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Abstract

Thermomechanical properties of polymer blends seem to depend on their morphology on microscales and in particular on the size of the
dispersed phase particles and/or their distances (ligament thickness). Precise characterization of morphologies by few simple geometrical
parameters is often a quite delicate task, in particular because of the strong polydispersity of these systems. We present here a simple method
based on image analysis of transmission electron micrographs (TEM) to estimate both distributions in particle size and ligament thickness.
We first reconstruct three-dimensional distributions in particle size from two-dimensional measurements and show in particular that
corrections from section thickness become significant when thickness is comparable to particle size. Knowing the distribution in particle size,
we extend the model initially proposed by Wu to estimate the distribution in ligament thickness. This method provides a more detailed
relation between the distribution in particle size and the distribution in ligament thickness. Advantages and limitations of the method are

illustrated by practical examples on polyamide-12 systems filled with various particle dispersions.

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

Polymer blending offers an extraordinary rich range of
new materials with enhanced characteristics regarding
optical, chemical or mechanical performances [1,2]. For
instance, the mechanical properties of a given polymer can
be greatly modified—either improved or worsened—by
incorporating particles of a second minority phase. Most
often, the quality of the morphology (size, continuity,
homogeneity, orientation...) is crucial for the final
performances of these heterogeneous materials. In particu-
lar, Wu showed that the impact resistance of semi-
crystalline polymers toughened with rubber particles is
intimately related to the average ligament thickness, L,
which is defined as the average surface-to-surface distance
between neighbored particles [3]. In given impact con-
ditions, a toughened system exhibits a ductile behavior
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when L,, is lower than some critical value while it gets brittle
for larger values of L,. Recent studies suggest that
toughening efficiency also depends on several other
parameters such as particle size [4], crystalline orientation
[5] or more generally crystalline organization of the matrix
[6] which are often strongly processing-dependent. Still, the
quantitative characterization of the blend morphologies is of
paramount importance. For example, Fig. 1(a) and (b)
shows micrographs of two distinct samples of polyamide-12
toughened by blending with the same copolymer. The
impact toughness of these two samples are very different.
Indeed, their notched Charpy impact toughness at 25 °C are
100 and 80 kJ/m?, respectively. Are the morphologies as
different as impact experiments could suggest? Qualitat-
ively, they look very similar but can one be certain? In fact,
micrograph b is an image of the injected sample shown on
image a after a thermal treatment (quiescent melting and
recrystallization) which in principle does not alter the
dispersion morphology. On the other hand, the dispersion
shown on Fig. 1(c) looks much denser than those on
Fig. 1(a) or (b). One could expect very different mechanical
properties. Yet, it is the same sample as in Fig. 1(a) but the
ultrathin section observed under TEM is about twice
thicker. Hence, quantitative techniques which characterize
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Fig. 1. Transmission electron micrographs of polyamide-12 toughened with
30% SBM particles (a) morphology of an injected sample (b) same sample
as in a after a thermal treatment where the polyamide matrix was melted
and recrystallized under quiescent conditions (c) same sample as in a but
observation is done on a thicker ultrathin section.

particle dispersions are essential tools to understand how
impact performances depend on the blend morphology and
how they can be controlled in terms of compounding and
processing.

Here, we present a fairly simple method based on image
analysis of transmission electron micrographs to determine
both distributions of particle sizes and ligament thicknesses.
Image analysis is traditionally performed with scanning
electron microscopy (SEM). In the present study, we use
transmission electron microscopy (TEM) which provides
additional information at finer scales about the possible
nanostructure of the particles and/or the crystalline
organization of the matrix. Unlike SEM which shows
cross-sections of the bulk morphology, TEM shows a 2D
projection of a thin section of about 50-100 nm thick. In
order reconstruct the true 3D distribution in particle size, we
consider some specific features of the TEM technique as
illustrated in Fig. 2. A ‘cross-section’ effect, which also
exists with SEM, arises from the fact that the observed
micrograph is a 2D section of randomly cut particles. As a
result, the apparent diameter of a particle on the image is
smaller than its real diameter as soon as the particle is not
cut through its center. This is the case of particles 1 and 3 in
Fig. 2. Such effect implies that raw measurements over-
estimate the fraction of small particles. On the other hand, a
‘projection’ effect, which is more specific to transmission
microscopy, comes from the finite thickness of the thin
section. All the particles which center is inside the thin film
appear on the image with their real diameter as shown in
Fig. 2 for particle 2. Hence, this latter effect can

Thin section  H

2D image
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Fig. 2. Transmission microscopy shows a two-dimensional projection of a
thin section. Particles 1, 2 and 3 have the same diameter, r. The center of
particles 1 and 3 are above and below the thin section, respectively. Their
apparent diameters a; and a3 are smaller than their real diameter r (cross
section effect). The center of particle 2 is inside the thin section. It appears
on the image with its real diameter (projection effect).

counterbalance the former cross-section effect. We correct
both effects using a Schwartz-Saltikov algorithm for
sections of finite thickness [7,8].

Unlike particle size and concentration which are rather
well-controlled and measured, the ligament thickness is
difficult to measure in a straightforward way. This difficulty
is mostly due to the ambiguous definition of ‘neighbored
particles’ and to the reconstruction of true three-dimen-
sional (3D) distributions from two-dimensional (2D)
measurements. A first model proposed by Wu infers the
average ligament thickness given the distribution in particle
size [3]. Particles are assumed to be spherical, of same
diameter and regularly packed on a periodic lattice. The
average ligament thickness, L, is then estimated as follows:

L —d (c(%) " 1) (1)

where d, is the number average particle diameter, @ the
filler volume fraction and C a constant characterizing the
lattice. This initial formula has later been modified in
several subsequent studies, in particular to consider cases
with a distribution in particle sizes [9,10]. However, the
proposed expression only gives an average value of the
ligament thickness while the shape of the whole distribution
may have a significant role. For instance, the ability to
initiate and propagate plastic deformation may be more
sensitive to the fraction of thinner ligaments. Recently,
Sigalov et al. developed an alternative and rigorous method
which measures directly on the image the 2D distribution in
ligament thickness [11]. The authors have captured
significant effects of packing on the distribution in ligament
thickness. In particular, they found that the ligament
thickness distribution evolves during processing due to
changes in particle packing alone. Such phenomenon could
not be measured with the previous indirect method which
assumes a lattice-like packing of particles.

The intermediate method proposed here extends the
indirect model of Wu to estimate the whole 3D distribution
in ligament thickness. Once the 3D distribution in particle
size has been determined, we deduce the corresponding
distribution in ligament thickness assuming that particles
are spherical and arranged on a periodic lattice. These
calculations provide additional details about the mor-
phology and in particular, an estimation of the standard
deviation in ligament thickness. The paper is organized as
follows. The algorithm to correct TEM measurements and
reconstruct the 3D distribution in particle size is given in a
first part. A second part presents the estimation of the
distribution in ligament thickness. Practical cases on
polyamide-12 systems filled with copolymer particles
illustrate the interests and limitations of each step. In
particular, we use these examples to discuss the accuracy of
the method and the restrictions induced by the lattice-like
packing assumption.
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2. Experimental
2.1. Materials

The method presented here has been applied to
toughened polyamide-12 systems provided by Arkema.
Here, the impact fillers are a polystyrene-block-polybuta-
diene-block-poly(methyl methacrylate) triblock copolymer
(SBM) and a polystyrene-block-polybutadiene-block-
poly[(methyl methacrylate)-stat-(tert-butyl methacrylate)]
triblock copolymer (SB(MT)) which can react with the
polyamide matrix. The synthesis of reactive SB(MT) block
copolymers is described in a previous study [12]. Blending
was achieved by extruding together the filler and the
semicrystalline matrix. Different particle sizes and ligament
thicknesses were obtained by varying the reactivity between
the filler and the matrix as well as the processing conditions.
More details about the preparation, morphology and
performances of these systems can be found in other studies
[6,13].

2.2. Characterization

Particle dispersions were characterized by transmission
electron microscopy (TEM) using stained ultrathin sections.
Ultrathin films of about 60 nm thick were cut by
ultramicrotomy on a Leica Ultracut apparatus with a
diamond knife at —100°C. Osmium tetroxide (OsQ,)
vapor was used to selectively stain SBM particles.
Experiments were carried out with a JEOL 100CX electron
microscope at an acceleration voltage of 80 kV.

2.3. Image analysis

For each blend, particle size distribution was obtained by
image analysis with the Image] software [14] on 200-800
particles and over several tens of pm?>.

3. Results and discussion
3.1. Distribution in particle size

3.1.1. Data collection

Most image analysis softwares only treat binarized
images: black particles for instance, distributed in a white
matrix. Such images can be difficult to obtain because
accurate binarization requires a clear initial image with
good contrast between matrix and particles. Here, we only
focus on the data treatment once the image has been
binarized. As an example, a TEM micrograph of toughened
polyamide-12 is presented in Fig. 3(a) and (b), before and
after binarization respectively.

Using an appropriate image analysis software, one can
collect many information for each particle such as its cross-
sectional area, long and small axis, coordinates, orientation,

Fig. 3. TEM micrographs of polyamide-12 toughened with 20 wt% of SBM
particles (a) initial image (b) binarized image (c) analyzed image where
particles are identified, numbered and outlined (scale bar=2 pm).

etc. as shown on Fig. 3(c) where particles have been
individually identified. In the following, these particles are
approximated to spheres. An area equivalent diameter, d, is
defined for each particle as the diameter of a circle of same
cross-sectional area. It is given by:

d= z\/X ®)
TT

where A is the cross-sectional area of the particle measured
on the micrograph. Fig. 4 shows the distribution and
cumulated density in area equivalent diameter for the
system presented in Fig. 3. At this point, the analysis gives
2D measurements which are not corrected from any of the
effects described in Section 1.

3.1.2. Cross-section and projection effects
Consider an image obtained from a thin section of a
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Fig. 4. Two-dimensional distribution in particle diameter for the sample
presented in Fig. 3. Diameter is an area equivalent diameter defined by (2).
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given thickness, H, as illustrated on Fig. 2. On this image,
the apparent diameter, a, of a given particle is not
necessarily its real diameter, r, in the bulk. Let Na(-) be
the 2D distribution in apparent diameter and Nvy(-) the 3D
distribution in real diameter. Practically, Na(-) and Ny(-)
are used in a discrete form. They are divided into the same
number of classes, p, of equal class width, 4. For each class
i (0<i<p), Na(i) is the number of particles per unit area
which apparent diameter is within the range [id, (i+1)4].
The particle diameter in each class i is represented by its
lower limit, i4. Similarly, for each class j (0 <j<p), Ny(j) is
the number of particles per unit volume which real diameter
is within the range [j4, (j+1)4[.

We distinguish the contribution of particles which center
is located in or outside the film. For a given class i, Na() is
decomposed as follows:

Na() = N () + NR"(0) 3)

where N’ }{l(i) and N"'(i) are the number of particles per unit
area belonging to class i and which center is respectively
inside or outside the thin section. Particles which center is
inside the thin section appear on the image with their real
diameter, r, as shown on Fig. 2 for particle 2. Hence, N}{‘(i)
can be written as:

NX(i) = HNy(i) 4)

This contribution corresponds to what we described
previously as the projection effect.

Particles which center is outside the thin section appear
on the image with an apparent diameter, a, smaller than their
real diameter r, as shown on Fig. 2 for particles 1 and 3.
Hence, N3™(i) counts the particles which real diameter is
greater than i4 and which apparent diameter is i4. It can be
written as the following sum:

P
NR'M(x) = Na(in)) (5)
j=i

where N4(i,j) is the number per unit area of particles which
have an apparent diameter i4 and a real diameter between
j4 and (j+1)4. For each couple (i, j), Fig. 5 shows that the
center of such particles is confined into a narrow strip of
width dh. There are two such strips corresponding to both
faces above and below the film. As a consequence, N(i,j) is
related to the 3D distribution in real diameter by:

Na(i,j) = Ny(j)2dh (6)

Using Pythagoras theorem, dh can be written as follows:

dh=§<\/q+l)2—i2—\/j2—i2> 7

and for each class i,

)4
N (i) = 4 ZNV(;)(W TP -7 - i2> ®)
=i
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Fig. 5. Correction from the cross-section effect. The idea is to determine the
contribution of particles which center is outside the thin section. Consider
particles with an apparent diameter i4 and a real diameter in the range [j4,
(j+ 1)A[. Their center is located within a thin strip of thickness dh.

Substituting (4) and (8) into (3) gives the measured 2D
distribution in apparent diameter Na(-) as a function of the
unknown 3D distribution in real diameter Ny/(-) as follows:

Nx(i) = HNy (i)

+AiNV(j)<\/(j+ )? —i2 — \/ﬁ —i2> )
j=i

This last expression can also be written as a tensorial
product:

NA == ANV (10)

where N, and Ny are vectors which coordinates are N (i)
and Nvy(j) respectively, and A is a second order tensor
defined by:

Ay =0 ifi>] (11
(12)
if i<

For given values of H and 4, inverting numerically A gives
the 3D distribution in real diameter as a function of the 2D
distribution in apparent diameter:

Ny = A7 'N, (13)

3.1.3. Application to polyamide systems

Two systems of polyamide-12 filled with 10% of small
SB(MT) and large SBM particles are analyzed in Figs. 6 and
7 respectively. Corresponding TEM micrographs are given
in Figs. 6(a) and 7(a). Figs. 6(b) and 7(b) show the 3D
distributions in real diameter reconstructed with three
values of section thickness: H=0nm which ignores the
projection effect as if images were obtained by scanning
electron microscopy, H=60 and 100 nm which is the
typical range of thicknesses obtained by ultramicrotoming.
In both systems, reconstructed distributions exhibit negative
values for very small particle diameters. This is attributed to
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Fig. 6. Analysis of polyamide-12 toughened with 10 wt% of small SB(MT)
particles (d,~=130 nm) (a) TEM micrograph (b) distribution in particle
diameter before and after reconstruction for different values of section
thickness (4=10nm; H=0, 60 and 100 nm) (c) scheme to scale
comparing particle size to section thickness.

two factors. First, some of the smallest particles are
probably not detected by image analysis [8]. Secondly, the
cross-section effect can be overcorrected when the
projection effect is not properly considered. Negative values
are indeed more pronounced when reconstruction is done
assuming an infinitely thin section (H=0 nm).

In the case of small particles, reconstructed distributions
given in Fig. 6(b) are significantly shifted towards larger
particle sizes. Such shift is expected when correcting data
from the cross-section effect which overestimates the
fraction of small sizes. However, this correction is less
pronounced for the non-zero section thicknesses (H=60
and 100 nm). Here, particle size is comparable to section
thickness. As a consequence, many observed particles
actually have their center inside the thin section as
represented in Fig. 6(c). The magnitude of the projection
effect is comparable to that of the cross-section effect so that
both corrections must be considered.

In the case of large particles, 3D reconstruction shown in
Fig. 7(b) also gives more weight to large particle sizes.
However, the section thickness, H, has no or little effect. All
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Fig. 7. Analysis of polyamide-12 toughened with 10 wt% of large SBM
particles (d, =340 nm) (a) TEM micrograph (b) distribution in particle
diameter before and after reconstruction for different values of section

thickness (4=50nm; H=0, 60 and 100 nm) (c) scheme to scale
comparing particle size to section thickness.

three reconstructed distributions for H=0, 60 and 100 nm
are very similar. Here, particles are much larger than the
section thickness as illustrated in Fig. 7(c). As a result, most
particles have their center outside the thin section. Their
apparent diameter is smaller than the real one. The
projection effect is negligible as compared to the cross-
section effect.

To check the quantitative accuracy of the analysis, a
good criterion is to back calculate the known volume
fraction of filler, @, from the reconstructed distribution.
Assuming that particles are spherical and taking either the
lower (j4) or higher, ((j+1)4) limit for each class j, the
volume fraction should be bounded by the following
expression:

4 T .3 - ~TC 3
D MWD SPSY MGG+ D) (14)
j=0 J=0

After reconstruction taking a section thickness H of
60 nm, a good agreement is obtained in most cases. For
instance, ranges of 9-11% and 12-14% are obtained for
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both systems presented in Figs. 6 and 7 respectively, for
which the volume fraction is known to be approximately
10%.

3.1.4. Log normal fit

For many particle dispersions [15] and for polymer
blends in particular [3], the distribution in particle size often
obeys a log-normal distribution. Such statistical law is given
by the following density, f;:

1 _ (In(x) —m) "
fd(x) = mexp |: T] for .XE]O, + [

15)

where s and m are the standard deviation and number
average of the distribution in In(x) respectively. For PA12/
SBM systems, the corrected distributions in particle
diameter are very well described by log-normal laws as
shown in Fig. 8 for both small and large particles.
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Fig. 8. Log-normal fit of the distributions in particle diameter presented in
Figs. 6(a) and 7(b). Open circles correspond to experimental data after
correction (H=60 nm). Full lines represent the best log-normal fit ((a) m=
4.83, s=0.26, (b) m=5.59, s=0.68).

3.2. Distribution in ligament thickness

3.2.1. Assumptions

In the following, we estimate the distribution in ligament
thickness knowing the particle volume fraction and the
distribution in particle size. This method is based on the
same assumptions as the initial model of Wu [3]:

1. Particle dispersion is isotropic so that sections along one
plane are representative of the whole bulk morphology.

2. Particles are spherical. This is a rather good approxi-
mation for the systems presented here. Particles are
slightly elongated and their average circularity (ratio of
the smallest axis over the larger one) is about 0.6-0.8. In
some systems, however, particles can be strongly
anisotropic because of their original shape like clays
[16] and glass-fibers [17] or because of deformation
induced by processing like rubber particles in injection-
molded samples [18].

3. Particles are dispersed on a given periodic lattice. Here,
we arbitrarily chose a body centered cubic lattice. This is
the main restriction of the present method which does
not measure the real packing of the particles. As a
consequence, the estimated distribution in ligament
thickness only results from the distribution in particle
size.

4. Particles are randomly dispersed on the lattice regardless
of their size meaning that the size of a given particle
does not depend on the size of its neighbors. Possible
overlap of very large neighbored particles is neglected.
The validity of this point will be discussed later.

Within this context, the morphology of a given system is
completely described by its filler volume fraction, @, and by
the density, fg, of its distribution in particle diameter.

3.2.2. Average ligament thickness

Consider a given system (@, fy) and two neighbored
particles A and B of diameter d, and dy respectively, as
shown on Fig. 9. Ligament thickness, Lg, between A and B
is expressed by:

1
Lyg =D _E(dA + dp) (16)

where D is the center-to-center distance between particles A

Fig. 9. Assuming a lattice like packing of particles, two nearest neighbored
particles A and B are separated by a distance D which is a characteristic
length of the chosen lattice. Knowing diameters d and dg of both particles,
the ligament thickness, Lag, is expressed by Eq. (16).
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and B. The average ligament thickness, L,, is given by the
following expression [9,10]:

L, =d, [C(é%) Bt 1} 17)

where C is a constant characterizing the lattice on which
particles are supposed to be dispersed (1.00 for cubic, 1.09
for bee, 1.12 for fcc). Detailed calculations leading to
expression (17) are given in the Appendix A.

It is interesting to notice that the average ligament
thickness, L,, is very sensitive to the width of the
distribution in particle size through parameter s. Taking
s=0, one recognizes expression (1) used for particles of
same size. In the case of the PA12/SBM systems presented
in Fig. 7, the number average diameter, d,,, is 337 nm and
filler volume fraction is 10%. If all particles had this same
size, the average ligament thickness would be 301 nm.
However, in the real system, the standard deviation in
particle size is 257 nm (s =0.68, m=5.59) which leads to a
twice larger average ligament thickness of 676 nm.

3.2.3. Distribution in ligament thickness

Let fi be the density in ligament thickness. In the
following, P[E] refers to the probability that event E occurs.
Probability that ligament thickness, Lap, between particles
A and B is lower than [ is given by:

!
P[LABSZ]:J

X

_ ()

Using (16), this same probability can also be written as
follows:

PlLag <] = Pldy +dg 2 2(D — )] (19)
+ o0

PlLag <[] = J Fura)dz (20)
z=2(D—I)

where f; 44 is the density of variable Z=d, +dg. Particles
are dispersed on the lattice regardless of their size. Hence,
da and dg are independent variables which both obey the
same statistical law, fy. Density f; 4 4(z) is then given by:

Jara(@ = J’Y:Ofd(y)fd(z —ydy (21)
As a result, expression (20) becomes:
+oo 4
Plw<n=| [ fiorie— s 22)
=2(D—1) Jy=0

Changing variable z into x=D —z/2 and considering that f;
equals 0 on ]— o0, 0] gives:

P[Lpg <]

! 2(D—x)
=j H ROV = 25 = )y | da 23)

x=0 y=

Lastly, comparing (23) with (18) gives the density in

ligament thickness fi. as a function of the density in particle
diameter fy:

2(D—1)

) = 2J Fi@fs2D — 21 — x)dx 24)

For a log-normal distribution in particle size, f; is given by
(14) and f;_ is expressed by:

2D—1) 1
Al = L:o ms?x(2D — 21 — x)
_ 2 _ _ _ 2
Xexp [_ (In(x) —m)* + (1n(22D 2] —x) —m) &
2s
(25)

In Fig. 10, we estimate the distributions in ligament
thickness, f;, for the systems presented in Figs. 6 and 7.
Volume fraction of filler, @, is about 10%. As it could be
expected from (1) with a fixed volume fraction, smaller
ligament thicknesses are attained with smaller particles. Not
considering possible differences in packing, a clear
correlation appears between the distributions in particle
size and in ligament thickness. The system with small
particles is obtained with reactive fillers of SB(MT). A fast
grafting reaction occurs between the amine end groups of
the polyamide chains and the reactive T groups introduced
in the M block of the SB(MT) chains. As a result, the size of
the particles is mostly determined by the reduction of
interfacial tension during this chemical grafting between
matrix and filler [19]. Such reactive blending produces
narrow and rather symmetrical distributions in both particle
size and ligament thickness. On the contrary, the system
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Fig. 10. Distributions in ligament thickness of the system filled with small
SB(MT) particles shown in Fig. 6 (grey line) and with large SBM particles
shown in Fig. 7 (black line). Histograms in the inset give the corresponding
3D distributions in particle diameter. Calculation is done for a body
centered cubic packing of particles (C=1.09) and a particle volume
fraction, @, of 10%. Parameters s and m are determined from the fit given in
Fig. 8.
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with large particles is obtained with little reactive fillers.
Particle size mainly depends on how much the filler is
sheared during blending. This results in a broad and
asymmetrical distribution in particle size where the fraction
of small particles is concentrated in a narrow range between
200 and 500 nm while the fraction of large particles expands
on a wide range of sizes up to 2 um. The corresponding
distribution in ligament thickness looks very much similar
but reversed. A large fraction of ligaments have their
thickness between 0.6 and 1 pm while a smaller population
of thin ligaments extends down to thicknesses of about
100 nm.

Besides qualitative considerations, expression (25) also
provides additional data to describe the filler dispersions. In
particular, it gives an estimate of the standard deviation in
ligament thickness, s;, which can be coupled with the
average value, L, to better characterize and discriminate the
morphologies. For instance, the highly confined system
filled with small particles shown in Fig. 6 is characterized by
an average ligament thickness, L, of about 133 nm and a
small standard deviation, sg , of 24 nm. For the system filled
with large particles shown in Fig. 7, L, is about 684 nm and
sp i1s 164 nm.

As mentioned above, the present model assumes a
lattice-like packing of particles and neglects the possible
overlap of particles on the lattice. Fig. 11 shows two
extreme cases where these limitations appear. Assuming a
lattice-like packing of the particles implies that the
ligaments cannot be larger than the characteristic distance

LJ -

0 500 1000 1500

Ligament thickness L, nm

Fig. 11. Distributions in ligament thickness in polyamide-12 filled with 5%
(gray line) and 30% (black line) of SBM particles. TEM micrographs are
shown at the top (scale bar=5 um). Arrows on the graph indicate the value
of the characteristic lattice size, D, obtained from (A1). Close-up in the top
left corner shows the effect of particle overlap.

between particles, D, given in the Appendix A by (Al).
Such approximation may induce a significant error when
particles are heterogeneously dispersed. This is the case of
the system filled with 5% SBM where particle dispersion is
rather heterogeneous as shown by the TEM micrograph on
top of Fig. 11. On the image, some ligaments are clearly
larger than the lattice size, D, which is about 1470 nm.
However, for higher filler concentrations, dispersions are
more homogeneous and there is no clear discrepancy
between estimations and TEM observations.

The present model also supposes that particles are
randomly dispersed on a given lattice regardless of their
size. As a consequence, two large particles could stand next
to each other on the lattice even though the sum of their
radius is greater than the characteristic distance between
neighbored particles, D. This leads to a contradiction where
the two particles overlap each other. By definition, the value
fL(0) gives an estimation of the number of these overlaps. In
most cases, the characteristic distance, D, is large enough
compared to the largest particle sizes and overlaps can
reasonably be neglected. However, as the filler concen-
tration increases, the characteristic distance, D, decreases
and the contribution of overlaps becomes significant as
shown by the inset in Fig. 11. In the system filled with 30%
SBM particles, the importance of overlaps could be guessed
from the TEM micrograph where the size of the largest
particles looks comparable or even greater than the
characteristic center-to-center distance.

4. Conclusion

Analysis of electron microscopy images is a useful tool
to characterize particle dispersions in polymer blends. To
obtain quantitative results, it is necessary to reconstruct true
3D data from 2D measurements. In most cases, analysis is
performed on scanning electron micrographs which show
cross-sections of the bulk morphology. In this paper, we
have considered the use of transmission electron
microscopy which, unlike scanning electron microscopy,
gives a 2D projection of a thin section. In order to
reconstruct the true 3D distribution in particle size, we
apply a Schwartz-Saltikov algorithm which corrects both
the cross-section and the projection effects. Practical
examples on toughened systems of polyamide-12 confirms
that the effect of section thickness becomes significant when
particle size is comparable to section thickness. By
extending the method of Wu, it is possible to estimate the
whole distribution in ligament thickness and in particular its
width. This calculation provides a simple way to describe
the particle dispersion but assumes that particles are
randomly dispersed on a regular lattice. Practical cases on
toughened polyamide-12 show that this rather strong
assumption can be a limitation in extreme cases when
particle dispersion is heterogeneous or when the size of the
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largest particles is comparable to the characteristic center-
to-center distance.
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Appendix A. Average ligament thickness

We only consider nearest neighbors so that for a given
lattice, center-to-center distance, D, is a characteristic
length given by:

1 1/3
D= c<ﬁ> (A1)

where C is a constant determined by the nature of the lattice
(1.00 for cubic, 1.09 for bee, 1.12 for fcc). N is the total
number of particles per unit volume. It is related to @ and f;
by the following expression:

® = J ch(f) *Nfy(odx = T NM; (A2)
03 \2 6
where M3 is the third moment of f;.

Particles are assumed to be dispersed on the lattice
regardless of their size. In other words, the diameters of
neighbored particles are independent variables so that using
(16), the number average ligament thickness, L,, is simply
expressed by:

L,=D—d, (A3)

Substituting (A1) and (A2) in (A3), L, can be written in
terms of particle concentration, @, and distribution in
particle size, fy:

M 1/3
L, = C<TC6¢3) —d, (A4)

For a log-normal distribution in particle size, f; is expressed
by (14) and d, and M3 are given by:

d, = em+(1/2)sz (A5)

M; = IO (A6)

Finally, the average ligament thickness, L,, is estimated by

substituting (AS) and (A6) in (A4):

L, =d, {c (%) P 1] (A7)
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