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The materials science community has identified nanoparticle dispersion as a primary challenge area for
the advancement of polymer nanocomposites technology. Although nanoparticle dispersion can signif-
icantly impact important engineering properties, it is not itself a quantifiable property; qualitative TEM
image assessments remain as the ‘gold standard’ for dispersion characterization. While numerous
quantitative dispersion analyses have been proposed, they have often proven cumbersome, system
specific and unreflective of the proposed benefits of nanoparticle reinforcement. No single quantitative
method has been adopted by the community to date and inferences about processing and dispersion
effects generally require subjective analysis. This paper presents a quantitative dispersion character-
ization method which 1) makes use of standard TEM dispersion images; 2) directly reflects proposed
nanoscale reinforcement mechanisms; 3) outputs a single performance metric. By quantitatively
isolating dispersion effects, this technique may help to link disparate studies in the literature while
providing defensible quantitative insights into nanoscale reinforcement mechanisms.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Fiber and fabric composites derive unrivalled strength and
stiffness per unit mass from synergies between lightweight poly-
meric matrices and moderate to high loadings of oriented fillers
with exceptional tensile strength and stiffness. Despite the unique
performance attributes of these materials, inherent processing
challenges limit their usefulness in the consumer marketplace
where mass production is a primary functional requirement. These
materials are not strongly sensitive to filler size, yet there is
evidence that even trace additions of nanoscale fillers can signifi-
cantly improve the properties of a polymer matrix. There are
substantial scientific and practical interests in these nanomaterials
for their potential to transfer into the bulk of everyday products [1].

The successful transfer of nanocomposite technology requires
the development of a more fundamental understanding of the
reinforcement mechanisms. Nanostructured materials are difficult
to characterize and many aspects of these systems are unclear at
present. Prior works have attributed nanofiller reinforcement of
polymers to numerous mechanical factors including filler
debonding, crack pinning, thin layer yielding and interfacial load
transfer [2–7]. For example, Fiedler et al. [8] noted that micro-
reinforcement mechanisms, including crack deflection and filler–
polymer debonding, stem directly from reduced filler size and
All rights reserved.
improved dispersions with reduced agglomerations. Other inves-
tigators have found evidence that the interface between filler and
matrix can have long-range impacts on nearby polymer chains; this
region is known by several names including interphase, interfacial
zone and interfacial region [3,4,9]. Overwhelmingly, the research
suggests that filler size, loading and distribution dictate the amount
of affected polymer [10–12], while the surface structure and
chemistry of the particles dictate the intensity of interaction at the
particle/polymer interface [13,14].

Intuition suggests that reinforcement increases as the filler
loading increases. Numerous investigators have demonstrated
improved properties with increased loadings [5,11,15–21]. Often,
however, these benefits are limited to loadings below an optimum
whereby additional loadings are detrimental. Qualitatively, the
optimums coincide with the emergence of significant agglomera-
tion of the nanoparticles; there have been no systematic investi-
gations of this effect due primarily to the absence of a robust and
quantitative dispersion characterization tool. The literature clearly
demonstrates that optimum performance requires an effective
distribution of the nanoparticles within the matrix. However, the
same scaling effects that make nanoparticles attractive also
compete against effective dispersion. Nanoparticles tend to ‘stick’
to one another and are difficult to separate or disperse due to high
specific surface area and energy. The more they interact with one
another, the less they interact with the polymer in need of rein-
forcement. These nanoparticle agglomerations have little cohesive
strength and their presence is often detrimental to the properties
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being targeted for improvement [19]. Increased loadings of effec-
tively dispersed particles increase the interaction volume and
contribute to additional reinforcement. Review articles of the field
have consistently cited nanoparticle dispersion as a major chal-
lenge area for the advancement of polymer nanocomposite tech-
nology [11,12,22,23].

Despite the broadly recognized importance of nanoparticle
dispersion, the characterization of dispersion remains largely
qualitative and based on subjective interpretations of standard
transmission electron microscopy (TEM) images. Myriad quantita-
tive methods have been proposed [24–37], but none have been
widely implemented due to deficiencies in generality and
simplicity.

Jordan et al. [14] and Burris et al. [38] assembled general trends
from the literature, but noted inconsistencies and even contradic-
tory trends in the published literature. The development of a simple
and broadly applicable dispersion quantification technique will
clarify such occurrences while promoting a more fundamental
understanding of polymer nanocomposite materials and rein-
forcement mechanisms. By quantitatively measuring dispersion,
systematic studies of processing, loading, particle size, agglomer-
ation and interfacial interaction effects become possible. This paper
describes the development of a quantitative dispersion character-
ization tool that, 1) utilizes the state of the art TEM images that
presently pervade the literature, 2) appropriately reflects hypoth-
esized reinforcement mechanisms and 3) has a single, physically
intuitive output metric. It is anticipated that this technique will
help to isolate processing and dispersion effects from interfacial
effects, link disparate studies in the literature and provide general
insights into nanoscale reinforcement mechanisms.

2. Experimental

2.1. Background: the uniform distribution as a dispersion
characterize tool

The uniform distribution is often used to characterize the
optimal dispersion. In this model, each filler particle is equidistant
from its four nearest neighbors as shown in Fig. 1a. This dispersion
minimizes the size of the unreinforced polymer domains and
effectively compartmentalizes damage; presumably, inferior
properties of the polymer matrix have motivated reinforcement.
A number of investigators have found direct or indirect evidence
a b

Fig. 1. Illustrations of two possible dispersion states for nanoparticles within a polymer ma
particles. Deviations from uniformity reduce the volume of the reinforced polymer and inc
that the particle/polymer interface can have a ‘long-range’ impact
on the local polymer chains [39–44]. The volume of reinforced or
affected polymer is optimized if these regions do not overlap. As
illustrated in Fig. 1b, even slight clustering results in a significant
increase in the size of the unreinforced domains and a significant
reduction in the affected polymer volume.

There is little question that a uniform dispersion provides effi-
cient reinforcement. The benefits of the uniform dispersion are so
intuitive that justification rarely accompanies assertions that
uniform is optimal. Many of the quantitative dispersion charac-
terization methods involve measures of the average deviation from
uniformity which may be defined in a number of ways [26,29–31].
However, simple comparisons against a uniform distribution
provide little insight into nanoscale reinforcement phenomena.
Such methods have two important flaws for the purposes of
understanding polymer nanocomposite behavior. First, the use of
nanoparticle reinforcement is fundamentally motivated by
size-scaling arguments, yet a ‘uniform distribution’, per se, is
length-scale independent. Further, the ‘uniform distribution’ is
independent of any measure of the density or sparsity of disper-
sion. Such a tool would therefore favor the use of microparticles
over nanoparticles due to their relative ease of dispersion. Filler size
and loading are fundamentally related to the properties of the
nanocomposite and must be addressed if the method is to be useful
in a broad sense.

Loading and scaling effects are illustrated in Fig. 2. All four
dispersions are perfectly uniform, but intuitively, one might expect
different properties due to differences in the reinforcement states.
The dispersion in Fig. 2a has the largest domains of unreinforced
polymer. Increasing loading by 4� in Fig. 2b reduces the unrein-
forced domain length by 65% and the unreinforced domain volume
by 96%. Conversely, if loading is held constant, a 50% reduction in
filler size has the same effect. Reducing particle size is theoretically
the most efficient means for polymer reinforcement. If particle size
is reduced by an order of magnitude (e.g. 1 mm particles replaced by
100 nm particles), the average volume of the unreinforced polymer
domains is reduced by three orders of magnitude. This critical effect
is completely neglected by typical dispersion metrics.

2.2. Inter-particle distance as a dispersion characterization tool

The distance between particles reflects the size of unreinforced
polymer and provides a scale-dependent measure of the dispersion
trix: a) a uniform dispersion, b) a more realistic dispersion with two small clusters of
rease the size of the unreinforced polymer domains.
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Fig. 2. Four uniform dispersions illustrating the effects of filler size and loading: a) the particles in the top row are twice the diameter of those on the bottom; the loading in the left
column is constant at 1% while the loading on the right is constant at 4%. Under constant dispersion and loading conditions, reductions in filler diameter also reduce the size of the
unreinforced polymer domains. Multiplying loading by 4� has the same effect as dividing size by 2�.
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state. Basu et al., Xie et al. and Hamming et al. [24,45,46] use the
mean inter-particle distance (average distance between every
possible combination of particles) to serve as a measure of exfoli-
ation. This method is sensitive to the number of particles, but is
rather insensitive to dispersion quality. This is illustrated by the
hypothetical dispersions in Fig. 3; although the dispersion on the
right is significantly more agglomerated, this technique would yield
similar values for the inter-particle distance; the smaller inter-
particle distances within one agglomerate negate the larger
a b

Fig. 3. Illustrations of two hypothetical dispersions with the same particles: a) a non-agglo
from Basu and Xie [24,45] is similar for a) and b) despite obvious and important qualitative d
and Koo [29–31] are provided below the dispersions. Both methods note the importance of th
quality and agglomerations while the method from Luo and Koo is scale independent.
distances between agglomerates. The inter-particle distance, in this
case, reflects the number of particles rather than the distribution of
particles.

Luo and Koo [29–31] developed an interesting technique that
addresses the inherent challenges of complex particle fields. They
suggest characterizing the size of the unreinforced domains of
polymers rather than the distribution of particles. This method
identifies the unreinforced polymer as the weak link and therefore
provides a more direct measure of the important physical factors
merated dispersion; b) an agglomerated dispersion. The mean inter-particle distance
ifferences in the dispersion states. Approximate histograms using the method from Luo
e particle-free space; the method from Basu and Xie [24,45] is insensitive to dispersion



H.S. Khare, D.L. Burris / Polymer 51 (2010) 719–729722
like filler dispersion, loading and size. First, the size of each particle-
free domain is measured to generate a histogram of domain sizes.
A normal or lognormal distribution is then fit to the data. The
performance metric, D0.1, is the integral from 0.9m to 1.1m of the
fitted distribution, where m is the mean inter-particle distance. This
method is similar to the aforementioned uniformity measures and
essentially measures deviation from average behavior to indicate
dispersion quality; similarly, this method is scale and particle-
density independent and cannot, therefore, account for potential
nanoscale reinforcement mechanisms.
3. Results

3.1. Method: free-space length, Lf

At the most fundamental level, nanoscale reinforcement origi-
nates at the interface of the particle and polymer [9,13,19]. These
nanoscopic interactions are only useful if they compound to
produce macroscopically significant modifications to engineering
properties. The distribution, or dispersion, of the particles dictates
the degree to which the nanoscale interactions impact macroscale
properties. The important characteristics of the dispersion depend
on the distribution (in a dimensionless sense), particle size and
particle loading, but to date, no single technique has quantitatively
accounted for all three. The goal in this paper is to interpret
dispersion and facilitate quantitative studies of particle processing,
size, loading and interfacial reinforcement.

The largest characteristic domains of unreinforced polymer
constitute the weak link of the nanocomposite; these unreinforced
regions are expected to behave as the neat polymer and will thus
limit the macroscale performance [47]. The most direct perfor-
mance metric is the characteristic size of the unreinforced polymer
domains, which is referred to here as the free-space length, Lf. As
dispersion becomes more uniform for constant filler loading and
size, Lf is reduced. As particle size is reduced for a given distribution
and loading, Lf is reduced. As loading is increased for a given
particle size and distribution, Lf is reduced. This parameter directly
measures the effects of variables that are empirically known to
impact the macroscopic mechanical properties.
Fig. 4. Illustration of the technique used to calculate the free-space length. Statistically signi
obtain a histogram of particle frequency per L � L square. The free-space length is the largest
placed square is zero (TEM image from Burris et al. [48]).
The suggested method for obtaining Lf begins with a represen-
tative TEM image of the nanocomposite of interest (Fig. 4). This
initial step is ubiquitous to other qualitative and quantitative
methods in the literature. This image is subsequently converted to
a black and white bitmap where black distinguishes the filler from
the matrix (in white). Visual inspection of Fig. 4 reveals one large
agglomeration, many smaller clusters, individual particles and
significant variability in the inter-particle free-space. These
imperfections are typical and illustrate the complexities of nano-
particle dispersions. Visual inspection suggests a characteristic
free-space length on the order of 500 nm.

Reconsider the random particle field of Fig. 3a. For a random
distribution of events (particles in this case), the Poisson distribu-
tion describes the probability of an event occurring over some
random observation interval. It is described mathematically by the
probability density function,

f ðk; lÞ ¼ e�llk

k!
(1)

where f is the probability, k is the actual number of occurrences and
l is the expected number of occurrences. The free-space length is
defined here as the length of the largest observation area for which
the most probable number of intersecting particles is zero. The
Poisson distribution can be directly applied to determine the free-
space; the mode of the Poisson distribution approaches zero as l

approaches one. In this case, 30 nm particles are dispersed at 6%
loading over the 4 � 106 nm2 field of view which yields a particle
sparsity of 11,700 nm2/particle. Thus, l ¼ 1 when the observation
area is 11,700 nm2, or when the observation length is Lf ¼ 108 nm.

While the Poisson distribution is a convenient analytical means
for computing Lf, it is of little use in practice where truly random
dispersions are rare. As a result, computational means are often
necessary. There are several ways to define a robust computational
measurement of the free-space length from black and white bit-
maps; Luo and Koo [29–31] determined the free-space size histo-
gram as an intermediate step to obtaining D0.1. The largest mode is
clearly related to the characteristic inter-particle free-space. The
free-space length is defined here as the width of the largest
randomly placed square for which the most probable number of
ficant numbers of squares of length, L, are placed randomly across the image in order to
square size for which the most probable number of intersecting particles in a randomly
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intersecting particles is zero; this is equivalent to the use of the
Poisson distribution for random systems. We have written a simple
MATLAB� code to perform this computation; the code can be
found with a detailed explanation at the following web page:
http://research.me.udel.edu/wdlburris/software/dispersion.html.
Initially, a square of length, L, is randomly placed on the image. The
number of intersecting particles is counted and stored. This
procedure is repeated a statistically significant number of times
(10,000 in the case of Fig. 4) and the particle occurrence histogram
is used to compute the mode (most probable number of inter-
secting particles) for the characteristic square length, L. The code
iterates on square size to find the largest square for which the most
probable number of intersecting particles in a randomly placed
square is zero. It is important to note that the method is valid for
any distribution of particles.

The method is illustrated in Fig. 4. For a length of 2100 nm, the
most probable number of particles per square is 890; any number
larger than zero indicates that the square is larger than the char-
acteristic length of the particle-free domains. The most probable
number of particles for a 1200 nm square is 232. The most probable
number of particles for the 400 nm square is zero; the free-space
length can be no less than 400 nm. Any smaller square size will also
yield a mode at zero. For ten repeat measurements, the method
converges on Lf ¼ 540 nm � 21 nm.

The results of this analysis can be compared to those of the
Poisson distribution as a measure of the dispersion efficiency. The
a b

c d

Fig. 5. Varying dispersions of 30 nm particles at 6% loading a) uniform dispersion – Lf ¼
d) agglomerated dispersion – Lf ¼ 460 nm. Open squares have a length equal to the free-sp
particles in this study have an average diameter of 40 nm. Five
percent of the field of the 1.4 � 107 nm2 field of view contains
particles. The number of expected occurrences is one for an area of
32,000 nm2. Thus, the free-space length of a truly random distri-
bution of the same particles would be 178 nm. The difference
between the Poisson analysis and the actual computation is due to
the inevitable clustering and agglomerations that occurs in prac-
tice. A comparison between Lf and the limiting value from the
Poisson distribution gives a more traditional measure of the
dispersion quality without regard to filler size or loading.

3.2. Trends with controlled dispersions

The uniform dispersion is unrealistic but useful for descriptive
purposes due to its simplicity and prevalence in the literature. The
dispersion in Fig. 5a is a uniform dispersion of 30 nm particles at 6%
loading. The field of view is 2 mm and the particle center-to-center
distance is 105 nm. The distance between particle edges is 75 nm.
The statistical simulation method yields a free-space length of
73 nm. Even though larger squares will fit between particles, the
probability is below the minimum threshold needed to produce
a zero mode. As the box size is reduced, it becomes more likely that
randomly placed boxes will fit interstitially. The free-space length is
clearly and fundamentally linked to the characteristic size of the
unreinforced polymer domains; values of Lf for uniform dispersions
can be measured by inspection to a very good approximation.
73 nm; b) random dispersion – Lf ¼ 106 nm; c) clustered dispersion – Lf ¼ 220 nm;
ace length which increases as the dispersion worsens.

http://research.me.udel.edu/~dlburris/software/dispersion.html


Fig. 6. TEM images of silica/PA6 nanocomposites with (a) 17 nm silica particles (b) 50 nm silica particles; with a filler loading of 5% in each case [4].
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As shown in Fig. 2, reduced particle size or increased particle
loading reduces the free-space length. The controlled dispersions of
Fig. 5 illustrate the effect of dispersion on free-space length.
Randomizing the uniform particle field in Fig. 5a increases the free-
space length from 73 nm to 106 nm; the Poisson distribution yields
Lf ¼ 108 nm. In practice, it is exceptionally difficult to achieve
random dispersions of nanoparticles due to low mass, high surface
energy and an increasingly strong driving force toward clustering
and agglomeration with reduced filler diameter. Nanoparticles are
frequently found to cluster or agglomerate without assistance from
surfactants which generally impact the interface between polymer
and filler. The small clustering in Fig. 5c increases the free-space
length to 220 nm and agglomeration in Fig. 5d increases the free-
space length to 460 nm. This trend clearly illustrates the benefits of
Fig. 7. Relative wear-rate plotted versus nanofillers loading for solid lubricant nanocompo
nanocomposite Schwartz and Bahadur [50]; c) Si3N4/PEEK nanocomposite Wang et al. [51,54
[53]; f) ZrO2/PEEK nanocomposite Wang et al. [51,54]. In every case, there is a trend of d
additions are detrimental.
the uniform dispersion and the detrimental impact of nanoparticle
agglomeration. Particle size, loading and dispersion are coupled
and difficult to isolate without quantitative dispersion character-
ization tools.

4. Discussion

4.1. Agglomeration effects and trends with varied loadings

The success of a dispersion characterization tool can be
measured by its ability to explain trends from prior works, forecast
improvements or detriments and offer insights into design direc-
tions for optimum performance. The present method is unique in
that it reflects idealized trends in nanofillers dispersion, size and
sites in the literature: a) Al2O3/PET nanocomposite Bhimaraj et al. [49]; b) Al2O3/PPS
]; d) SiC/PEEK nanocomposite Wang et al. [52]; e) SiO2/PEEK nanocomposite Wang et al.
ecreased wear rate with increased filler loading until a critical loading where further
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loading; as dispersion state is improved, nanoparticle size reduced
or loading increased, the free-space length is reduced. A contra-
diction arises with the emergence of agglomerations. It is unclear at
what point the detrimental effects of agglomerations begin to
outweigh the benefits of reduced free-space length as particle
loading is increased or as particle size is reduced.

Agglomerations are likely responsible for the ubiquitous pres-
ence of optimal loadings in the polymer nanocomposites literature;
as fillers are added, properties are improved up to the optimum
whereby further additions become detrimental. This phenomenon
is clearly illustrated by the solid lubricant wear-rate literature.
Polymers lack sufficiently low friction and wear, so fillers are
required to reinforce the matrix and facilitate the formation of
protective transfer films. Reinforcing microfillers abrade these films
and the countersurfaces both of which accelerate wear. Nano-
particles are ideal for addressing the unique challenges of solid
lubrication.

Relative wear-rates are plotted versus nanofiller loading for
solid lubricant nanocomposites from the tribology literature in
Fig. 7 [49–54]. The relative wear rate is defined as the ratio of the
composite wear rate to the matrix wear rate and provides an
indication of reinforcement. Despite wide variations in the mate-
rials, synthesis and testing conditions between studies, their results
offer similar trends. As small amounts of nanofillers are added to
polymer matrices, wear rate is reduced. In every case, there exists
an optimal loading.

Wear improvements, optimal loadings and the degree to which
wear rate increases above the optimum are system dependent; it is
unclear if these important factors are driven by the interactions of
filler and matrix, dispersion, synthesis or testing conditions. Wang
et al. [51–54] held the dispersion method and matrix material
constant for data sets c)–f). Optimal loadings were similar while the
improvement in wear rate varied from 2� to 5�. Dispersion anal-
yses were not conducted for these materials. Studies by Bhimaraj
Fig. 8. Tensile modulus, elongation to break and correspondin
et al. [49] and Schwartz and Bahadur [50] demonstrated optimums
at much lower loadings and significantly increased wear above the
optimum. In both cases, the authors noted the appearance of
nanoparticle agglomerates at loadings above the optimum during
SEM observation of the transfer films. It is very possible, if not
likely, that wear improvements in these cases were limited by
dispersion and an inability to avoid agglomerates when reducing Lf

with higher loadings. The relationship between wear rate and
dispersion remains unclear to date, although Burris et al. [48] found
evidence of reduced wear rate when a low surface energy treat-
ment was used to reduce agglomeration (it should be noted that the
treatment effect on dispersion could not be separated from the
effect on the interface).

Similar trends are observed in the general polymer nano-
composite literature [5,6,11,15,16,18,19,21]. Chen et al. [55] observed
optimums and dispersion states during a study of the tensile and
thermal properties of g-alumina–epoxy nanocomposites. The
authors found that 5 phr (parts per hundred resin) filler loading
produced the highest modulus, elongation to failure and thermal
stability. The authors used TEM observation to study the effect of
dispersion; the images from the study are shown in Figs. 8 and 9. It
can be seen that Lf is reduced monotonically with increased
loading, which contradicts the assertion that the free-space length
is the primary dispersion-related factor in determining nanoscale
reinforcement. In addition to reduced Lf, however, the authors
noted increased aggregation with increased loading and offered an
agglomerate-based hypothesis to explain the optimum. Qualita-
tively, the dispersion of the 9 phr sample appears quite poor, and it
is not difficult to imagine that the most favorable failure pathway
may transition from the unreinforced matrix at 5 phr to the large
and weak agglomerates found at 9 phr.

The following model is consistent with the general trends in the
literature: when agglomerations are small relative to the free-
space, the unreinforced polymer constitutes the most favorable
g dispersions for nanocomposites from Chen et al. [55].



Fig. 9. Three loading-varied dispersions of g-alumina in epoxy at 1, 5 and 9 phr from Chen et al. [55]. Figures corresponding to each dispersion indicate: (a) the original TEM
micrographs; (b) Lf boxes overlaid on converted black/white images. Values of Lf for each are: 415 nm, 211 nm, 89 nm; (c) La boxes overlaid on converted black/white images, with
values of La as 13 nm, 78 nm, 200 nm; (d) Enlarged view of the agglomeration box in (c) for each loading, indicating the area fractions within agglomerations.
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failure pathway. In this case, it is the size of this unreinforced region
which governs damage compartmentalization and the degree of
nanoscale reinforcement over macroscopic length-scales. When
agglomerations become large relative to the free-space, they
become the most favorable location for failure which results in
macroscopically degraded properties. Agglomerations, in effect,
modify the effective free-space length. The effective free-space
length, Lf

*, is the equivalent free-space length for infinitely small
agglomerations and the following form is qualitatively consistent
with the observations of the literature. Lf

* is defined as,

L*
f ¼ Lf

"
1þ

 
1
a

La

Lf

!n#
(2)

where La is the agglomeration length, a is the critical ratio of
agglomeration length to free-space length, and n is a sensitivity
exponent. Generally, the modified free-space length is insensitive
to agglomeration size as long as the agglomerations are smaller
than the free-space length; thus, as one adds filler to reduce free-
space at the expense of increased agglomeration size (1–5 ph Chen
et al.), performance is expected to improve until these lengths
become comparable. In this case, a ¼ 1. In other cases, performance
may become susceptible to agglomerations more quickly, for
example, as the agglomerations approach half the free-space
length. In this case, a ¼ ½.

Agglomerates are only qualitatively defined as ensembles of
nanoparticles. To be consistent with the preceding method, an
agglomerate is defined here as any continuous region where the
characteristic spacing between individual particles is less than
the characteristic particle diameter. The treatment for calculating
the agglomeration length, La, is exactly the same as that used to
quantify Lf. First, the image is converted into a black and white
bitmap where black now represents unfilled polymer and white
represents agglomerates. It is important that the agglomerate
(white) contains both matrix and filler over regions where the
definition of an agglomerate has been met. The simulation
described earlier is then performed to quantify the largest box size
for which there is a mode at zero. The conversions and results for
dispersions from Chen et al. are shown in Fig. 9.

The nature of the dispersion within agglomerates may prove to
have a secondary effect on reinforcement. In this case, one could
modify the computed agglomeration length by the area fraction of
particles within the agglomerate, as illustrated by Fig. 9d. This
Fig. 10. Variation of effective free space length with elongation to break (n ¼ 2.5), and
effect will likely prove insignificant with more detailed
investigation.

The exponent, n, defines the sensitivity of the effective free-
space length to the relative size of the agglomerates and free-space.
For n ¼ 0, Lf is independent of the agglomeration size as could be
the case for a property like bulk modulus. If n¼ 1, Lf

*¼ Lfþ La. In this
case, Lf

* is insensitive to La if La < Lf. However, for a given agglom-
eration size, this relationship implies that smaller Lf always
provides smaller Lf

*. Experience with many engineering properties
suggests a penalty for extreme values of La/Lf which is likely related
to inferior properties of the agglomerates in comparison to the
unfilled matrix. For example, a composite with 1 mm agglomerates
spaced 5 mm apart (Lf

* ¼ 6 mm) might be expected to outperform
a composite with 1 mm agglomerates spaced 5 nm apart
(Lf

* ¼ 1.005 mm). Using n ¼ 2 solves the discrepancy; Lf
* ¼ 5.2 mm for

the former while Lf
*¼ 200 mm for the latter. Improving the tuning of

this parameter further will require more systematic investigations.
It is evident from Fig. 8 that elongation to break and tensile

modulus exhibit different sensitivities to agglomerations and
require unique values for n. One could argue that tensile modulus,
being derived during elastic deformation, would be expected to be
less sensitive to agglomerations than elongation to failure which
occurs after gross plastic deformation. The modified free-space
length effectively reflects the mechanical properties when n ¼ 1.5
for tensile modulus and n ¼ 2.5 for elongation to break as shown in
Fig. 10. Determining these relationships and values of n more
exactly will require more systematic investigation.

A similar design issue arises with attempts to reduce the free-
space length with reduced filler size. As stated earlier, particles size
reduction is the most efficient means for reducing Lf for a given
distribution. Unfortunately, particle size and distribution are
coupled, and as particle size is reduced, there is an increased
tendency for agglomeration. This issue is exemplified by the work
of Reynaud et al. [4] in which two silica particle sizes were
dispersed at 5% loading within PA6 using an identical processing
method; the TEM dispersion images are shown in Fig. 6. While
50 nm particles were found without significant agglomeration,
17 nm particles dispersed under identical conditions were found to
be more agglomerated. Interestingly, trends are similar to those of
Chen et al. in that the agglomerated material had a lower elonga-
tion to failure but similar modulus. The modified free-space length
(n ¼ 2.5) is approximately 40% greater and the elongation to failure
about 50% lower while modulus and modified free-space length
tensile modulus (n ¼ 1.5), for the dispersions corresponding to Fig. 9 (see Table 1).



Table 1
Values of tensile modulus, elongation to break, free space and agglomeration
lengths for the dispersions of Fig. 9.

Loading (phr) Tensile modulus
(MPa)

Elongation to break
(%)

Lf (nm) La (nm)

1 1415 7 415 13
5 1680 9.4 211 78
9 1491 3.4 89 200
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(n ¼ 1.5) remained approximately constant. While smaller particles
offer the potential for reduced free-space length and improved
properties, there is a general competition between reduced free-
space length and increased agglomeration.

5. Closing remarks

The materials science community broadly acknowledges the
important effects of processing, dispersion and interface effects on
the properties of a nanocomposite material. However, the absence
of a simple and quantitative dispersion characterization tool has
precluded systematic studies of these relationships. To date, the
community has lacked insights for material design directions and
apparent contradictions in the literature have unclear sources that
are likely related to uncharacterized differences in dispersions.
Several quantitative dispersion characterization strategies have
been proposed, but none have been widely adopted due largely to
insensitivities to fundamental characteristics like dispersion state,
particle-density and length-scale. They are often developed to
respond to a specific system and are of limited value for application
to the more general field of literature. The free-space length
method presented here is simple, intuitive, quantitative and
sensitive to dispersion state, density and length-scale. It utilizes
existing TEM image analysis methods and was developed based on
broad and well-established trends in the literature. Its output has
demonstrated relationships with mechanical properties like elon-
gation to break and tensile modulus. The detrimental effects of
agglomerations, which become significant when their character-
istic size approaches the free-space length, are effectively accoun-
ted for using the modified free-space length. There is strong
evidence to suggest that the optimum loadings that are over-
whelmingly observed in variable loading studies are due to
a competition between reduced free-space length and increased
agglomeration with increased loading. It is only through the
application of broadly applicable dispersion quantification
methods that the effects of processing and dispersion can be
systematically probed. The broad applicability of this method will
prove useful for studying the effects of processing on dispersion
and dispersion on mechanical properties. By understanding and
isolating the effects of dispersion, the method may also provide
general quantitative insights into nanoscale reinforcement mech-
anisms which originate at the interface of particle and polymer.
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