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Abstract
As the performance of polymer layered silicate nanocomposites strongly depends on their interior layer dispersion, quantification of the layer
dispersion degree is needed. In this work, a new methodology was developed to determine the dispersion parameter D0.1, based on the measure-
ment of the free-path spacing distance between the single clay sheets from the transmission electron microscopy (TEM) images. Several exam-
ples of exfoliated, intercalated, and immiscible composites were studied. It was found that the exfoliated composites had D0.1 over 8%, while
that of intercalated composites were between 4 and 8%. In the case of intercalation, a high frequency peak appeared at a short spacing distance in
the histogram, which was a characteristic of the intercalation, distinct from the exfoliation. The main utility of this TEM methodology is for the
quantification of exfoliated or intercalated samples with small number of layers with stacks. The dispersion parameter D0.1 below 4% was
suggested to classify as immiscible. A unique advantage of the TEM measurement is that the dispersion degree of different fillers can be counted
individually.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The layered silicate minerals, clay, with layered structures,
have been used in polymer composites for a quite long time,
more than half a century ago [1]. Their structures are character-
ized by two tetrahedral coordinated silicon layers fused to a cen-
tral octahedrally coordinated metal (Al3þ or Mg2þ) layer. The
entity of the three sandwiched layers, with 1 nm thickness and
few hundred nanometers size in other two dimensions, is stacked
together with a regular van der Waals gap, the so-called gallery
[2]. Depending on the clay platelet opening degree after integra-
tion with polymer matrix, the composites are roughly classified
as [3]: (1) exfoliated or delaminated e layers are fully open; (2)
intercalated e layers partially open; and (3) immiscible e layers
remain closed (tactoid). There exists layer ordering, or a status
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between them, or even a mixture of these classifications, which
in the last two cases make the classification undistinguishable.
Because of the high aspect ratio of the clay platelet, the silicate
clay has huge potential to increase the clay/polymer interfacial
areas to enhance their properties, if the layers are fully open to let
the polymer enter the galleries. Therefore, opening the layers
has been one of the major goals in developing the polymer
layered silicate nanocomposites (PLSNs), as the PLSNs with
exfoliated fillers exhibit extraordinary mechanical and physical
properties [4e8]. In order to overcome the interlayer van der
Waals bonding barrier to achieve the layer exfoliation, two
major approaches have been developed, i.e. in situ intercalative
polymerization [4,9e14] and melt intercalation [15e20]. The
former process involves the dispersion of the clay filler into
the monomers followed by polymerization, and in the latter
one, the clay filler is mixed into the molten polymer.

It is known that the clay layer exfoliation degree within the
matrix is a function of the composite processing parameters
[21,22]. In order to correlate the material microstructure
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with their processing and properties, it is essential to quantify
the clay platelets’ dispersion degree. Currently, the following
methods have been used to evaluate the clay dispersion: (1)
transmission electron microscopy (TEM) [3,23e30], (2)
X-ray diffraction (XRD) [3,23,24,28], (3) solid-state nuclear
magnetic resonance (NMR) [31,32], (4) rheological tech-
niques [33], and (5) atomic force microscopy (AFM)
[34,35]. The TEM method, with resolution typically around
several angstroms, provides a direct observation of the layer
dispersion [3,23e30]. By taking the advantage of the layered
structure characteristic, on the other hand, the XRD monitors
the layer opening degrees of PLSNs [3,23,24,28] from the
measurement of the basal layer spacing d001 as compared to
the original one d0, i.e. immiscible when d001¼ d0, interca-
lated when d001> d0, and exfoliated when no peak appears
by the layer disordering. However, as discussed by Morgan
and Gilman [3], in some cases the XRD method may confuse
the immiscible or exfoliated status. The solid-state NMR [31]
measures the polymer/clay interfacial areas and the layer
spacing. A reference sample with supposedly fully exfoliated
structure was needed to obtain a parameter 3 that reflects the
dispersion degree [31]. The rheological method [33] has
been attempted to measure the rheological responses to reflect
the clay dispersion, with the aid of additional TEM and XRD
analyses [33]. The AFM has been applied to study the PLSNs
[34,35], but its effectiveness needs large exploration. At pres-
ent, the TEM and XRD are probably the two mostly used
approaches. It should be mentioned that all of the XRD,
NMR and rheological approaches measure the bulk sample
average information in different ways. If a sample contains
multi-fillers, it is impossible to use these methods to evaluate
the dispersion of individual fillers. At this point, the TEM is
especially powerful since different fillers can be identified.

So far, the TEM is mainly used as a tool to compare the
layer dispersion visually. However, limited quantitative
microscopy has also been made so far in different ways. Basi-
cally, these studies can be classified as the following methods:

(1) Particle size measurement (PSM): Nam and co-workers
[26] proposed to measure the clay particle length Lclay

and thickness dclay of dispersed clay stacks, and the corre-
lation length xclay between these stacks. These parameters
were then used to estimate the average number of individ-
ual layers in a clay clump. Recently, Vermogen et al. [30]
used this PSM method to study the clay exfoliation behav-
ior, with an additional parameter, aspect ratio AR, of the
stack. The higher the AR value, the lesser the number of
layer platelets within the stack and thus higher dispersion
degree. Certainly, the single clay platelet has the highest
AR. They classified the clay stacks into six groups with
different number of platelets involved, i.e. micron-size
agglomerates, middle-size tactoids, 5e10 sheet tactoids,
3e5 sheet tactoids, 2e3 tactoids, and individual exfoliated
sheet. Each group was characterized by the above param-
eters as compared to three different samples.

(2) Particle density measurement (PDM): Dennis et al. [25]
and Fornes et al. [27] measured the clay particle density,
i.e. the number of aggregated particles over a certain
area, to compare the dispersion degree of different sam-
ples. An entity of a stack is counted as a single clay par-
ticle. Therefore, a higher density indicates larger degree
of the clay exfoliation, and thus higher dispersion degree.

(3) Linear intercept distance measurement (LIDM): Eckel
et al. [29] placed an array of parallel lines over the TEM
micrographs, and then divided the total length of the lines
by the number of times the lines intersect the clay particles
to obtain the linear intercept distance, i.e. the average clay
particle spacing along the lines. As a stack of sheets is
counted as an entity, smaller linear intercept distance indi-
cates more number of particles along the lines and thus
a better dispersion. Similar distance measurement was
also made between platelets recently [32].

In this work, we present a new methodology, named as
free-path spacing measurement (FPSM), to quantify the layer
dispersion degrees from the TEM images, based upon the
stereological principles [36e40]. In the following section,
this method will be given in detail, and then it will be applied
to study the dispersion in different polymer systems, with
exfoliated, intercalated and immiscible cases. A comparison
of this method with previous ones will also be discussed.

2. Experimental section

The polymer matrices used in this study were polyester
polycaprolactone (Pellethane 2102 series) 2102A, polyamide
PA11 (or nylon 11), polyamide PA12 (or nylon 12), cyanate
ester PT30 and PT15, and epoxy. The montmorillonite Cloisite
30B clay was supplied by Southern Clay Products, Gonzales,
Texas. Its layer spacing (d001), as determined by XRD, is
1.85 nm. The Exolit OP 1230 intumescent fire retardant (FR)
additives, supplied by Clariant, were also used in addition to
the 30B clay. The polymer composites were prepared by
mechanical mixing of nanoparticles into the polymer matrices
using either a well-established twin-screw extrusion process
for thermoplastics and elastomers, or high shear mixing for
thermosets. The TEM specimens, with thickness less than
100 nm, were prepared by an ultramicrotome with a diamond
knife at 5e6� cutting angle, or by an ion mill with a cold stage.
The latter method involved grinding, polishing, dimpling and
finally ion milling with liquid N2 cooling until perforation.
In both cases, no sample staining was used. The TEM analysis
was performed in a JEOL 2010 microscope at the working
voltage of 200 kV (with wavelength l¼ 0.00251 nm), with
spherical aberration coefficient Cs¼ 1 mm. Its optimum defocus
[41], Scherzer defocus, is DfSch¼�((4/3)Csl)1/2¼�58 nm,
which gives a point resolution of rSch ¼ 0:66C

1=4
s l3=4 ¼

0:23 nm. To image the clay single platelets, images were taken
at near the Scherzer defocus to achieve the highest resolution
at high magnifications, typically above �50,000. However, for
immiscible samples with large tactoids, it would be very diffi-
cult to count the single layer spacing between the tactoids, and
thus images were taken at much large defocus values, about
(5e15)DfSch, to image the clay clusters composed of a number



Fig. 2. An example of a TEM image, which is divided by 10� 10 grid lines for

the dispersion quantification along the grid lines.
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of clay platelets. These images of immiscible samples were
taken at lower magnifications, typically below �50,000, to ac-
commodate more clay particles. For accurate distance measure-
ment, all of the TEM imaging magnifications were calibrated
using standards of 6H-SiC lattice fringes [42] and commercial
cross-line grating replica.

A general methodology to measure the dispersion degree
has been established by us recently [43]. To apply this meth-
odology to the PLSN system, TEM is especially useful
because of its high resolution dealing with the nanoclay rein-
forcements. As shown in Fig. 1(a) for a schematic microstruc-
ture of PLSNs, a random line is used to intercept the clay
platelets to obtain free-path spacing data xi, between the plate-
lets. As the platelet thickness is thin (1 nm), the free-path
distance can be roughed as the distance between platelets.
Note that if the line intercepts with a stack of platelets, the dis-
tance between each platelet within this stack is measured to
reflect the entire dispersion level (the appearance of stacks
decreases the dispersion). If two platelets touch each other,
the distance x¼ 0. Afterwards, a histogram of the spacing
data is constructed, as shown in Fig. 1(b). The dispersion
parameter, D0.1, is defied as the probability of the free-path
distance distribution in the range of 0.9e1.1m [43], where m

is the mean spacing. As D0.1 is deduced from the free-path
distance distribution, it is dimensionless and not related to
the layer shape, size, aggregation or concentration. In this
method, a higher D0.1 value indicates more spacing data close
to the mean m, and thus a better dispersion level. The disper-
sion of 100% means all of the platelets are equally spaced,
which is technically impossible in reality. Usually, the free-
path distance distribution obeys a lognormal distribution
model, in which case D0.1 is formularized as [43]:

D0:1 ¼ 1:1539� 10�2þ 7:5933� 10�2ðm=sÞ þ 6:6838

� 10�4ðm=sÞ2�1:9169� 10�4ðm=sÞ3þ3:9201

� 10�6ðm=sÞ4 ð1Þ

Here, s is the standard deviation.
An example TEM image is shown in Fig. 2. The followings

are the detailed steps to apply this method to quantify the
dispersion degree D0.1:
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Fig. 1. (a) Schematic microstructure of clay platelets (in dark color) compos-

ite, where a random line is used to intercept the platelets to get spacing

measurements; (b) clay layer free-path spacing histogram, with the dispersion

parameter D0.1 defined from the frequency function f(x).
(1) Place arrays of parallel lines over the TEM micrograph.
For isotropic sample, two perpendicular arrays are applied
so that dispersions can be measured along both directions.
If the sample is anisotropic, the array of parallel lines can
be placed along any particular directions so that the disper-
sion D0.1 is measured along that direction. Depending on
the sampling number N of measurements which should
be over 100, a TEM image is normally divided into 10e
20 grid lines. If the TEM image is taken randomly (or after
rotation randomly), the grid lines are placed horizontally
and vertically to make the distance measurement easier;

(2) Measure the free-path distance xi, the distance of the ma-
trix, between the clay sheets, along the intercept lines as
shown in Fig. 1(a). In this work, a freeware ImageJ [44]
program was used for the measurement. Note that scale
bars on the TEM negatives could produce up to 10% error,
thus the scale bars need calibration for accurate distance
measurement. The sampling number N is expected to be
greater than 100; otherwise increase the grid lines, or
use more micrographs even make montages of the micro-
graphs to achieve more measurements;

(3) Based on a set of free-path distance data, calculate the data
sample mean x ¼

P
i xi=N and data sample standard

deviation s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

iðxi � xÞ2=ðN � 1Þ
q

;

(4) Calculate the dispersion quantity D0.1 by using the ratio
x=s to substitute m/s in Eq. (1). For the details to plot
histogram and the lognormal curve fitting, see Ref. [43].

The accuracy of the D0.1 measurement strongly depends on
the sampling. The TEM image must be representative and in
an appropriate magnification so that the single clay sheets
are resolved while maintaining a wide range of view to accom-
modate more clay platelets for the measurement. For accurate
comparison of D0.1 of different samples, at least three repre-
sentative TEM images are needed for the quantification. In
case the sample microstructure is not uniform, even more
representative TEM images should be used for averaging.
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3. Results

In this work, we studied the dispersion of 30B clay into six dif-
ferent systems (2102A, PA11, PA12, PT30, PT15, and epoxy) at
different loading levels from 1 to 10 wt%, as listed in Table 1.
The 1230 FR particles were also added with 30B into the PA11
matrix to examine the interaction of the FR particles with the
30B clay. Quantitative measurements based on the TEM images
are made on these samples, and the measured results of mean
layer spacing x, standard deviation s, and their ratio x=s are listed
in Table 1. The dispersion parameter D0.1 is calculated by using
x=s to estimate m/s in Eq. (1). It is found that samples of 2102A,
PA11 (including the addition of 1230 FR particles), and PA12
have good dispersions at all loading levels of 30B. In these
samples, the original large 30B clay tactoids are broken up and
well dispersed all over the samples, although both exfoliated
and intercalated types are identified. The PT30 samples have
lower dispersion level, but they are still classified as the interca-
lated type, as will be shown later. However, in the PT15 and
epoxy samples, large clumps are found, so they are classified
as the immiscible type. Typical examples of exfoliated, interca-
lated and immiscible samples are given in the following sections.
3.1. Exfoliated dispersion
A typical microstructure of 2102A with 7.5 wt% 30B clay is
shown in Fig. 3(a). Generally, the original big clay clumps are
completely broken up and the clay platelets dispersed all over
the entire area. The framed area is magnified Fig. 3(b), where
it is seen that the clay platelets are exfoliated and well dispersed
within the matrix. For quantitative measurements, Fig. 3(a) is
Table 1

Results of quantitative measurements

Matrix Loading

level

(wt%)

Mean

free-path

spacing, x

(nm)

Standard

deviation,

s (nm)

x=s D0.1

(%)

Classification

2102A 2.5 105.1 110.6 0.9503 8.4 Exfoliated

5.0 66.3 68.0 0.9750 8.6 Exfoliated

7.5 45.0 39.9 1.1278 9.8 Exfoliated

10.0 27.8 33.4 0.8323 7.5 Intercalated

PA11 2.5 109.7 139.7 0.7853 7.2 Intercalated

5.0 55.8 71.9 0.7761 7.1 Intercalated

7.5 42.9 39.9 1.0752 9.4 Exfoliated

10.0 28.6 25.6 1.1172 9.7 Exfoliated

PA12 2.5 115.0 151.8 0.7576 6.9 Intercalated

5.0 62.5 64.9 0.9630 8.5 Exfoliated

7.5 44.9 45.2 0.9934 8.7 Exfoliated

PT30 2.5 107.5 273.4 0.3932 4.2 Intercalated

3.5 80.0 171.7 0.4659 4.7 Intercalated

PT15 5.0 317.5a 1069.1a 0.2970a 3.4a Immiscible

Epoxy 1.0 991.1a 3651.8a 0.2714a 3.2a Immiscible

2.0 378.9a 539.6a 0.7022a 6.5a Immiscible

5.0 231.5a 357.8a 0.6470a 6.1a Immiscible

10.0 147.2a 267.5a 0.5503a 5.4a Immiscible

PA11þ 1230 5.0 55.0 61.2 0.8987 8.0 Exfoliated/

Intercalated

7.5 40.4 42.3 0.9551 8.5 Exfoliated

a Note: the measurements of the immiscible PT15 and epoxy are made based

on the cluster measurement rather than single layer measurements.
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Fig. 3. (a) Microstructure of exfoliated 2102A with 7.5 wt% 30B; (b) magni-

fied image from the framed area in (a); (c) layer spacing distance histogram.

Curve fitting by lognormal distribution is superimposed and the arrowhead

indicates the mean spacing position.
divided by 10� 10 grid lines, and the free-path spacing distance
between the clay platelets along these grid lines are measured to
construct a histogram, as shown in (c). A lognormal distribution
[43] curve is superimposed, which fits the measured frequency
curve. Therefore, the dispersion is calculated using Eq. (1) for
the lognormal distribution model. Instead, a normal distribution
only gives symmetrical curve beside the peak position. The sta-
tistics of the measurements are labeled in Fig. 3(c). The mean
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spacing ðxÞ is 45.0 nm, with a standard deviation (s) of 39.9 nm,
and thus x=s ¼ 1:1278, hence D0.1¼ 9.8%. Therefore, about
9.8% spacing data are in the range of 40.5e49.5 nm that
corresponds to the range of 0:9� 1:1x. The mean spacing of
45.0 nm is much longer than the original crystalline layer
spacing of d001¼ 1.85 nm, implying that good exfoliations of
the single clay platelets are achieved in this sample.

Another example of exfoliated sample, PA11, with a higher
loading of 10 wt% 30B clay, is shown in Fig. 4(a). The clay
particles are seen as exfoliated, and the platelets are well
dispersed over the entire area. Similar exfoliated microstruc-
tures were observed previously by Fornes and Paul [45], and
Eckel and co-workers [29] by the nylon’s polar nature. The
entire area of Fig. 4(a) is divided by 10� 10 grid lines along
the horizontal and vertical directions, respectively, and then
the spacing distance between the clay platelets along the grid
lines are measured to establish the histogram as shown in (b).
A lognormal distribution [43] curve is superimposed. As labeled
in Fig. 4(b), the statistics of the measurements indicate that the
mean spacing is 28.6 nm, with a standard deviation of 25.6 nm,
and thus x=s ¼ 0:1172, which yields D0.1¼ 9.7%. This disper-
sion level is almost the same as the 2102A sample shown in
Fig. 3, although they are at the different loading levels. It is
noticed that the mean spacing of 28.6 nm is greatly shorter
than 45.0 nm of the previous sample shown in Fig. 3, which is
consistent with the loading raise from 7.5 to 10 wt%. If one
uses the linear intercept distance between the clays to evaluate
the dispersion, as previously studied [29,32], the intercept
distance is not comparable between these two samples at differ-
ent loadings. However, the dispersion level D0.1 studied here is
dimensionless which is independent of the loading level.
3.2. Intercalated dispersion
A typical microstructure of PA12 with a loading of 2.5 wt%
30B is shown in Fig. 5(a). The platelets are widely spaced
because of the lower filler content. The original clay particles
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Fig. 4. (a) Microstructure of exfoliated PA11 with 10 wt% 30B; (b) layer spacing d

the arrowhead indicates the mean spacing position.
are broken up and the clay particles are well dispersed overall;
while aggregations composed of few platelets exist, as shown
in the enlargement in Fig. 5(b) from the central framed area of
(a). Previously reported pictures also exhibited aggregations of
few platelets [45,46]. Therefore, this sample demonstrates
intercalation, instead of exfoliation, as for 2102A in Fig. 3
and PA11 in Fig. 4. In order to increase the measurement N,
Fig. 5(a) is shown in a lower magnification and it is divided
by 20� 20 grid lines to construct the histogram in (c). It is
seen from Fig. 5(c) that the spacing data cover a wide range.
In the short spacing range, as shown in the magnified part in
Fig. 5(d), a high frequency peak appears at 2.8 nm, which
means these platelets within clumps are just slightly open.
The appearance of this sharp peak in the short distance range
is an evident indication of the intercalation. Although the peak
position depends on the group number of the sampling to plot
the histogram, it reflects the high frequency spacing data in
a rough range. Even if the platelets remain at the original
distance, the breaking up of the original large clumps and
the dispersion of the smaller aggregates would be considered
as intercalated. In the presence of clustering, as discussed
previously [43], one may still calculate the dispersion using
the entire range spacing data, but the dispersion degree is
decreased by the clustering. The mean spacing is measured
as 115.0 nm, with a standard deviation of 151.8 nm, and
thus x=s ¼ 0:7576. Hence, this intercalated example has
D0.1¼ 6.9%, which is lower than the exfoliated dispersions
shown in Figs. 3 and 4 because of the existence of clusters
with few platelets included.

Another example of intercalated case, PT30 with 3.5 wt%
30B, is shown in Fig. 6(a), where more platelets aggregate
into clumps. An enlarged image is shown in Fig. 6(b). The
image shown in Fig. 6(a) is divided by 20� 20 grid lines to
measure the spacing distance between the platelets, and the
histogram is constructed as shown in (c), which is magnified
to show the short spacing range (d). Similar to the case shown
in Fig. 5(d), the histogram in Fig. 6(d) shows a sharp peak at
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Fig. 5. (a) Microstructure of intercalated PA12 with 2.5 wt% 30B; (b) magnified image from the framed area in (a); (c) layer spacing distance histogram; (d)
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3.1 nm, indicating the presence of intercalation. The mean
spacing is measured as 80.0 nm, with a standard deviation of
171.7 nm, and thus x=s ¼ 0:4659. Hence, the dispersion
parameter D0.1¼ 4.7%, which is lower than the dispersion
level of 6.9% in sample PA12 (Fig. 5), because of the fact
of more platelets within a cluster. Considering the intercalated
PT30 with 2.5 wt% 30B has even lower D0.1¼ 4.2%, it is
suggested that dispersion level above 4% is classified as inter-
calated, and below it, immiscible because of sufficient number
of platelets within a cluster.
3.3. Immiscible dispersion
For immiscible samples with large tactoids, it would be
very difficult to count the single layer spacing in the same
way for the above exfoliated/intercalated samples. In order
to make this task easier, images are taken at larger defocus
values to obtain cluster images. An example of the microstruc-
ture of PT15 with 5 wt% 30B clay is shown in Fig. 7(a), where
isolated large clumps are seen. At this low magnification,
a sheet seen is actually composed of a cluster of platelets if
imaged at the Scherzer defocus, as shown in the magnified
image in Fig. 7(b), from the framed area in (a). For simplicity,
we count only the cluster sheets for the dispersion. Fig. 7(a) is
then divided by 10� 10 grid lines along the horizontal and
vertical directions, respectively, and then the free-path spacing
between the cluster sheets along the grid lines are measured to
establish the histograms in (c). The spacing data scatter very
largely, with a high frequency peak at 29.3 nm as shown in
the short spacing range in Fig. 7(d). The mean cluster spacing
is measured as 317.5 nm, with a large standard deviation of
1069.1 nm, and thus x=s ¼ 0:2970, hence Dcluster

0:1 ¼ 3:4%. In
fact, if one counts the single clay platelet spacing instead of
the clusters, like those shown in Fig. 7(b), the dispersion is
expected to be even lower because of the even larger data
scattering for the single platelets.

Another immiscible example, the microstructure of epoxy
with 2 wt% 30B with large clumps, is shown in Fig. 8(a) taken
at larger defocus. As compared to Fig. 7, these clumps, with
smaller size, distribute more evenly. This image is divided
by 10� 10 grid lines, and the spacing of the clusters is mea-
sured to construct the histogram in Fig. 8(b). The mean cluster
spacing is measured as 378.9 nm, which is longer than
317.5 nm at the 5 wt% loading level shown in Fig. 7. The
standard deviation is 539.6 nm, and thus x=s ¼ 0:7022, hence
Dcluster

0:1 ¼ 6:5%. The clusters in this sample have a better
dispersion than those in the PT15 sample shown in Fig. 7.
3.4. Dispersion of different fillers
A unique advantage of the TEM measurement over others,
by XRD, NMR, or rheological techniques, is that different
fillers can be visually differentiated or chemically identified
with the aid of advanced microanalysis techniques, such as
mapping using X-ray energy-dispersive spectroscopy (EDS)
or electron energy-loss spectroscopy (EELS). Therefore, their
dispersions can be measured separately. Fig. 9(a) shows a
microstructure of PA11 with 20 wt% 1230 FR particles plus
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5 wt% 30B clay. The 1230 FR particles appear as well-
dispersed dark dots. In the magnified image in Fig. 9(b)
from the framed area in (a), the clay layers are visible. They
are seen as exfoliated but also intercalated for some part of
the layers. Fig. 9(a) is divided by 20� 20 grid lines along
the horizontal and vertical directions, respectively, and the
spacing between the 1230 FR particles are measured to
construct the histogram as shown in (c). The mean spacing
of the 1230 FR particles is measured as 1235.4 nm, with
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a standard deviation of 1018.5 nm, x=s ¼ 1:2130, hence
D0.1¼ 10.4%. On the other hand, the histogram of the clay
filler, from Fig. 9(b) by 20� 20 grid lines, is constructed in
(d). The mean spacing of the clay platelets is measured as
55.0 nm, with a standard deviation of 61.2 nm, x=s ¼
0:8987, hence D0.1¼ 8.0% for 30B. As the PA11 samples
with only 30B have similar dispersion levels (Table 1), the
addition of the 1230 FR particles does not affect the dispersion
level of the clay particles. It is noted that a peak at 4.1 nm
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appears in Fig. 9(d), although it is not as high as those seen in
Figs. 5 and 6 for the intercalation case. This peak indicates that
this sample is probably at the middle between exfoliation and
intercalation. Therefore, it may be reasonable to suggest
the dispersion above 8% as exfoliated, and below it, as
intercalated.

Fig. 10 shows a microstructure of PA11 with 20 wt% 1230
FR particles but with a higher level of 7.5 wt% 30B clay. The
clay platelets are exfoliated and well dispersed along with the
1230 FR particles. The image is divided by 10� 10 grid lines,
and the constructed histogram based on the spacing distance
measurement is shown in Fig. 10(b). The mean spacing of
the clay platelets is measured as 40.4 nm, with a standard
deviation of 42.3 nm, x=s ¼ 0:9551, hence D0.1¼ 8.5%. It
belongs to the exfoliated type.

4. Discussion
4.1. Distinguishing exfoliation and intercalation
As pointed out by Utracki [47], for completely exfoliated
PLSNs with disordered structure, the clay volume fraction f

satisfies:

f< fmax; ð2aÞ

whereas for ordered structure,

f> fmax: ð2bÞ

Here fmax is the maximum volume fraction, which is given by:

fmax ¼ 0:93=p; ð3Þ

where p is the aspect ratio. For the 30B clay, if one takes
p¼ 300, fmax ¼ 0:31%.

In the present samples, the specific gravity of 30B clay is
1.9e2.1 g/cc according to the manufacture’s data sheet, so we
take r30B¼ 2 g/cc. The PA11 polymer matrix has specific grav-
ity of 1.04 g/cc, hence we assume rmatrix¼ 1.04 g/cc. The
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Fig. 10. (a) Microstructure of PA11 with 20 wt% 1230 FR particles and 7.5 wt% 30

fitting by lognormal distribution is superimposed, and the arrowhead indicates the
0.31% volume fraction converts to 0.59% weight percent, which
is much lower than the clay content used in this work. The exfo-
liated structures observed, as shown in Figs. 3 and 4, in fact con-
tain certain local ordering, although the entire structure at
a larger scale is disordered, and there are some stacks containing
few platelets. However, the majority of the clay platelets are sep-
arated as single isolated layers, so we still define this case as ex-
foliated structure. In the case of intercalation, most of the
agglomerates contain a certain number of platelets, although
their internal spacing may increase from their original spacing
d0. In this case, a sharp high frequency peak appears at a short
spacing distance in the histogram (Figs. 5d and 6d), which is
a clear characteristic indication for the intercalation. The histo-
gram is a good tool to distinguish the exfoliation and intercala-
tion. According to this work, exfoliation structure typically has
D0.1 higher than 8%, while the intercalated structure has D0.1

typically between 4 and 8%.
4.2. Comparison of this method to previous methods
It is necessary to compare the method presented in this work
with previous methodologies to get a better understanding. As
mentioned in Section 1, previous work developed dispersion
evaluations using TEM by: (1) PSM [26,30], (2) PDM
[25,27], and (3) LIDM [29]. As shown in Fig. 11(a), the PSM
is very useful for intercalated or immiscible system with large
evident tactoids, since dispersion can be evaluated from the
size of tactoids by the parameters of the clay particle length Lclay,
clay particle thickness dclay, correlation length xclay, and particle
aspect ratio AR. However, when the system becomes exfoliated,
these parameters become constants for single platelets.

The PDM is universally applicable to exfoliated, interca-
lated or immiscible system. It is especially useful for systems
containing stacks with different size at the same loading level,
because the density is related to the clay loading. However,
this method does not count the internal spacing between the
clay particles. An example is shown in Fig. 11(b) and (c),
both of them have exactly the same number of particles but
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with different dispersion. The density counting would produce
the same results for them.

The LIDM monitors the dispersion from the intercept
spacing between the clay stacks along the intercept lines. A
comparison of LIDM with PSM and PDM was given previ-
ously [29]. However, the distance given by the LIDM is related
to the clay loading level.

For the method presented in this work, FPSM, its starting
point is indeed similar to the LIDM, as both of them use array
of parallel lines to intercept the clay particles for the distance
measurement. However, there are several differences: (1) the
LIDM measures the spacing between stacks (otherwise, if
ones counts single layers between within stacks, the intercept
distance would be the same for a given system with the same
loading), while FPSM measures the free-path spacing between
the single layer sheets; (2) the LIDM is dependent to the
loading, while the FPSM only deals with the free-path spacing
data distribution, and thus D0.1 is independent to the loading
and it is dimensionless.

The FPSM is mainly designed for exfoliated and interca-
lated microstructures with small size tactoids. For the exfoli-
ated or intercalated structures like that shown in Fig. 11 (b)
and (c), the FPSM method could distinguish their dispersion
degrees, because it is based upon their spacing measurement.
However, as demonstrated previously, for a system containing
larger tactoids, this method works difficultly because it is hard
to count the spacing within the large tactoids. Although trials
have been made using larger defocus to image clusters, as
demonstrated in Figs. 7 and 8, the cluster dispersion is not
comparable to the single sheet dispersion, and the appearance
of the clusters depends on the defocus values applied in some
samples. However, a future extension of this work may involve
a lower resolution tool, like scanning electron microscopy
(SEM) or optical microscopy (OM), to image these large
tactoids and apply the same methodology to quantify their
dispersion parameter D0.1.
4.3. Layer spacing of exfoliated/intercalated samples
The FPSM method gives mean free-path spacing data of the
single layers, as listed in Table 1. If one ignores the layer
thickness that is about 1 nm, this spacing is the mean layer
spacing d, i.e. d z x. When a line intercepts the clay sheets,
the mean line fraction LL¼ d0/d. Here note that the effective
thickness of each sheet is d0, as the clay volume fraction is
based on the volume of the original clay particles with d0

spacing between the sheets. According to the stereological
principle, LL equals the volume faction VV, or f:

f¼ d0=d; ð4Þ

and hence

d ¼ d0=f: ð5Þ

According to this relationship, when f/0, d / N and when
f ¼ 1, d¼ d0, which is the original clay layer spacing (layers
completely attached, with a spacing of d0). Eckel et al. [29]
used this equation to estimate the intercept distance of their
samples. Taking d0¼ 1.85 nm to convert the volume fraction
into weight fraction as follows:

d ¼ 1:85

f
¼ 1:85

w=r30Bþ ð1�wÞ=rmatrix

w=r30B

¼�1:707þ 3:558=w: ð6Þ

For the weight percent content studied in this work, if one
supposes that the polymer matrices have the same specific
gravity, rmatrix¼ 1.04 g/cc, as used in the above equation,
the theoretical layer spacing can be calculated using Eq. (6),
as plotted in Fig. 12. The measured spacing data are close to
the calculated ones, as listed in Table 2. The relationship
between measured d and w is expressed as the following
function by regression of the experimental data:

d ¼ 6:936þ 2:590=w; ð7Þ

with correlation coefficient R¼ 0.990.
Here, we also compare d with d001, which is the basal layer

spacing of stacks. Utracki [47] reduced a relationship between
d001 and w as follows:

d001 ¼ a0þ a1=w; ð8Þ

where a0 and a1 are two fitting parameters. Using the d001 data
determined by Okada and Usuki [48], Utracki [47] gives:



Table 2

Comparison of measured and theoretical layer spacing (nm)

Loading

level (wt%)

Measured

spacing (nm)

Theoretical

spacing (nm)

2.5 105.1, 109.7, 115, 107.5 140.6

3.5 80.0 100.0

5.0 66.3, 55.8, 62.5, 55.0 69.5

7.5 45.0, 42.9, 44.9, 40.4 45.7

10.0 27.8, 28.6 33.9

Fig. 12. Clay layer spacing (nm) as a function of the loading level (wt%).
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d001 ¼ 1:37þ 0:865=w; ð9Þ

with correlation coefficient R¼ 0.991. The d001 is also plotted
in Fig. 12 for comparison. It is seem that both d and d001 have
the same inversely proportional relationship to w. As d is
measured from the single layer spacing, while d001 is mea-
sured from layers within the stacks only (usually by XRD),
d is always greater than d001, while they are getting closer at
higher loading levels.
5. Summary of this work

In this work, we present a new TEM methodology to quan-
tify the clay dispersion in clay/polymer nanocomposites. This
method, named as free-path spacing measurement, is based on
the measurement of the free-path spacing distance between the
single clay sheets. The dispersion value D0.1 is calculated from
the distribution of the free-path spacing data according to
Eq. (1). The D0.1 parameter is dimensionless and is not related
to the filler size, shape, aggregation, concentration, or the
existence of additional filler.

Several examples of exfoliated, intercalated, and immisci-
ble samples were studied. It was found that exfoliated compos-
ites had D0.1 over 8%, while the intercalated composites have
4e8%. In the case of intercalation, a high frequency peak ap-
pears at a short spacing distance in the histogram, which is an
evident characteristic indication for the intercalation. This
main utility of this methodology is for exfoliated or interca-
lated samples but with small number of layers with the stacks.

The dispersion below 4% was suggested to classify as im-
miscible. In the immiscible case, it is difficult to use the TEM
method to quantify the dispersion level D0.1, which is the
weakness of this methodology. A trial was made using the
layer clusters, which were imaged at larger defocus values.

The unique advantage of the TEM measurement is that the
dispersion degrees of different fillers can be measured individ-
ually, because the different fillers can be visually differentiated
or chemically identified in TEM via EDS or EELS. It was
demonstrated that the addition of the 1230 FR particles into
the PA11 matrix did not affect the dispersion level of the
30B clay, and the dispersion levels of both 1230 FR and
30B fillers were quantified individually.
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