in nanocomposites have underperformed on the basis of industrial
hundreds of nanocomposite papers. With the exception of standards. Indeed, carbon-black-filled organic rubber is one of

_ the premier materials engineering successes of the 20th century.
e_r;;f’g;?gé‘ﬁ;g?e?gﬁgzi‘#1‘513‘556‘5431? Fax1-206-600-3191;  Cuyrrently, colloidal silica (precipitated silica) is displacing
carbon black as the filler of choice, especially for high-
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Figure 1. Schematics of (a) 1-dimensional, (b) 2-dimensional, and
(c) 3-dimensional colloidal particles.
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silicates exist naturally as stacks and carbon nanotubes form
ropelike networks with side-by-side packing. Stacking and side-
by-side packing lead to enhanced van der Waals attraction
accounting for the propensity of low-dimensional colloids to
cluster. On the basis of the cartoons, therefore, one expects that
spherical particles would be easier to disperse than either rods
or sheets. This prediction is borne out. The cartoons, therefore,

is a key factor that explains the commercial success of soft properly suggest that low-dimensional colloids are difficult to
nanocomposites and the marginal performance of hard nano-disperse.

composites, a point developed in subsequent paragraphs.
When considering the relationship between morphology and

Cartoons can also mislead regarding filler morphology. As
we will show, the morphology of nanocomposites is actually

mechanical properties of nanocomposites, sorting out potential substantially more complex than the cartoons suggest. Even
compromising factors is not easy. For example, in a system well-dispersed nanofillers naturally aggregate to form clusters
using carbon nanotubes as the filler, a typical strategy to addresswvhose size extend to length scales exceedimm1The presence
load transfer between the matrix and filler is to functionalize of large-scale aggregates is not widely acknowledged in the
the nanotube surface with a coupling agent. Such modification, nanocomposites literature, primarily because such aggregates
however, introduces defects on the nanotubes and also altersre difficult to detect by electron microscopy, the predominant
the propensity of the filler to disperse in the matrix, both of characterization technique of the nanocomposites community.
which influence mechanical properties in ways similar to the Optimism regarding the degree of dispersion may also affect
influence of interfacial bonding. Thus, it is difficult to isolate the interpretation of electron images. Fortunately, ultra-small-
the effect of functionalization on load transfer. angle scattering readily reveals the large-scale morphology of
Simplified schematics (cartoons) have played a central role nanocomposites.
in nanocomposite research, particularly regarding the impact With these concepts in mind, we will examine the morphol-
of morphology on properties. Figure 1, for example, shows ogy of nanoscale reinforcing fillers as measured both by
idealized one-, two-, and three-dimensional colloidal particles. scattering and imaging. On the basis of morphological consid-
Examples include one-dimensional carbon nanotubes, two-erations alone, one can qualitatively understand the range of
dimensional layered silicates, and three-dimensioridestsilica systems and properties where nanocomposites offer performance
spheres. Such representations are helpful when analyzingimprovement. We will explore one-dimensional, two-dimen-
nanocomposite properties. Low-dimensional fillers, for example, sional, and three-dimensional fillers in water suspensions, in
are more difficult to disperse than their three-dimensional soft matrices, and in hard matrices. Suspensions are included
cousins. The difference arises because three-dimensional, quasbecause light scattering is difficult for solid samples (due to
spherical particles touch at a point, whereas one-dimensionalsurface scattering), so our understanding of theufiDscale
rods or tubes can contact along a line, thus leading to enhancednorphology of colloidal fillers is largely based on suspensions.
particle interaction. Two-dimensional sheets offer even larger  This paper is not an attempt to review the immense literature
contact area. As a result of these enhanced interactions, layere@n nanocomposites, as numerous such reviews already-&xist.
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Rather, we focus on the relationship between morphology of which happens in a scattering experiment inherently. Thus, real-
the reinforcing phase and the mechanical properties of the space imaging analysis ends up equivalent to reciprocal-space
resulting composite. We take the position that the large-scale scattering analysis. It is, however, much easier to obtain the
aggregated character of nanoscale fillers is the most importantdata in reciprocal space.

factor that compromises nanocomposite mechanical perfor- |n order to fully sort out the structure of a complex, disordered
mance. Unless the aggregation is mitigated, interface modifica- system, both imaging and scattering are necessary. Each
tion, improved processing, more rigorous dispersion, higher technique acts as a check on the other by complementing the
native aspect ratio, and better morphology control will not lead other's deficiencies. For instance, some models that are con-

to the lofty performance improvements once predicted. sistent with scattering data can be ruled out from the imaging
i o . information. Scattering from Gaussian polymer coils, for

2. Morphological Characterization: Imaging vs example, is very similar to scattering from randomly oriented

Scattering thin disks. In contemporary language, coils and disks have the

Electron microscopic imaging (real-space analysis) is in same fractal dimension. The difference between coils and disks,
principle more powerful than small-angle scattering (SAS, however, is readily apparent via imaging. Images, on the other
reciprocal-space analysis) for elucidating nanoscale morphol-hand, are difficult to quantify, they are subject to operator
ogies. The main reason is phase information is lost in scattering, selectivity, and they are often susceptible to compromise by
S0 one cannot uniquely determine structure. That is, more thansample preparation. All of these limitations are minimized in
one morphology may account for the observed scattering. the world of scattering.

Although the loss of phase information seems at first sight to
be a severe limitation, the loss can, in some cases, be3. Nanocomposite Fillers
beneficial'®

To illustrate the relationship between real- and reciprocal-
space analysis, we define structure as the electron densit
distribution, p(r), as a function of positior,. If we knewp(r),
we would know the position of every atom in the sample. In

3.1. Aggregated Spheroidal Fillers. 3.1.1. Morphology of
Precipitated Silica. To illustrate the interplay of imaging and
yscattering data, consider the data in Figuf€ Phe precipitated
silica® in Figure 2 is a new generation material produced from

ciol hic i . | porcellanite, a mineral rich in amorphous silica that is found in
principle, by tomographic imaging one could measu(® and the Negev desert in southern Israel (Dimosil 288, Dimona Silica

_deﬂmtwgly determmf(ejstructure_. _'I'omr(])_graph|c||mag|n_g, how?rvher, Industries, Beer Shiva, Israel). The amorphous character of
IS an arduous procedure requiring thin sample sectioning. ThUs, e 1anite is conducive to an efficient synthetic process that

the direct measurement pfr) is seldom done. Even in cases yields silica with specific surface areas in the range of-100

where p(r) is measured, it is difficult to resolve structures 400 n¥/g. Dimosil 288 in Figure 2 has a BET surface area of
smaller than 1um. More importantly,p(r) depends on the 170 n?/g.

portion of the sample in the beam; i.e., if you move the sample
in spacep(r) changes. The ability to select images that match
a specific operator’s prejudices is a manifestation of the spatial
dependence of(r).

The fact is that for disordered systejp{s) contains too much
information to be conceptually useful. What is needed is an
appropriate statistical or ensemble averagel,] of p(r). A . : .
simple spatial average will not do the job sirﬁbér)[ispsimply size n_or the s_tructure of the aggregates is evident.
the mean density. What is needed is not an average over the A ficher picture of the morphology emerges from the
absolute position of the atoms, but an average of the correlationsSCaltering data in Figure 2b, which compares scattering (light

among those positions. The correlation functidp(r), is the + X-ray) from a wet suspension taken directly from the
simplest quantity that measures spatial correlations: synthesis reactor and the same material after room temperature

drying. The dry sample shows four structural levels, the scale
_ of which can be read off the plot as roughtyg;, whereq; is
I“p(r) fp(u) putr)du (1) the value ofq at the transition region between the power-law
For an isotropic systeriT,(r)[is a scalar quantity that depends ~ '€gions’* The power-law regions show up as linear on the-og
only on the relative position of the atom&l,(r)Jcan be log plot. The values pf the four length scalgs _shown in t_he plot
compared to morphological models in a quantitative fashion. Were actually determined from a more sophisticated unified data
This correlation function is called the Paterson function in analysis method that breaks the curve into Guinier and Porod
the X-ray diffraction community® The Fourier transform of ~ regions, where “Guinier” refers to the transitions and “Porod”
the Paterson function is exactly what is measured in an X-ray 'efers to the power-law regioft$.Using this Guiniet-Porod

Figure 2a is a transmission electron microscopy (TEM) image
showing the primary structural building block of precipitated
silica is a quasi-spherical particte200 A in diameter. These
so-called primary particles are aggregated into a large-scale
disordered secondary structure. It is difficult to say much more
about the morphology based on the TEM image. Neither the

scattering experiment. The scattered intensity), is approach, the length scales turn out to be the radii of gyration
(Rys) of the structural features. Andre Guinier first demonstrated
I(g) O f[]]“ (r)@’iqrdr @) that the size of colloidal particles could be extracted from small-
P angle scattering (SAS) dat&Porod first showed that the surface
whereq is related to scattering anglé)(by q = 4x/A sin(6/2), area of a colloid could be calculated from the scattered intensity
with 1 being the wavelength of the radiation. Based on this in the power-law regimé*
Fourier transformy andq are conjugate variables. The presence of four-length scales (i.e., four transition

Although eqgs 1 and 2 are equivalent Fourier transform pairs, regions) shown in Figure 2b implies a hierarchical morphology
it is more common to extract morphological information in consisting of primary particlesRy = 126 A) clustered into
reciprocal space using eq 2 than in real space using eq 1. WeaggregatesR; = 3000 A). These aggregates are further clustered
know of no example§',(r) was calculated for nanocomposites into two classes of agglomerates referred to in this work as
from real-space imaging data. Incidentally, calculatingr) “hard” (Ry = 3.5um) and “soft” Ry = 44 um). Note that the
from p(r) is equivalent to throwing out the phase information, 44um soft agglomerate feature is not present in the wet sample
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Figure 2. (a) TEM of Dimosil precipitated silic& The scale bar is 0.26m. (b) Combined light and ultra-small-angle X-ray scattering (USAXS)
data for Dimosil precipitated silica in the wet and dried states. The dry data show four levels of structure whereas the wet sample shows only three

levels. The limiting slope of-4 is due to the smooth surface of the primary particles. The TEM image is consistent with smooth-surfaced primary
particles, although it would be difficult to eliminate short-scale roughness based on the image.

data, which shows that these structures develop during d#ying. in Figure 2b are plotted on legog axes. Specifically the
The designation “hard” and “soft” is based on sonication studies scattered intensity becomes

(not shown). If a suspension of the dried product is subjected

to intense ultrasonic perturbation, the 4# feature disappears I(q) ~ B 1<d.<3 4)
from the scattering profile, whereas the arb feature persists. dm m

Thus, the former is soft and the latter is hard.

When considering the reinforcement of rubber, optimization Thus, & one-dimensional randomly oriented rod gives a power-
of the aggregate and agglomerate morphology is the key to Iavy scattering profile with a slope 6f1, and a d|§k or shgetllke
effective reinforcemerit- 26 Large-scale agglomerates are non- Object gives a slope of 2. For a three-dimensional object, eq
reinforcing and must be broken down or dispersed during 4 does not apply. In this case the slope turns out to-Bef
fabrication to achieve effective modulus enhancement. There-the object's surface is smooth (surface scattering is treated
fore, the presence of soft agglomerates is desirable. Among theP€low). One can easily distinguish rods, disks, and spheres on
available grades of precipitated silicas we have studieqy®.5  the basis of whether the slope of lo@)) vs logqis —1, —2,

is the smallest hard agglomerate we have found, which accounts®” —4. The fact that the largg-data in Figure 2b follow a

for the highly dispersing character of Dimosil 288. phower-lav};\\/ with an expon?nt of4 showshthaLgle surfacles of
. . . _ the 126 A primary particles are smooth. Thel power-law

To appreciate the importance of morphology on reinforce exponent is called Porod’s lav is a power-law prefactor,

ment, it is necessary to examine the internal structure of %~ ™ S . . .
aggregates and agglomerates. Such clusters (the delineation O\tﬁ/:;%kr]]cljst\rllzr)r/eiﬁr?lgﬁﬂitslr:et\k/]ieeva\}naly&s of scattering data, but

“cluster” refers to both aggregates and agglomerates) usually Application of eq 4 to Figure 2b aj = 0.003 A reveals

display fractal geometry. Fractal geometry is a method to . .
characterize common types of disordered objectd I§ the that th‘? 3000 _A aggregates have a noninteger or fractional
dimension ¢ = 1.9), which is why such objects are called

number of subunits in a cluster (e.qg., for aggregates, the number,

of primary particles within the aggregate), the mass fractal f(f)r?((::ltuasltse.rstZ)ar(r:rt]?elddtl)mEizzltci):Srg\?\}tvr\lleergclegéggji;ii a::)(?/\ltt)t/}plcal
dimension,dn, is defined by the power-law relationship o Y 9 P growth
refers to situations where a system evolves far from equilibrium.

When aggregates form by irreversible sticking of primary
N~ R 3) particles, the system never reaches equilibrium; thus, the growth
is kinetic. In the synthesis of precipitated silica, aggregates form
whereR is some measure of the cluster size. In this Simple by kinetic aggregation soon after the 120 A primary partié?es_
analysis, polydispersity is neglected. Note that eq 3 is also gcattering in the power-law region associated with the 3.5
appropriate to conventional nonfractal Euclidian objects, in um hard agglomerates is not consistent with eq 4 since the
which Casedm is the ObjeCt'S conventional dimension. The power-|aw S|0pe is-3.2. The hard agg|0meratesy therefore, are
objects in Figure 1, for example, obey eq 3wikh= 1, 2,and  not mass fractals. From the slope-68.2, we can infer that the
3, corresponding to rods, disks, and spheres. Non-EucIideanagg|omerates are uniformly dense objects (dg.= 3) with a
objects that obey eq 3 are called mass fractals although the termough surface. These objects are almost certainly porous, but
mass fractal is often applied to any object, including rods, disks, they are still uniformly dense on dimensional scales exceeding
and spheres, that obeys eq 3. the aggregate size of 3000 A.
In reciprocal space, mass-fractal objects follow a power-law  Surface roughness is quantified by a surface fractal dimension,
relationship conjugate to eq 3, which is the reason why the datads, which relates the surface aref,to the object’s sizeS ~



Macromolecules, Vol

. 40, No. 24, 2007 How Nano Are Nanocomposites 8505

100 \,
10
—_ \ [Epoxy,‘lGPal
[ | _
% i
Soft Hard ) :
Agglomerate Koglomerats Ag[g]:%gile ane:rgﬁpfrllcle ‘a—,’
44 pm 3.5 ym % 01}
Figure 3. Schematic of the morphology of precipitated siltiédour 'g
levels of structure are observed. Note that the primary particle and hard =
agglomerate are both uniformly dense, but the former is compact and 0.01
smooth-surfaced whereas the latter is porous and rough-surfaced. The
morphologies of the aggregate and soft agglomerate are statistically i
very similar, except for the nature of the buliding block. Primary 0.001 —— A
particles make up the aggregate whereas hard agglomerates make up [Rubber, 0.0005 GPa|
the soft agglomerate. This figure is a schematic, not a simulation. i i i
0 500 1000 1500 2000 2500

R%. Objects obeying this equation are called surface fractals. g
When roughness is taken into account, eq 4 generalizes to Radius (A)

Figure 4. Dependence of the modulus of a fractal aggregate on the
aggregate size. For comparison, typical moduli of hard and soft matrices
are shown. When the modulus of the aggregate falls below that of the
matrix, there is no reinforcing effect. The chemical exponents
assumed to be 1.1, characteristic of reaction-limited cluster aggregates.
. ) The fact that this dimension is near unity means that the spanning arms
uniformly dense (non mass-fractal) objett = 3, sol(q) ~ are close to linear (i.e., the spanning path is not tortuous). The radius
g~ 6-9. Using this relationship, we conclude that the ar of the spanning arm is 100 E and the Young’s modulus of the arm

agglomerates are uniformly dense globules with a rough surfacematerial is 100 GPa.

of surface dimensiods = 2.8. Such a high surface dimension . L o e

means that the surface is very rough as depicted by the schemati®vhere¢ is the volume fraction filler. In this rigid filler limit,

of the hard agglomerate in Figure 3. The process by which hard the elastic energy is stored in the distorted strain field around

agglomerates form is not known, although we do know they the particles. The Smallwood analysis assumes no alteration of

form after the aggregat@8Note thét whert, = 3 andds = 2 the matrix elastic properties due to the filler. Sternstein and Zhu,

corresponding to a uniformly dense, smooth-surfaced object, "OWeVer, provide considerable evidence that polynfier

I(q) ~ g4 which is, as mentioned above, Porod’s law. interactions lead to labile cross-links in the vicinity of the filler,
When p,ower-law ,analysis is applied to t,he soft agglomerates which leads to a larger modulus increment at finite strain rates

in the region aroundy = 105 A1, one findsdy =~ 2, also  than predicted by eq &:% _ _

consistent with kinetically limited agglomeration. Apparently, ~ FOr the case of aggregated fillers, no rigorous theory of

secondary agglomeration occurs during drying, sincem4oft relnforcement_eX|s_ts._W|tt_en, Rublnstem, and Colby (WCR)

agglomerates are not present in the wet sample. The building"oWever provide insight into reinforcement by fractal ag-

blocks of the soft agglomerates are the 3 hard agglomer- gregates? These authors assume that the elastic energy is stored

ates, siN in eq 3 refers to the number of hard agglomerates in I the spanning arms of the filler itself. The stiffness of the

one soft agglomerate. aggregate (and therefore the amount of stored energy) depends
Armed with the above information, we can now construct a " the tortuqsity of the connected sp_anning path._ The tortuosity

more realistic schematic of the morphology of Dimosil 288 1S characterized by a new fractal dimensiopwhich relates

I(q)~q2%ds 1<d,=<32=<d,<3 (5)

For a mass fractafl, = ds so eq 5 reduces to eq 4. For a

precipitated silica (Figure 3) than is obvious from the TEM in
Figure 2a. From the scattering data, two new levels of

morphology emerge (soft and hard agglomerates), the nature

of which is critical to dispersion and to the properties of silica-
filled rubber. On the other hand, without TEM the idea of using
fractal analysis to quantify the morphology would never have
come up. It was TEM images showing disordered colloidal

fractal concepts.
3.1.2. Silica Morphology and Mechanical PropertiesThe

presence of aggregated structures has profound implications for
reinforcement. For unaggregated, isolated, rigid spheres, Small-

wood® predicts that the enhancement of the modulus is
independent of the size of the filler particles and is linearly
related to loading in the limit of low loading. Specifically, if
E. is the Young's modulus of the composite akg is the
Young’s modulus of the matrix, the modulus enhancenient,

is particularly simple®

E.

1425, ¢<1 (6)

m

the number of primary particlet.fa) in the spanning path to
the cluster sizeR:

()

where L is the length of the spanning path and’‘is the
corresponding size of the primary particles. df= 1, the

%panning path is linear. The modulus of the aggredaig, is

related toc as

Eage= E (8)

§)3+c
whereE; is the Young’s modulus of the bulk filler material
(~100 GPa for silica).

Equation 8 shows that the aggregate modulus drops precipi-
tously with aggregate siz®, as shown in Figure 4. It must be
recognized that eq 8 is based on a scaling argument, so absolute
numbers are order-of-magnitude. Nevertheless, Figure 4 shows
that aggregate structures are ineffective at reinforcing hard
materials since the aggregate modulus falls below that of the
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a4y Figure 6. Stress-deformation curve for the silica-filled rubber sample
Figure 5. USAXS scattering profile for precipitated silica as a dry in Figure 5?2 The data show a small region of power-law behavior as
powder and compounded into styrerimitadiene rubbe®. The primary predicted by Witten, Rubinstein, and Col#yThe slope at small strain
particle radius of 45 A and aggregate radius of 280 A are consistent is more consistent with tensile deformation of the aggregate assuming
with both curves. In the filled rubber, however, scattering from the strong contacts between aggregates.
agglomerate is not observed. An air background was subtracted from

the powder, and an unfilled rubber blank was subtracted from the filled deformation of interconnected aggregates to transient cross-
rubber data. The loading is 11.7 wt % silica. No colloids other than |11« in the polvmer due to the presence of the file?2
the silica filler were included in the formulation of the rubber. WRC alsg p};edict nower Iawp dependence of mddulus on

matrix for cluster sizes comparable to that of the primary loading.

particles. This analysis gives the first clue as to the limited
modulus enhancement of thermosets reinforced with nanopar-

ticles. We will return to this point after discussing the morphol- ) . i i .
ogy of carbon nanotubes. This relationship, which predicts a power-law exponent between

3.3 and 4.4, is hard to check because, to achieve high enough
loadings, the hard aggregates must be broken down to small
sizes and uniformly dispersed, which is difficult in normal
compounding. High loadings are required to verify the theory,
which assumes a connected network. Nevertheles§gypelu

E~ Ef¢(3_c)/(3_dm) (10)

A macroscopic analogue of the effect captured by WRC is
the difference between steel and steel wool. Steel is a high-
modulus material so it is reasonable to expect that loading of a
composite with steel fibers would lead to considerable stiffening.
Steel wool, however, is soft, and expected reinforcement with _. . . e .
steel wool would be much less than aligned steel fibers. Filler finds that this relationship is obeyed for carbon-black-reinforced

. . ubber where the exponent @nis 3.5, in agreement with eq
aggregates, like entangled carbon nanotubes discussed below, 34 i . - o
are morphologically similar to steel wool. 1034 This relationship has also been verified for powder
. . . I compact® and aerogel®
Some evidence supporting t.he WR.C model is fogn.d n Flg.u_re 3.2. Carbon Nanotube Fillers. 3.2.1. Single-Walled Carbon
5, which compares the_ scattering proﬂles for a precipitated §|Ilca Nanotubes (SWCNTs). 3.2.1.1. SWCNT Suspensionshe
powder and an organic rubber reinforced with the same filler.

. . interpretive concepts reviewed for precipitated silica agglomer-
The filler and rut_>ber were mgde foIIowm_g Schaefer and Chen, ates and aggregates have been widely used to infer the structure
with the exception that a silane coupling agent was used to

. ; . L of aggregated quasi-spherical colloidal particles. As a conse-
tmhogltfr{ the fllller surIace dtl:r"?g p_remp(;tatlo;ﬁ._Thti d?f:? csihovt\),b guence, there is general consensus not only on morphology but
Tr? h.ehagﬁ om;era € scat_ erlgg IS reduce md' € tl> € kru tir' also on the chemical and physical processes by which complex,

€ high-shear forces active during compounding break up € ;e o ohical structures form from guasi-spherical entitfe=or

agglomerates leaving the aggregates, which are small enougl'low-dimensional systems, such as rods and disks, however, there

to withstand the compogndlng shear. ) is no settled wisdom. Lack of consensus is traceable to the
The WRC model predicts an_unusual povyer-law tensile stress |imited scattering data extending to low enougto infer large-
(0)—deformation {) curve at high deformation: scale morphology. In addition, experiments are more difficult
since filler loadings are typically less than 1 wt %, so scattering
o~A° 9) is weak. Also, even at this concentration, high aspect ratio
objects are doomed to interact with each other, leading to
Figure 6 shows tensile data for precipitated silica in organic nonworkable viscosities and poor dispersion. In spite of the
rubber. The data display a limited region of power-law behavior paucity of data, some important conclusions can be inferred on
with an exponent of 2.9. WRC predict s values between 0.9 the basis of small-angle neutron and X-ray scattering (SANS
and 21, dependent upon assumptions regarding deformation ofand SAXS) from solutions and composites loaded with single-
the aggregate. The value of 2.9 is more consistent with the and multiwalled carbon nanotubes (MWCNTS).
analysis that assumes that the elastic energy is primarily stored Figure 7c shows combined light scattering and ultra-small-
as lateral compression of the aggregate, which occurs as theangle X-ray scattering (USAXS) data from a SWCNIH
aggregate is strongly stretched in tension. At low deformation solution with sodium poly(styrenesulfonate) as a dispersiof’aid.
the exponents, is much larger, which could be due to tensile These data can be interpreted using similar concepts as
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Figure 7. (a) SEM, (b) TEM, and (c) small-angle scattering (SAS) data on single-walled carbon nanotubes. SAS data are from a 0.1% water
solution®” The SEM and TEM images were taken from dried samples. The X-ray data@.0003 A?) are on an absolute scale. The light
scattering datag( < 0.001 A1) were scaled to match the X-ray data. The scale bars in both images are 100 nm. The light scattering data of Chen
et al3® have been shifted to match small-angle data. The datpat0.1 A-! are too noisy to extract information regarding the local carbon
structure, which in principle should show up in this region.

developed above for precipitated silica. The most notable feature
of the profile is the absence of a power-law scattering with an
exponent of—1, the signature of a one-dimensional scatterer.
Since the data are on an absolute scale, they can be compared
with the expected scattering from a one-dimensional rod. The
simplified rod mode® in Figure 7c matches the data only at
the highesty. Over the entire region where a rodlike power-
law (slope—1) profile is expected, the measured intensity is
orders of magnitude greater than the value calculated assuming
isolated SWCNTSs. The excess scattering at sqmatesumably
arises because SWCNT clusters are present, not unlike the case 5
for precipitated silica. Clustering leads to larger mass per unit » <8 —
volume and therefore enhanced intensity at small 97 ey il M

Scanning electron microscopy (SEM) and TEM images Figure 8. Optical microscopy of SWCNTSs in Jeffamine D4®Darge-
(Figure 7a,b) help in the interpretation of these SAS data. The Scale SWCNT clusters are evident.
images show that, on length scales above 1000 A, the driedconsiderable disorder inside the swollen ropes. In solution,
SWCNT sample is organized into a ropelike network. The mass- therefore, the ropes are not organized structures; instead, the
fractal character of the SAS data arougpd= 3 x 105 A1 ropes exist as disorganized network structures similar to the
suggests this network structure persists in solution. Therefore, TEM image in Figure 7b. A more realistic cartoon of SWCNT
the predominant product of dispersion is not independent morphology in solution is shown in Figure 9 as suggested by
nanotubes but microgel networks tens of microns in radius. Brown et al® This hierarchical morphology shows disorder on
These clusters can actually be seen by optical microscopy,two length scales but retains some semblance of ropelike
although their internal structure cannot be resolved with this character.
technique (Figure 8).It should be noted that scattering is Instances have been reported in the literature where power-
sensitive to the square of the mass, so it is difficult to detect law scattering with exponents of1 has been observed in
small objects in the presence of large. Undoubtedly, some SWCNT suspensions. Schaefer et al. observed such behavior
isolated nanotubes are present. when SWCNTs are suspended using a poor dispersant and

The transition to a slope 6f4 at a length scale of 720 Ain  sonicated until most of the carbon flocculaté§.he remnant
Figure 7c fixes the mean radius of the ropes. This number is suspended carbon has rodlike characggther isolated SWCNTs
substantially larger than the250 A rope radius estimated from  or rodlike bundles. Power-law exponents-ef have also been
the microscopy in Figure 7a. The difference implies the ropes observed by neutron scattering in SWCNT solutions of micelle-
are highly swollen but not completely destroyed during water forming surfactant§#4®In this case, large background subtrac-
dispersion. With sufficient mechanical disruption, however, the tion is necessary because of the scattering from the surfactant

ropes can be completely obliterated, leaving a slope-6£.5 micelles. This subtraction is compromised, however, since the
across the entire scattering profife** The data of Chen et al.  organization of the surfactant is likely perturbed by the
(included in Figure 7c) show no crossover-d at highqg.3° nanotubes.

For SWCNTs, a second mass-fractal, power-law region is  Figure 10 shows background-subtracted neutron scattering
observed af] > 5 x 10-3 A~1 (Figure 7c). This behavior implies  from a 0.1% SWCNT solution suspended indDcontaining
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Figure 9. Schematic representation of a suspension of SWCNTs showing a disordered network on two lengthTéealesttern on the left
represents bundles or ropes of SWCNTs. Within the solvent-swollen bundles, the individual SWCNTSs also form a disordered network structure.
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Figure 10. SANS dat& for SWCNTs suspended in,D are compared in Do 31660 using 0.2 wt % NaDDBS as a dispersion aid. Data are
with expected scattering from 14 and 200 A diameter rods. Neither from Zhou et af* The SWCNT concentration is 0.02 wt %. The data
model fits the data, so the region of power-law behavior with slope of are compared to scattering from a 14 and 54 A diameter carbon rods
—1 is probably not related to rodlike morphology of the isolated of density= 1.4 g/cni. In the latter case, a unified fit is used to find
SWCNTSs. the crossover to fractal behavior at smallBased on the unified fit

] the effective aspect ratio is = 608 A/27 A= 24.
0.5 wt % surfactant> These data are compared with the

expected scattering from a 14 A diameter carbon rod with a the SWCNT scattering by the surfactant scattering, but the
density of 1.4 g/ch Comparing the data and the isolated-rod presence of KD increases the background due to incoherent
calculation, the observed intensity is more than 2 orders of scattering from hydrogen atoms. Large subtraction errors make
magnitude too large to be attributed to isolated SWCNTSs. In it difficult to establish definitively the presence of-al slope
order to match the intensity, a rod diameter of 200 A must be necessary to confirm rodlike morphology. Since the data are
assumed, but in that case the higldata cannot be fit (Figure  on an absolute scale, however, we can compare the observed
10). Yurekli et al. suggest such data can be interpreted assumingntensity in the ostensibly power-law regime with that expected
surfactant decoration of the nanotube w#li§hese authors also  from isolated linear nanotubes. Figure 11 includes the prediction
note problems associated with such an interpretation, one offor 14 and 54 A diameter carbon rods. The fact that the latter
which is the inability to fit the entire curve, as illustrated by matches the data in the largeegion means there is some side-

the 200 A rod calculation in Figure 10. by-side aggregation of nominally 14 A diameter isolated
To avoid the compromises caused by the presence of SWCNTSs. At lowq, the data follow a slope of2.2, consistent
surfactant, Zhou et al. used a mixture ofand HO to with large-scale fractal networking discussed above. The

contrast match the sodium docecylbenzenesulfonate (NaDDBS)crossover point is the persistence length from which an effective
surfactant (Figure 1B This method minimizes the masking of  aspect ratio ob. = 608 A/27 A= 24 is calculated (note théat,
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The light scattering datag(< 0.001 A%) were scaled to match the
Figure 12. Background-subtracted USAXS data for Epon 828 cured X-ray data. To account for the broad crossover between the high- and
with SWCNT-loaded Jeffamine D-203onication time refers to the low-q power-laws, it is necessary to assume tube radii between 600
Jeffamine D-2006 SWCNT precursor suspension. The carbon loading and 5500 A. This latter number is much larger than any individual
is 0.1 wt %. The data are compared to scattering expected from a 40tubes, which implies side-by-side aggregation. The effective aspect ratio
A diameter, 1400 A long, isolated carbon rod. The data imply extensive cannot be extracted from these data because the persistence length is
clustering on all length scales, which increases with sonication. larger than dminimum-

is a half-length). These data are therefore consistent with MWCNT varieties are much larger and stiffer than SWCNTSs.
SWCNT ropes with a rather short persistence length. To our Figure 13 shows a microscopy image as well as combined light
knowledge, there are no literature values to which this value of scattering and USAXS data for a water suspension of vapor-
the effective persistence length can be compared. grown nanofibers (PR-19-PS from Applied Sciences Inc.,
3.2.1.2. SWCNT Composites: ThermosetSWCNTs are Cedarville, OHY!? These fibers normally contain a few con-
weak scatterers that are very difficult to disperse in polymers centric cylinders or nested truncated coffeBypically the cores
at loadings above 0.1 wt %. At this loading, it would be difficult are open and presumably filled with solvent. The data in Figure
if not impossible to observe X-ray or neutron scattering from 13 show power-law scattering at both large and smallhe
isolated SWCNTSs. As a result, there is little morphological data power-law slope of-4 at highq is indicative of smooth tube
on SWCNTS in engineering composites. The only SWENT  walls. The slope of-1.09 at smallg is close to that expected
thermoset USAXS data we know of is shown in Figure 12. for a stiff one-dimensional structure.
Brown et al® prepared these composites by dispersing the  For comparison, Figure 13 includes a simplified form factor
SWCNTs in the curing agent (Jeffamine D-2000) before mixing of a rigid tube of radius 600 A and a wall thickness of 200 A,
with the epoxy resin. These authors find that SWCNTs do not approximately the dimensions seen in the SEM inset. The
disperse in the epoxy itself. simplified tube form factd® is similar to the simplified rod
Figure 12 shows the evolution of the scattering profile as a form factof® used in Figures 7, 10, 11, and 12 in that it matches
function of sonication time in the curing agent. Comparison with the exact tube form factor but suppresses the oscillations
the expected scattering from isolated 40 A diameter carbon rodsobserved in the exact calculation. Such oscillations are seen only
shows that the observed scattering far exceeds that expectedvith highly monodisperse samples. The simplified tube form
from well-dispersed SWCNTSs. In fact, the only reason scattering factor fits the data in Figure 13 at intermediatewhere the
is observed above background is that the SWCNTs are ag-scattering is controlled by the wall thickness; it fails at Iqw
gregated on all observable length scales. Since the scatterindhowever, because of the broad distribution of tube radii. To
intensity increases with sonication time, the concentration of account for the broad crossover between the high andglow-
micron-sized aggregates increases with time. This increase couldbower-laws, it is necessary to assume tube radii between 600
be attributed to aggregation of smaller clusters or dispersion of and 5500 A. This latter number is much larger than any
agglomerates so large as to exceed the resolution of USAXS.individual tubes, which implies side-by-side aggregation.
On the basis of visual observation, the latter is probably the The suspension in Figure 13 was prepared using sodium poly-
case. Since there is no signature of rodlike scattering in these(styrenesulfonate) as a dispersion aid. In the absence of the
data and no distinct Guinier crossovers, it is impossible to dispersion aid, the fibers remain aggregated in@0clusters,
associate any length scales with the dispersed carbon. and no slope of-1 is observed’ These unmodified tubes
3.2.2. Multiwalled Carbon Nanotubes and Nanofibers. precipitate rapidly. If the tubes are surface-modified by acid
Carbon nanotubes come in a variety of wall structures including treatment to make them more hydrophilic, then smaller, more
single-walled, double-walled (DWCNT), concentric multiwalled, persistent clusters are observed following dispersion by soni-
and more complex multiwalled structures such as stacked conescation. After about 50 h, however, the cluster size approaches
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scattering at lovg. It should be pointed out the logregion in
— 5 the lightly loaded sample is not available due to large back-
—— Wormlike Cluster]... N )
r=450 A ground subtraction errors at very small scattering angles.
T=100A Therefore, one cannot definitively say that the 0.01 wt % sample
Lp=2000 A = is unaggregated. The excess scattering at small angles for the
. dn =285 0.05% sample, on the other hand, is consistent with a network
10° e entangled, semiflexible nanotubes.
; - To model the scattering from hierarchical structures, we use
102 b\ P a wormlike cluster mode® That is, we assume isolated tubes
for distances less than a persistence lenggh,At distances
10" |- v larger than thel,, a mass-fractal network morphology with
fractal dimensiondm,, is assumed. A cartoon of an isolated
“wormlike tube cluster” is shown in Figure 15a. If such clusters
are part of a percolated network, fractal correlations would exist
up to a correlation range beyond which the carbon distribution
would be uniform, similar to the situation in a semidilute
polymer solution. This cutoff length scale is larger than the
resolution limit of USAXS (1 um).

Thinking about reinforcement in light of Figure 15a evokes

I T T the WRC model of reinforcement by fractal objects. Applying
103 102 10" the analysis of Figure 4 leads to the conclusion that clusters

o 1 larger than a typical tube diameter offer minimal reinforcing

q (A ) potential in hard materials. In other words, the flexibility and
Figure 14. USAXS data for a bismaleimide thermoset loaded with clustered nature of the tubes eliminate the potentially beneficial
multiwalled carbon nanotubé$.The lines are fits to infinitely long, effects of high-aspect-ratio carbon nanotubes. In this system,
isolated tubes and a wormlike tube cluster, assuming a carbon wall the processes of functionalization, sonication, and high shear
density of 1.9 g/crh T is the wall thickness, andis the outer radius. mixing, which are necessary to achieve dispersion, have

A background of pure resin has been subtracted. The lines represent t d the high t ratio of th fi b tub
calculated scattering for isolated and aggregated tubes. The fact thatd€Stroyed the high aspect ratio of the native carbon nanotubes.
the scattering is reasonably modeled on an absolute scale givesPresumably the tubes are broken, kinked, and elastically

confidence that the scattering is actually due to carbon. The effective deformed by the processing. This point is further developed
aspect ratio is 4.4. Since this ratio depends on the nature of the pg|ow.

nanotubes (wall thickness, diameter, wall morphology) as well as . . -
processing, it is not surprising that the value depends on the specific 3-2-2-2. CNT-Filled Composites: ThermoplasticsFigure
system under study. What is surprising is that the effective aspect ratio 16 shows USAXS data of Zhao et al. for 0.5 wt % MWCNTs

is less than 10 for all the systems analyzed here. in melt-processed thermoplastic polyamide 6 (PEdjhese data

are for unfunctionalized nanotubes, but the data are the same
20 um, and the modified tubes also precipitate. Surface for functionalized counterparts. The data are consistent with a
modification slows agglomeration, but eventually the fate of wormlike cluster model assuming a persistence length of 800
surface-modified tubes is the same as that of pristine tubes. ItA, a rod radius of 152 A, and a cluster fractal dimensiomlgf
is very difficult to suppress agglomeration by surface modifica- = 1.6. No isolated rod model can fit the data. Small-radius
tion. Surface modification may be helpful, but it must be isolated rods can fit the high+egion, but not the lovg. Thicker
combined with other strategies such as the use of shorterrods do better at low but misrepresent the higiportion. This
nanotubes. rather low value ofd,, compared to Figure 14 implies a more

3.2.2.1. CNT-Filled Composites: ThermosetdBecause of ~ Open cluster.

the difficulty in gathering light scattering data on solid samples, = On the basis of the very short persistence length found from
direct evidence regarding the large-scale morphology of nano- USAXS, one would not expect significant reinforcement of PAG,
tubes in solid matrices is sparse. Being cognizant of information which is the case (Figure 17). As was observed for thermosets,
reviewed above regarding suspensions, however, it is possibleclusters are poor reinforcing agents, so reinforcement depends
to draw some important conclusions about composite morphol- on the short rodlike segments that make up the clusters. As will
ogy from USAXS. It is not surprising that nanotube-reinforced be explained below, however, short rods are also poor reinforc-

Intensity (cm™)

.05%

AQ
® 0.01%

composites show complex hierarchical morphol&gy*e We ing agents.
will review composites based on thermosets, thermoplastics, and There is little difference in the tensile data for PA6 and PA6
thermoplastic elastomers. with either functionalized or unfunctionalized nanotubes (Figure

Consider first the USAXS profiles (Figure 14) for catalytically 17). When clusters are present, functionalization has minimal
grown MWCNTs (MER Corp., Tucson, AZ) in a bismaleimide impact on modulus enhancement. It should be pointed out,
resin®® To achieve uniform dispersion, the functionalized however, that other groups find modulus enhancement up to a
nanotubes were subjected to bath sonication and high-sheaifactor of 2 at 2.0 wt % loading. The absolute values, however,
mixing in the two-part resin prior thermal curing. Since the data are much lower than the common PAG resihs.
are on an absolute scale, they can be compared to the expected 3.2.2.3. CNT-Filled Composites: Thermoplastic Elas-
scattering from isolated tubes. The 0.01 wt % sample and thetomers. The situation for elastomers is similar to that found in
high-g region of the 0.05 wt % sample nicely match the thermosets and thermoplastics. Figure 18 shows data for Irogran
simplified tube form factor (STFE§ assuming a tube outer (PS455-203, formally Morthane, Huntsman Polyurethanes)
radius,r, of 450 A and a wall thicknesg,, of 100 A, both of thermoplastic elastomer reinforced with ASI PR19-HT nanofi-
which are reasonable on the basis of SEM images. At higher bers. These samples were prepared by sonication of a~THF
loading, however, the STFF fails to account for the excess polyurethane-CNT mixture followed by casting and evapora-
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Figure 15. (a) Schematic representation of a branched wormlike cluster with persistence llgn@ih Short-fiber mechanical equivalent of the
wormlike cluster. The idea is that, to some approximation, the filler behaves mechanically as a disconnected bunch of short rods whose aspect ratio
is much less than the aspect ratio of the native, undistorted filler. Since all connectivity is neglected, this model is bound to underestimate the act
modulus enhancement factor, but for hard materials predictions are within a factor of 4 of observations.
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Figure 17. Tensile stressstrain data for PA6MWCNT composites®

A = PA6, B= PA6 + MWCNT, and C= PA6 + MWCNT—COOH

(functionalized). The loading is 0.5 wt %. Apart from what appears to
be an offset at low strain, these data are very similar in the elastic

data are compared to a wormlike cluster model with a persistence lengthregime. We assume the small strain slopes are not reliable since the
of 800 A. The loading is 0.5 wt %. The effective aspect ratio is 5.3. authors were focused on ultimate properties.

tion of solvent. The tube-cluster parameters are listed in the Equation 11 is simply derived assuming equivalent strain on
figure. The persistence length of 5000 A is somewhat longer the matrix and fibers. The fibers are also assumed to span the
than that observed for thermosets and thermoplastics. Thesample ¢ > 1) and to be aligned with the applied stress. Note
difference is probably due to the fact that the elastomer the Smallwood result (eq 6) would obtain in the opposite limit
composites were cast from solution without high-shear mixing. (o = 1) corresponding to spherical particles. Between these two
3.2.3. Mechanical Properties of CNT-Filled Composites. limits lies the “short-fiber” regime.
Regardless of the matrix (thermoplastic, thermoset, elastomer), Modeling of short-fiber composites is quite complex. Al-
USAXS data imply large-scale morphology as in Figure 15a. though more than one approach to the short fiber problem can
In the context of mechanical models of composites, such an pe found in the literaturé? all lead to the conclusion that short
object maps on to a short-fiber equivalent as shown in Figure fibers show drastically reduced reinforcement compared to long
15b. That is, flexibility and clustering reduce the effective aspect fipers. Two factors reduce reinforcement: the finite length of
ratio, o, of the native carbon fiber. The reduced aspect ratio the fibers and random orientation. The orientation factor reduces
has dramatic affects on mechanical properties because shortthe effective modulus by a facto€, of 0.2 for randomly
fiber composites have reduced moduli compared to long-fiber oriented fibers (see below). For most applications of nanocom-

composites.

Ideal long-fiber composites should follow the rule of mixtures.
If Ecis the modulus of the compositE;, the modulus of the
matrix, andg; the modulus of the fiber, the modulus enhance-
ment,E;s, is

E
Eéz_°=

E. 11)

E,
(E—m)¢ +(1-9¢)

where¢ is the volume fraction fiber.

posites, this sacrifice is acceptable because alignment of fibers
leads to degradation of transverse properties. The real problem
comes from the length factor, which drops@slecreases.

The calculation of the length factor is more complicated.
Fukada and Kawatacalculate this factor for isolated fibers in
the isostrain approximation for which eq 11 is the long-fiber
limit. Halpin and Ts&# include multifiber interactions and find
that many solutions reduce to the same f&#ilori and Tanaka
treat the fiber as ellipsoids of revolutiéf.6 Any of these
models could be used to illustrate the impact of reduced fiber
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Figure 18. USAXS data for polyurethane thermoplastic elastomer
loaded with vapor-grown carbon nanofibers. The line is a wormlike
tube cluster model assuming a tubeall carbon density of 2.1 g/cin
and a matrix composition of4eHszs €00 g2 and a density of 1.11 g/cm.

length. We will examine the HalpinTsai model since it reduces
simply at interesting limits. For fully aligned fibers, the
“Halpin—Tsai” equation is

_ 1+ 2on¢

© 1-ne
_ E/E,-1
"~ E/E, —2a

In the dilute, stiff fiber limit ¢p < 1 andE;/Ey, >1) this equation
reduces to

" (12)

- E/E,
EO_1+20LEf/Em——20L¢

(13)
In the long fiber limit (21 > Ei/Ey) eq 12 reduces to the rule
of mixtures. In the short fiber limit (@ < E/E,) eq 13 becomes
independent of fiber elastic properties

Es=1+ 20¢ (14)
which, foro. = 1, is close to the Smallwood calculation (eq 6)
for rigid spheres. If the fibers are not aligned, the angular factor
discussed above must be included, giving
Es=1+20C¢ (15)

Fukada and Kawatafind thatC, = 0.2 for randomly oriented
fibers.

Using the parameters in Figure 14 and identifylggas the
effective fiber lengthp. = 4.4 soEs = 1 + 1.8p, which is to
be compared to the rule-of-mixtures resultgf= 1 + E/En¢
= 1 + 100Q». Whereas the rule of mixtures predicts a 5-fold
increase in modulus at 1 wt % loading, the short-fiber calculation
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and MWCNTSs. The tensile data (Figure 19a) are nearly identical
at small strain, suggesting that there is little change in elastic
properties with loading. Gojny et al.’s analysis of these data,
however, shows a modest dependence of modulus on loading
(Figure 19b). The line in the figure iEs = 1 + 30¢, from
which an aspect ratio of 75 35 is calculated using eq 15.
This number is larger than the persistence length determined in
similar systems by USAXS but is substantially smaller than that
of pristine tubes.

The only case where both scattering data and modulus data
are available on the same sample is for the thermoplastic
polyamide 6 in Figure 16, which shows a very short persistence
length and negligible modulus enhancement (Figure 17). This
result agrees with the predictions of eq 15.

Equation 15 is independent of the elastic properties of both
the fiber and the matrix, so it predicts minimal reinforcement
of elastomers as well as thermosets. The evidence, however, is
that nanotubes are more effective in reinforcement of elastomers
than thermosets. Koerner et al., for example, measured the
modulus of the same polyurethaneanotube thermoplastic
elastomer (Figure 20). Based on eq 15 and the parameters in
Figure 18,Es = 1 + 2.1¢. The data in Figure 20, however,
give Es = 1 + 10%. If the aspect ratio is calculated from eq
15, the result isx = 270, which is much larger tham = 5.3
from the data in Figure 18. Apparently the short-fiber model
substantially underestimates the reinforcement effect in soft
materials.

The superior performance of nanotubes in elastomers as
compared to thermosets is consistent with the WRC model. In
the WRC model, elastic energy is stored in the compressive
strain of the filler aggregate, an effect that is not included in
the Halpin—Tsai equations. As discussed with reference to
Figure 4, fractal aggregates are expected to be more efficient
in the reinforcement of soft materials compared to hard
materials. This prediction seems to be borne out by the data,
although it must be acknowledged that there is no consensus
on this issue among workers in the field.

3.3. Layered Silicates. 3.3.1. Layered Silicate Suspensions.
Exfoliated layered silicates (clays) are two-dimensional colloidal
fillers that have been widely studied as reinforcing agents for
polymers!-58 As was observed for CNTs, the claims vary widely
regarding the degree of reinforcement attributable to these
sheetlike colloids. Although numerous imaging and scattering/
diffraction studies of the morphology of dispersed layered
silicates exist, troubling discrepancies remain in the interpreta-
tion of these data. Published TEM images typically show
platelike entities that are flat (i.e., linear when viewed in
projection) over 0.lum length scales, whereas SAS profiles
seldom show power-law exponents o2, the signature of
isolated, platelike objects. By examining scattering data in
solution and in polymer matrices, we will show that layered
silicates display large-scale disorder similar to that observed
for CNTs and precipitated silica. Similar concepts apply
sheetlike morphology is found only on short length scales. On
larger scales, fractal correlations exist, which are consistent with
crumpling, aggregation, and/or networking.

The extent of dispersion of layered silicates in polymer
nanocomposites is reflected in both SAXS and USAXS. In the

predicts negligible modulus enhancement. The modulus dataSAXS regime, diffraction peaks reveal the layer spacing and
in the literature seem to cover the range between these twolayer perfection of the multilayer stacks (tactoids). As the

calculations. For the SWCNT data in Figure &5 24 so the

prediction, based on the solution morphologygis= 1 + 9.64.
Gojny et al®” studied a variety of nanotubes in an epoxy

matrix. Figure 19 shows their data for SWCNTs, DWCNTSs,

tactoids exfoliate and disperse, the layer peaks shift to smaller
g and broadef? 61 USAXS can then be employed to probe at
larger length scales and reveal the size and perfection of the
individual platelets as well as the morphology of tactoids. Ho,
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Figure 19. Tensile data for DGEBA-based epoxy loaded with SWCNTs, DWCNTs, and MWCNTSs, both pristine and amine-functiéhalized.
Although the tensile data are nearly identical at small strain, the collection of data do show a modest dependence of the modulus enhancement on
loading in (b).

Forq < 0.01 AL, the data lie above the rigid-disk form factor
and approach a power law with an exponent of abeRt7 at
] smallg. This deviation evokes the same interpretative concepts
R as applied above to similar deviations for CNTs. Apparently,

] large-scale fractal like disorder is present at large length scales.
] Because of the excellent agreement with the simplified disk form

) factor at largeq, we argue that the low-scattering must be
due to a fractal arrangement of the sheetlike units (facets), giving
: rise to the highg scattering. A crumpled or faceted sheet is an
e example of such morphology. To model smakcattering, we
] consider a fractal aggregate in which the local structure is
modeled as platelike facets with a thicknd$sand a persistence
length (facet radius)R,.6? The long-range fractal correlations
R S . give rise to power-law scattering of mass fractal form up to a
] cutoff at a size&, of the overall size of aggregaieéA schematic
FPTITTI FRPRTET TP N of this structure is shown in the inset of Figure 21b.

0
000 004 008 012 3.3.2. Layered Silicate Composited-aceted sheet morphol-
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¢ ogy also exists in polymer composites. Figure 22 compares the
Figure 20. Koerner's et al. modulus ddtafor the polyurethane  data for fully exfoliated MMT in water to data for organically
elastomer system in Figure 18. modified MMT melt-compounded in polyamide-66 (PAG8).

On the basis of TEM data (inset), the filler seems to be dispersed
as sheets. The USAXS data, however, suggest an alternative
description. Both samples are qualitatively similar to NaMMT

in water at lowq, except that the lover power-law implies a
larger fractal dimensiondi, = 2.9) corresponding to more
compact crumpling. This value is very close to 3, corresponding
to a globular nonfractal cluster. The samples also differ at large
g in that the “exfoliated” sample crosses over to a slope of about
—2, whereas the “partially exfoliated” sample shows no

expected scattering from an infinite disk of thicknéss= 9.8 crossover. Disorder persists down to dimensions comparable

A at 0.1 wt %. A simplified disk form factor (similar to the to the sheet thickness.

simplified rod and tube form factors described previously) was ~ The issue of why TEM images show streaks that seem to be
used to calculate the lines in Figure Z2&he electron density ~ edge views of large rigid plates is yet to be resolved. Hopefully
was calculated assuming a NaMMT chemical formula of this discussion will encourage microscopists to reinvestigate the
Nay 65A14Sig02:H20 and a density of 2.85 g/cinThe excellent meaning of clay images and accept simple descriptions with a
fitat q > 0.01 A1 confirms full exfoliation of the clay platelets. ~ degree of caution. The fact is images like the inset in Figure 22
The slope of-2 and absolute intensity at largeare consistent ~ show fuzzy contrast regions that one would expect for disordered
with scattering from isolated two-dimensional platelets. The fractal objects. Such regions exceed the area occupied by the
absence, within error, of a layer diffraction peak at higfs linear objects to which the eye is attracted. Also, imaging always
also consistent with full exfoliation. involves a trade off of contrast and resolutfdnyhich may

Briber, and Glink& calculate the scattered intensity for a
distribution of multiple-layer tactoids, whereas Vaia, Liu, and
KoerneP® treat a mixture of monodisperse multilayer tactoids
and fully dispersed individual sheets. In both cases, the large-
scale morphology is platelike. In both cases, the authors note
deviations of the measured data at srgdtom the predictions
of the platelet-based models.

Figure 21 shows the measured USAXS data for sodium
montmorillonite (NaMMT) in water. The line represents the
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Figure 21. (a) USAXS data for sodium montmorillonite (NaMMT) clay in agueous solution. The line in (a) is a simplified disk form Fagipr.
Light and USAXS data for 0.1 wt % NaMMT in water compared to the faceted-sheet model, a schematic of which is shown in"thEhaseatry

small facet sizeR,, indicates the sheets are flat only over a limited distance. On large scales the sheets are probably crumpled. In (b) the light

scattering data were scaled to match the USAXS ddtis. the disk thickness: is the overall cluster size, ard, is the mass-fractal dimension.

The effective aspect ratio s = 80 A/4.5 A= 18.
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Figure 22. Comparison of exfoliated and partially exfoliated organi-
cally modified MMT melt compounded in PA-68The inset is a TEM
of the exfoliated sample. The bar is 1000 A.

obscure disordered structures, particularly when the operator is

looking for platelets.

Some evidence of sheet flexibility exists from both TEM and
simulations. Figure 23 shows a TEM of a crumpled clay sheet
and a simulation of a tethered (i.e., elastic) membfarkhe
TEM llustrates crumpling occurs in single clay layers. The
simulation shows that crumples are thermally activated in a thin

elastic sheet. Furthermore, long-range disorder is also found in

clay dispersions that show significant layering. For example,
Figure 24 shows USAXS data from organically modified MMT
in toluene compared to NaMMT in water. The former shows
layer diffraction peaks at largeg indicative of significant
layering. At smallg, however, the scattering from the layered
sample is identical to the fully dispersed water sample. On the

(]

Figure 23. (a) TEM of a crumpled layered silicate (measured by
Hartmut Fischer, see acknowledgment) and (b) simulation of an elastic
membrané®
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Figure 24. Comparison of an exfoliated sodium montmorillonite clay

in water with its layered, organically modified counterpart in toluene.
The layered data have been shifted to overlap the water-solution data.
The inset shows, in projection, how a semiflexible sheet could be
ordered at small scales and disordered at large scales.

basis of the interpretation of the water data, layering occurs only and disordered on large scales. The origin of large-scale disorder
over short distances. The inset in Figure 24 shows a cartoon toin layered silicates is the same as observed for CNTs. First of
illustrate how a sheetlike object could be ordered at short scalesall, silicates are not as rigid as the cartoons suggest. Additionally,
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Figure 25. Modulus vs loading for three polyamides. The line is a fit ) . .
to the combined data. Data are from Fornes and Pathe enhance- Figure 26. Percolation threshold measured by Martin et al. compared
ment factor of 36 is twice that calculated from the effective aspect t0 ideal percolation of rods of aspect ratio’*
ratio from the scattering data (Figure 21) and 1/30 of that calculated

from the aspect ratio of 1000 estimated from the TEM inset in Figure estimation is reasonable on the basis of the fact that connectivity
22. between the randomly oriented facets is neglected, and each
facet is treated as independent. In addition, the Halpisai
approximation in egs 15 and 16 assumes that no elastic energy
is stored in the filler deformations. Although the idea that
fisorder reduces modulus enhancement seems to be correct, the
“small-disk” approximation, like the short-fiber approximation,

is too drastic to predict quantitatively the degree of reduction.

aligned platelike objects intrinsically reinforce less than aligned i Itlml:_St be emt_phagzed thatlwet_have re?_tncted lour ?ttenu_?_n
fibers36:86s0 in the absence of disorder, modulus enhancement 0 &'aStiC Properties because elaslic properties are least sensitive

in clay nanocomposites would theoretically be less than that of to defects. Ultimate strength and fracture toughness are probably

carbon nanotubes. Angular averaging, however, has less impac ot as serious_ly compromised by _nonideal filler morphology.
on platelets than on fibers, so randomly aligned platelets are ome properties may actually be improved by clustering. We

ultimately more effective than randomly aligned fibers in terms will iIIu;trate this fact by considering glectrical percolation, the
of modulus enhancemestt formation of an electrically conductive path across a macro-

The impact of large-scale disorder on reinforcement by scopic sample. In this case poor dispersion may be an advantage.

platelets is very similar to that for fibers. The effective size of
the reinforcing element is the facet si&, which is an order
of magnitude smaller than the size of the native silicate sheet. Figure 26 shows the electrical percolation threshold measured
As in the case of fibers, the effective aspect ratipis reduced by Martin et al’* for CVD-grown MWCNTSs in epoxy compared
from that of an isolated, flat, rigid platelet. For clays, the reduced to that predicted for isolated tubes with aspect ratioThe
aspect ratio has the same effect as observed in egal5 measured threshold is 2 orders of magnitude below that expected
reduction of the modulus enhancement compared to the rule offor well-dispersed tubes, for which the percolation volume
mixtures. In fact, eqs 1215 are widely used to interpret the  fraction ¢perc = 1/0.7? This reduction of threshold can be
elastic properties of layered silicate nanocomposite®. The attributed to clustering of tubes into fractal clusters. This
main difference is the angular factor for clays becor@Ggs= surprising result obtains because the peripheral density of a
0.5 as compared to 0.2 for fibetsFor platelets, eq 15 is thus  fractal cluster approaches zero as the cluster size approaches
infinity. As a result, connectivity can be maintained across a

layered silicates are exfoliated and dispersed by chemical
modification, sonication, and high-shear mixing, just as is the
case for carbon nanotubes. These processes lead to defects, teal
crumpling, and even entanglement of sheets.

3.3.3. Mechanical Properties of Layered Silicate-Filled
Nanocomposites According to the Mor-Tanaka theory#55

4. Electrical Properties

Es=1+20Cp=1+ a¢ (16) cluster even though the volume fraction within the cluster is
substantially below the percolation threshold of the fully
Extractingo. = 18 from Figure 21b givef; = 1 + 18p. dispersed subunits. This situation is quite different from compact
Fornes and Palfl studied a series of polyamieidayered- ~ or globular aggregates, which would percolate at volume
silicate composites. Their data are shown in Figure 25 along fractions larger than that of the fully dispersed subunits.
with a fit to eq 16 witho as a parameter. The data folldzy = The reduction of the percolation threshold due to fractal

1+ 36¢, soa. = 36. The situation is very similar to that found clustering can be estimated by a simple scaling argument, which
above for nanotubes. The aspect ratio calculated from scatteringgoes as follows. I is the number of rods in a cluster, the
leads to an underestimate of the mechanical properties. Undersize of the cluster is roughly
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Ry = LN M (17) tubes, or large disks are difficult to disperse and end up actually
or effectively shortened by harsh dispersion strategies.
We have assumed that nanoscale fillers do not alter the

where Leq is the effective length of the rodlike subunits intrinsic properties of the matrix. It is known, however, that
rsistence length i i i ) ! . L ’ ’
(persistence length) arthy is the mass fractal dimension of the colloidal fillers modify cross-linking in rubbers and charngie

cluster. Since the rod clusters are roughly spherical, the clusters. . 4 X :
will percolate when their volume fractione, reaches the in the vicinity of the filler for thermoplastics. Fibers may also

i _li 31,32

percolation threshold for random spheres, which is G316. act ES _Iabllle crost;f, links: tk-]r hestﬁ fa::to;s can alt'ger tr;eth
N is the number of elements of lengtby in a cluster of size  '°C Snlca _properties more than the €1astic properties ot e
. filler,34 leading to alternative strategies for property enhance-

R, then percolation occurs when . > - .

ment. Such strategies also depend on filler dispersion, however,
3 so the issues raised here may also limit the effectiveness of high
(4/3)Ry _ surface area fillers.
Pperc= 0.16 (18)

|\|Clm2|_eff Hopefully the discussion presented above will convince the
reader that large-scale morphology is an important issue in

0.48 nanocomposite development. There is considerable promise for

Pperc™ (19) nanocomposites, but the target applications need to be chosen

2y (30t
A Ny with some deliberation and fundamental research needs to keep

) ] ) ) pace with materials development.
whereos is effective aspect ratio, as described above for the
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