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Several methods with various levels of sophistication exist to quantify dispersion of carbon nanotubes
(CNTs) in a polymer matrix, such as the ASTM D2663 standard that is often used in engineering practice.
However, most methods are limited by their accuracy, complexity of implementation, and scalability. In
this paper, we present a new technique and index to quantify dispersion of CNTs in a composite material.
The technique is partially based on a quadrat method, and takes into account the dispersion and agglom-
erate size distribution of the CNTs. This index is benchmarked against the ASTM index using computer
generated images and images experimentally obtained from thirty CNT composite material specimens
with different CNT loading rates up to twenty volume percent. The new index is shown to be more ver-
satile and reliable than the ASTM index. It is easily implementable in engineering practice as opposed to
other more sophisticated techniques available in the literature.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have extraordinary mechanical prop-
erties and a high strength-to-weight ratio [1,2]. This has inspired
their use as reinforcement into polymer composites [3,4]. In recent
studies, the addition of CNTs to the polymer matrix has demon-
strated an increase in the elastic modulus and the tensile strength
of these materials [5–8]. Research has also shown that the increase
in tensile strength is comparable to the predicted values from the
rule of mixtures and the Halpin-Tsai equation [7]. However, when
increasing the CNT loading rate, the experimentally determined
tensile strength of the composite materials may fall short of the
theoretically predicted value [9], oftentimes as a result of insuffi-
cient dispersion of the CNTs in the polymer matrix [10,11]. Disper-
sion is one of the key problems when integrating CNTs as
reinforcement in composite materials [8,10,11].

Effective dispersion of CNTs is difficult to achieve due to van der
Waals forces causing them to aggregate as a result of a large sur-
face to volume ratio [12]. The energy needed to disperse the CNTs
must be sufficiently high to overcome the van der Waals forces, but
not so high to fracture the CNTs [13]. Several methods are used to
accomplish dispersion including sonication [13,14], high speed
stirring [15], the addition of a compatibilizer or surfactant [16],
and melt or shear mixing [17]. Typically, a combination of these
methods is employed to further enhance dispersion [18].
Quantitative measurement of dispersion is important because
qualitative methods based on for instance visual observation suffer
from subjective judgment and do not result in a metric that can be
used to consistently compare dispersion of composite materials
with the same matrix and filler constituents but with different dis-
tribution of the filler in the matrix material. Second, when a quan-
titative measure of dispersion exists, this measure can be
correlated to constitutive properties of the composite material
[19]. Several techniques exist to quantify dispersion of filler mate-
rial in the matrix of the composite material. Methods based on fea-
ture size such as the relative particle size (RPS) method [20,21],
and methods based on contact area [22,23] are commonly used
for composites prepared by dry mixing followed by sintering or
hot-pressing for ceramic and metallic composite materials.

In this paper, we focus on quantifying dispersion of CNT filler
material in polymer-based composite materials. A simple method
of measuring dispersion is through tensile testing of CNT polymer
composite material samples [24]. Thus, the dispersion of the entire
composite structure is evaluated. However, this method neglects
the effect of other parameters that affect the strength of the mate-
rial, such as the bond strength between the filler and matrix and
orientation of the filler amongst other effects. Hence, this simple
method may only be valid when comparing dispersion of different
composite material samples consisting of the same filler and same
matrix material. Direct measurements of CNT dispersion in a poly-
mer can be performed by UV–visible spectroscopy [25,26], electri-
cal conductivity [15,17], Raman spectroscopy [27], and
fluorescence [28]. The spectroscopy technique is based on the bias
that individual CNTs are active in the UV–visible spectrum but
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Fig. 1. Illustration of the ASTM standard for quantifying the dispersion of carbon in
a compound, showing an image of carbon (black) in a polymer (white), covering an
area of 3 by 3 mm. A grid divides the image in nine sections of which only five (non-
gray) are considered in the dispersion evaluation.
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large aggregates are not. This method can only be applied to either
an aqueous solution of CNTs or to thin films, and additionally only
gives information about dispersion, not about the size of the inclu-
sion agglomerates. Measurements by Raman spectroscopy and
fluorescence face similar limitations. Transmission electron
microscopy (TEM), scanning electron microscopy (SEM), and con-
focal optical microscopy are also used for analyzing dispersion
[16,25,29,30]. TEM and SEM allow measuring the dispersion of
only a very small section (1 lm) of the composite material speci-
men and, thus, evaluating large specimens is unrealistic. Addition-
ally, the small section may not be representative of the entire
material sample.

Microscopy does not provide a simple, quantitative measure of
dispersion. Images must be processed to quantify the dispersion of
CNTs. Several techniques are available to analyze these images
including complex mathematical methods such as a statistical rel-
ative dispersion index based on the difference between the uni-
form-predicted probability of occurrence of a CNT and the
observed probability [31], quantification of agglomerates using a
numerical score between 1 and 10 [32], calculation of an agglom-
erate area ratio [33], and so-called quadrat methods adapted from
ecology [34,35] or from spatial statistics [36]. Quadrat methods de-
fine dispersion by means of the standard deviation of the concen-
tration of inclusions in sections of a microscope image of the
composite material sample. The image can be divided in different
sections, or one section can be translated over the image with a
specific step size. Dispersion is considered to be better with lower
standard deviation. The downside of quadrat methods is that the
choice of quadrat mesh size can result in different judgments of
dispersion. The method does not converge to a unique solution.
Nevertheless, the quadrat method results in good dispersion judg-
ment when used carefully [19,37,38]. Another limitation of the
quadrat method (as well as the other methods) is that it only takes
the spatial distribution (dispersion) into account, not the size dis-
tribution of the inclusion agglomerates.

Recently, Bakshi et al. [39] addressed this problem by proposing
two different metrics to quantify the dispersion of CNTs in a nano-
composite; a dispersion parameter (DP) based on image analysis
and a clustering parameter (CP) based on a triangulation method,
thus accounting for both the spatial distribution and size distribu-
tion of the inclusions. High values of DP and CP signify good disper-
sion. Furthermore, Luo and Koo [40] proposed a method to
quantify the dispersion and agglomeration of different shapes of
particles based on a dispersion quantity measured by the free-
space between the particles and an agglomeration quantity mea-
sured by the particle size. Tyson et al. [41] extended this work
for cases where the particles have a uniform shape, or touch each
other. Finally, an ASTM standard and an ASTM index exist to ana-
lyze and quantify dispersion of carbon in a compound [42]. How-
ever, the ASTM index is not as sophisticated as the previously
described methods, and seems to sometimes result in counter-
intuitive results, as will be shown in Section 3 of this paper. Most
of these techniques to quantify dispersion are either limited by the
size of samples that can be evaluated, or by their ease of imple-
mentation due to use of complex mathematics and expensive
instrumentation. As a result, in engineering practice, microscopy
images are often only used for qualitative observation of dispersion
[8,13], or simple techniques such as the ASTM index are employed.

An attractive quantitative measure of dispersion must be intu-
itive, simple, and capable of quantifying dispersion for any kind
of composite material [19]. Additionally, it should be non-subjec-
tive and be implementable in engineering practice. Hence, in this
paper we present a new algorithm and index, referred to here as
the composite index, which allows quantifying dispersion more
reliably than the ASTM index without adding complexity. The in-
dex is partially based on a quadrat method but accounts for both
the dispersion and size distribution of the inclusions. The effective-
ness of this method is evaluated and compared to the ASTM stan-
dard, using specific benchmark test images and actual microscopy
images from CNT-polymer composite materials.
2. Dispersion index

2.1. ASTM Index

The ASTM D2663 standard [30] describes a technique and index
for quantifying the dispersion of carbon in a compound. It encom-
passes three methods, of which the microscopy agglomerate count
method (Method B) is commonly used in engineering practice to
quantify dispersion of CNT filler in the polymer matrix of compos-
ite materials, see for instance [17,43]. This standard is based on a
microscope image of the CNT polymer composite, and requires
dividing this image into nine equal-sized sections (Fig. 1). Each of
these nine sections is further divided into 10,000 squares that, un-
der proper magnification, are 10 � 10 lm in size for a total of
90,000 squares. A count of all squares that are at least half full of
carbon is performed for only five of the nine sections. Fig. 1 dis-
plays the four sections that are eliminated in gray. This count is di-
vided by five to obtain an average over the five sections, and is
assigned the variable U. The ASTM dispersion index D is calculated
as

D ¼ 100� SU
L

ð1Þ

where L is the volume percentage (0–100) of carbon in the polymer
composite and S is the swelling factor (only used for rubber com-
pounds and considered equal to 1 here). The index ranges between
0 and 100, with 100 indicating perfect dispersion. Negative values
for D can result from Eq. (1) but are set to 0 by definition. The ASTM
index does not consider how closely packed the carbon is and does
not compare carbon content between the nine sections of the im-
age, for instance to detect carbon agglomerates. The total carbon
content is averaged over the entire image.

2.2. Composite index

The composite index, compIndex, consists of two parts: the dis-
persion distribution index dIndex and the size distribution index
sIndex. This is based on the notion that quantifying dispersion
should account for the spatial location of the CNTs (how well
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spread out the carbon is) but also the size of the clusters of CNTs
(how large the carbon agglomerates are) [44]. Each part contains
two components; one relates to the shape of the distribution and
one relates to the range of the distribution.

The dispersion distribution index is determined using a quadrat
method based on a 3 � 4 grid as shown in Fig. 2, chosen to coincide
with the aspect ratio of standard photo images. All image sections
are included in the calculation of the index, thus accounting for the
entire image area. As with all quadrat methods, the results depend
on the ratio of quadrat to particle size, a problem this technique
does not solve. However, the method was tested and found to be
reliable when comparing different dispersion results for 0–
20 vol% CNT loading rates. It was also found that for these loading
rates, the quadrat to particle size ratio must exceed 1000 to obtain
reliable results.

The dispersion distribution index is calculated as

dIndex ¼ 1
2

1� sðbÞ
0:5222

þ b
maxðbÞ

" #
ð2Þ

where b is the set of carbon content values observed for each of the
twelve sections of the image, expressed as a percentage. s(b) is the
standard deviation of b, and �b is the arithmetic average of b. The
constant 0.5222 is the largest possible standard deviation for twelve
numbers that range between 0 and 1, namely the set of six zeros
and six ones. Eq. (2) accounts for the shape of the dispersion distri-
bution by means of the standard deviation, s(b). If s(b) increases and
approaches 0.5222, which reflects increased variation in the carbon
content per section, the dIndex is reduced to account for poorer dis-
persion. The range of the distribution is considered by means of the
ratio of the average carbon concentration to the maximum carbon
concentration in any image section. A large difference between �b
and max(b) will result in a small fraction �b/max(b), again reducing
the dIndex to reflect poor dispersion. Although they are not com-
pletely independent, both the s(b)/0.5222 and the �b/max(b) terms
are needed in Eq. (2). Indeed, one can imagine separate cases in
which s(b)/0.5222 remains constant but �b/max(b) remains constant
and vice versa. Thus, both terms are needed to ensure that all
changes in dispersion result in a change in the dIndex. The outcome
of the dIndex is contained between 0 and 1, with 1 indicating perfect
dispersion of the carbon in the image, however, not taking into ac-
count the size of the carbon agglomerates.

It seems desirable to perform the calculation of the size distri-
bution index without a grid, since large particle agglomerates are
likely to cross grid boundaries. The area of each particle agglomer-
ate ai in an image is determined by counting the number of pixels
Fig. 2. Illustration of the 3 � 4 grid, covering a 6.5 by 4.9 mm area, used in the
dispersion distribution index calculation.
occupied by each particle agglomerate, and sIndex is then com-
puted as

sIndex ¼ 1
2

l
N
þ 1�maxðaÞPN

i¼1ai

" #
ð3Þ

with a the set of all particle agglomerate sizes in the image being
analyzed. N is the total number of particle agglomerates and l is
the number of particle agglomerates whose area is less than a
threshold of 100 pixels. The threshold was selected to be indepen-
dent of the vol% CNTs in the sample, to make the resulting index
independent of the expected carbon concentration. The value of
100 pixels is the maximum particle agglomerate size obtained for
images with randomly generated dispersion up to 20 vol% (4 wt%).
Thus, when observing an agglomerate of carbon covering more than
100 pixels it indicates less than perfect dispersion. On the other
hand, good dispersion will result in a ratio of l/N that is close to
one, thus increasing sIndex. The index accounts for the size distribu-
tion with the threshold count, and the range of the size distribution
by means of the ratio of the maximum area to the total area. For in-
stance, a single large cluster of carbon would penalize the sIndex be-
cause the fraction maxðaÞ=

PN
i¼1ai is large. The sIndex ranges

between 0 and 1, with 1 being assigned to an image with no ob-
served particles, indicating that the agglomerates of CNTs are too
small to be detected in the image, thus indicating good dispersion.

The composite index compIndex is finally calculated as the
arithmetic average of the dIndex and the sIndex, implying that
equal importance is attributed to both spatial dispersion and size
dispersion of the carbon in the analyzed microscope image. The
two separate indexes should still be reported in conjuction with
the compIndex to better characterize the dispersion.

3. Results and discussion

The new compIndex is compared to the ASTM standard using a
benchmark test and a sample test. The benchmark test utilizes
three computer generated images shown in Fig. 3, with a 5 vol%
CNT loading rate. Fig. 3a is a random distribution of carbon,
Fig. 3b and c are identical carbon aggregates in different locations
of the image. The sample test utilizes three images, shown in Fig. 4,
obtained from polymer composite material samples with ran-
domly dispersed CNTs. The samples consist of a thermoset resin
matrix with multi-walled CNTs with a diameter of 50–80 nm,
and a length of 10–20 lm. The CNT-polymer composite material
sample is loaded until fracture in a uni-axial tensile test, and a pic-
ture of the fracture surface is obtained using an optical microscope
with a digital camera. The picture is converted to a binary image
using a luminance cutoff of 0.2, resulting in an image that shows
the CNTs in black and the polymer in white. Since the ASTM index
requires a 1:1 image aspect ratio as opposed to the 3:4 ratio for the
compIndex, the center portion of the latter was used to satisfy the
requirements of the former. Fig. 4a–c represent CNT loading rates
of 2.9, 5.6, and 10.7 vol%, respectively.

The resulting dispersion indexes obtained from the benchmark
and sample images, with both the newly proposed compIndex and
the existing ASTM index are shown in Table 1. Both indexes show
almost perfect dispersion results for benchmark (a), as expected for
an image with randomly generated black pixels. However, the two
indexes differ significantly in their handling of benchmarks (b and
c). Even though the samples contain an equal size and dispersion
distribution of carbon, the ASTM index yields opposite results for
benchmark (b) = 0 and (c) = 100, because in the case of benchmark
(b) all carbon is concentrated in a section of the image that is not
considered in the index (gray colored in Fig. 1). The compIndex han-
dles these benchmark images more consistently, yielding nearly
identical results of approximately 0.26, which matches the visually



Fig. 3. Benchmark images used to compare the ASTM index to the new composite index; (a) a random computer generated 5 vol% sample, (b and c) show two variations of a
5 vol% sample in one aggregate.

Fig. 4. Sample images used to compare the ASTM index to the new composite index; (a) 2.9, (b) 5.6, and (c) 10.7 vol%, corresponding to 0.5, 1, and 2 wt%, respectively.

Table 1
Dispersion index results from the ASTM index and the compIndex (dIndex and sIndex)
for six test images.

Image ASTM index (D) dIndex sIndex CompIndex

Benchmark (a) 100.0 0.994 0.999 0.997
Benchmark (b) 0.0 0.511 0.000 0.255
Benchmark (c) 100.0 0.533 0.000 0.267
Sample (a) 54.4 0.677 0.717 0.697
Sample (b) 69.6 0.562 0.553 0.557
Sample (c) 0.0 0.479 0.572 0.526
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Fig. 5. Comparison of the ASTM dispersion index and the compIndex versus loading
rate for 30 CNT composite material samples.
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observed dispersion. Also, the sIndex = 0 for benchmark (a and b)
recognizing that all carbon is lumped in one agglomerate, which
cannot be identified with the ASTM index. This is an improvement
over the ASTM index and exploits the limitation behind sectioning
the image using a grid.

The results from the sample images also illustrate the limita-
tions of the ASTM index. Visually, the dispersion of the samples
ranks (a) (Fig. 4a) most dispersed and (c) (Fig. 4c) least dispersed.
While the compIndex agrees with qualitative intuition based on vi-
sual observation, the ASTM standard does not. It ranks sample (b)
(Fig. 4b) as most dispersed. The ASTM index does not consider how
closely packed the carbon is and, thus, the large cluster on the right
in sample (b) is averaged over the entire image, yielding a higher
dispersion index than it deserves based on visual observation.
The ASTM index ranks sample (c) (Fig. 4c) last with D = 0. This va-
lue is equivalent to the result found for benchmark (b) (Fig. 3b)
where all the carbon is concentrated in one location. Sample (c)
clearly displays better dispersion than benchmark (b) but the
ASTM index does not distinguish between both cases. Contrary to
the ASTM index, the compIndex is able to correctly handle disper-
sions that are poor (benchmark (b)) and near perfect (benchmark
(a)) without losing its ability to quantify the dispersions of actual
parts (samples (a–c)).

Both indexes are used to quantify the dispersion of 30 CNT com-
posite material samples that have loading rates ranging between
0.88 vol% (0.15 wt%) and 10 vol% (2.0 wt%), using the method
described above. Six samples are analyzed for each CNT loading
rate. The multi-walled CNTs are dispersed in the thermoset resin
matrix using bath sonication at 42 kHz and 35 Watts for 380 s (Bla-
zer Products Inc., 3800-A), prior to cross-linking. Sonication is a
simple, convenient, and economical way of dispersing CNTs [18].
Even though this technique has been found to be inconsistent for
the dispersion of CNTs in polymers [24], the intent of this study
is to quantify the dispersion, not to obtain perfect dispersion.

Fig. 5 shows the average dispersion index versus the CNT load-
ing rate with errorbars that represent one standard deviation, cal-
culated from the six samples evaluated for each CNT loading rate.
The ASTM index D is divided by 100 to map it on a 0 to 1 scale and
allow direct comparison to the compIndex. The ASTM index ranks
all images significantly less dispersed than the compIndex because
it finds a value of D = 0 for 22 out of 30 samples. This indicates that



20 M.D. Haslam, B. Raeymaekers / Composites: Part B 55 (2013) 16–21
the ASTM index is not well-suited to measure a wide range of dis-
persion results. The ASTM index also does not compare between
samples. All the evaluated samples are fabricated using the same
technique and protocol, yet the standard deviation of the resulting
index value is as high as 0.41 for the 0.88 vol% (0.15 wt%) case. In
fact, for this case, the ASTM index finds one sample with D = 100
and several samples with D = 0. This is a significant difference from
the compIndex, which does not rank any samples in our experi-
ments below 0.39 or above 0.74, and the largest standard deviation
of the compIndex for any CNT loading rate is found to be 0.09. De-
spite these large differences, the average values of the two indexes
display the same trend when evaluating the dispersion index as a
function of CNT loading rate (Fig. 5). Thus, although the dispersion
results for individual samples may differ significantly, the compIn-
dex and the ASTM index yield the same qualitative results.
4. Conclusion

Quantifying the dispersion of CNTs in a polymer matrix involves
two primary factors; the dispersion distribution of particles (how
well spread out the carbon is) and the size distribution of particles
(how large the carbon agglomerates are) throughout the sample.
Both of these factors must be measured to effectively determine
the dispersion of CNTs in a composite material. The ASTM index,
which is commonly used in engineering practice, displays several
limitations to measuring these two factors. First, it does not con-
sider the distribution of carbon over the entire sample, because it
does not compare the amount of carbon between different sections
of the image, but calculates an average over all sections. Second, it
does not take into account the size of carbon particles or agglom-
erates. Finally, the index arbitrarily eliminates four of the nine sec-
tions it defines, the inclusion of which was shown to substantially
alter the resulting index.

The compIndex is based on using a two part evaluation that in-
cludes the dispersion distribution (dIndex) and the size distribution
of carbon (sIndex). The measurement results thus found were accu-
rate and consistent from sample to sample as opposed to evaluat-
ing the sample samples with the ASTM index. While both indexes
obtain the same qualitative result and are easy to implement using
computer algorithms, the compIndex is an improvement because it
provides more consistent results that match the visual observation
of dispersion. It adds sophistication without adding complexity.

Finally, while myriad techniques with various level of sophisti-
cation exist to quantify dispersion, the compIndex offers an effec-
tive, easily implementable alternative to qualitative assessment
or less sophisticated methods such as the ASTM index.
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