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ABSTRACT: The use of rigid fillers to toughen polymers
has received considerable attention in recent years. The role
of the rigid particle here is that of debonding, at some stage,
from the matrix, thus triggering dilatational processes sim-
ilar to those observed in rubber-toughened polymers. The
role of particle size in these rigid filled composites has not
been studied in great detail. In this work, volume strain
measurements were carried out on a series of particulate
composites based on polypropylene filled with calcium car-
bonate (CC) particles with average diameters of 0.07, 0.7,
and 3.5 �m and filler volume fractions ranging from 0.05 to

0.30. The experimental results have shown a strong particle
size effect. A model is proposed to take this effect into
account, based upon the formation of an immobilized layer
of polymer on the surface of the filler particles. The experi-
mental results are consistent with a surface layer of 15–25
nm. The results are discussed in relation to the fracture
behavior of these composites reported earlier. © 2003 Wiley
Periodicals, Inc. J Appl Polym Sci 91: 925–935, 2004

Key words: poly(propylene) (PP), composites, fillers, me-
chanical properties

INTRODUCTION

The toughness of commodity plastics at extreme con-
ditions such as impact loading and low temperatures
can be improved by incorporation of particulate fillers.
Recently, Lazzeri and Bucknall have elucidated a
mechanism for polymer toughening using rubber par-
ticles.1–3 They showed that these particles can facilitate
the development of microvoids and activate dilata-
tional yielding in the deformed zone close to the frac-
ture surface. The use of rigid fillers to toughen poly-
mers has also received considerable attention in recent
years. For example, toughening of isotactic polypro-
pylene (iPP) using calcium carbonate (CaCO3) has
been reported.4–7 Similar to the requirement of void
creation via cavitation in the rubber-toughening mech-
anism, it is generally agreed that for toughening to
occur in rigid filler systems, the particles must debond
from the matrix, creating voids around the particles
and allowing the interparticle ligaments to deform
plastically.8–10 The voids reduce the macroscopic plas-
tic resistance of the material, and thereby potentially

increase the fracture strain and the overall toughness.
Ideally, the voids are likely to not form immediately
upon application of stress as this may reduce the
elastic modulus. The criterion for particle–matrix
debonding can be as simple as a critical stress such as
shown in the case of CaCO3 filled Nylon-6,11 where
the debonding stress is roughly determined by the
residual thermal stresses due to processing. In most
systems, debonding is a distributed process, occurring
over a range of stresses and strains. Several studies
have observed the onset of debonding using mechan-
ical property measurements9 and acoustic meth-
ods.12-13

Although there are hundreds of articles on the topic
of inorganic particle-filled iPP, only a few of these
explicitly address the effect of particle size. Further-
more, most of the latter category shows the effect of
particle size in the context of figure-of-merit property
elucidation. Here, we focus on the role of particle size
on mechanistic issues involved in the deformation and
toughness of iPP compounds containing rigid fillers.

The study presented here used tensile dilatometry
to observe the debonding process and the evolution of
volume with increasing strain. This method of mea-
suring volume change during uniaxial tensile test has
been used to study toughening mechanisms in rubber-
filled polymers.14 If the rubber particles cavitate dur-
ing deformation, the volume of the cavities will in-
crease with strain in addition to the volume change of
the matrix itself. Similarly, in the rigid filler case, the

Correspondence to: A. Lazzeri. (a.lazzeri@ing.unipi.it).
Contract grant sponsor: NSF MRSEC program through

the Center of Materials Science and Engineering at MIT (to
Y.S.T. and R.E.C.); contract grant number: DMR-98-08941.

Contract grant sponsor: the Defense University Research
Initiative on NanoTechnology (DURINT) program.

Journal of Applied Polymer Science, Vol. 91, 925–935 (2004)
© 2003 Wiley Periodicals, Inc.



voids formed at the onset of debonding will produce
an observable positive deviation from the unfilled
polymer’s behavior. This article also discusses how
measurement of the evolution of volume at larger
strains can provide insight on the microscopic struc-
ture of these composites.

EXPERIMENTAL

Sample preparation

Isotactic polypropylene (iPP) Accpro 9346 from BP
Amoco Polymers, Inc. was used. The filler particles
were calcium carbonate (CaCO3) obtained from Spe-
cialty Minerals Inc. Three types of particles were used
with average particle size of 0.07, 0.7, and 3.5 �m.
They will be referred to as CC0.07, CC0.7, and CC3.5,

respectively. The particles have been treated using
stearic acid. More details on these particles and sam-
ple compounding are given elsewhere.7 For each type
of particle, four volume fractions were used, ranging
from 5 to 30%. Dog-bone tensile bars of these compos-
ites and of unfilled iPP were molded with nominal
gauge length of 50 mm, width of 12.7 mm, and thick-
ness of 3.2 mm (ASTM D638 Type I).

Tensile dilatometry tests

Tensile tests were carried out with an Instron 1430
apparatus, following the ASTM D638 procedure, at a
crosshead speed of 10 mm/min, which corresponds to
a strain rate of 0.4 min�1. At least three samples of
each material were tested at room temperature. The

Figure 1 Stress–strain curves for (a) CaCO3 (0.07 �m)/iPP, (b) CaCO3 (0.7 �m)/iPP, and (c) CaCO3 (3.5 �m)/iPP composites.
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Instron was connected to a computer for data collec-
tion and analysis. Elongation and specimen width
were measured during deformation using two exten-
someters: one along the tensile direction (axial), and
the other perpendicular to it (lateral). The two lateral
strain components were assumed to be equal. The
volume strain is then given by

�V
V0

� �1 � �1��1 � �2�
2 � 1 (1)

where �V is the change in volume, Vo the original
volume, �1 the axial strain, and �2 the lateral strain.

RESULTS AND ANALYSIS OF THE
EXPERIMENTAL DATA

Stress–strain behavior

The stress–strain curves of the tested materials are
given in Figures 1(a)–(c). The addition of CaCO3 in-
creases the modulus and decreases the tensile strength
of the composites. At small volume fractions, the par-
ticles also increase the elongation at break although
further addition of CaCO3 decreases it. This observa-
tion has been reported in a previous publication.7

Slight discrepancies between the values reported
therein and those reported here can be attributed to
the difference in the methods employed in measuring
the axial strain.

Figure 2 presents the dependence of Poisson’s ratio,
taken as ��1/�2 at low �1, on the filler volume fraction
�. Poisson’s ratio is effectively independent of particle
size. The small decrease of Poisson’s ratio with in-
creasing volume fraction is a result of increasing con-

tribution of the particles, whose Poisson’s ratio is
lower than that of the matrix.

Onset of debonding

The onset of debonding can be determined from the
volume strain measurement at small axial strains. Fig-
ure 3 shows an example of how the stress and the
strain at the onset of debonding have been calculated.
When debonding occurs and voids are formed, the
volume of the composites will increase more than the
contribution of the matrix alone.

The results are given in Figure 4(a) and (b), where
the stress and strain at the onset of debonding are
plotted as a function of particle content. Comparison
with the values of stress and strain [Fig. 1(a) to (c)]
shows that debonding generally occurs before yield-

Figure 1 (Continued from the previous page)

Figure 2 Variation of Poisson’s ratio vs particle volume
fraction of PP/CaCO3 composites with different filler parti-
cle size.
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ing, as conjectured from qualitative observation in a
previous publication.7 In fact, a linear correlation be-
tween initiation (debonding) stress and yield stress
with slope one and zero interception found by Pukán-
szky et al.15 does not hold in this case. Particle size
does not appear to affect the onset strain at debonding.
Consideration of the stress at the onset of debonding
reveals that the composites with intermediate particle
size (0.7 �m) show a slightly higher resistance to
debonding, especially at larger filler loadings. Increas-
ing volume fraction leads to earlier debonding, con-
sistent with the observed reduction in strain at yield as
particle content increases. Because the presence of the
voids reduces the macroscopic plastic resistance, ear-
lier void formation leads to earlier macroscopic yield.

Volume strain behavior at large axial strains

Figure 5(a)–(c) shows the volume strain evolution as a
function of axial strain for the composites at different
volume fraction. All materials show a clear increase in
volume after yielding. Even the unmodified iPP shows
a volume expansion after a small plastic plateau. Be-
cause no volume should be generated in the ideal
plastic case where only shear deformation occurs, the
persistent increase in volume of the unmodified iPP
must be due to some form of crazing or microvoiding
process. Although the detailed mechanism is still to be
clarified, crazing in iPP has been reported.16–18 The
measured value for Poisson’s ratio of iPP is 0.43,
which compares well with the value of 0.41 reported
by Pukánszky et al.15

In every composite included in Figure 5(a)–(c), the
volume strain past the yield point depends linearly on
axial strain. Furthermore, contrasting the data re-
ported by Pukánszky et al.,15 the variation with vol-
ume fraction also suggests linearity, as is better shown
in Figure 6(a)–(c).

Farris19 proposed a correlation for the description of
the composition dependence of volume strain in filled

elastomers that predicted a linear dependence of vol-
ume evolution with axial strain. Lazzeri et al.20 ap-
plied it to CaCO3-filled unplasticized PVC, and later
Pukanszky et al.15 used it for PP filled with CaCO3 of
different particle sizes.

Similar to Farris19 we hypothesize that the strain-
induced volume dilatation presented by the materials
studied in this work are related to the formation and
growth of microvoids following debonding at the filler–
matrix interface. Unlike the filled rubbers studied by
Farris,19 solid polymers can also show a strain-in-
duced volume dilatation. For this reason the contribu-
tion of the matrix has to be taken into account. The
overall strain-induced volume evolution for filled
composites can thus be represented with the following
equation:

��V
V0

�
C

� ��V
V0

�
M

�1 � �� � c��1 (2)

where (�V/V0)c is the volume strain of a composite as
measured, (�V/V0)M the volume strain of the matrix
component in the composite, � the filler volume frac-
tion, �1 the axial strain, and c a coefficient for the rate

Figure 4 Stress (a) and strain (b) at debonding versus par-
ticle volume fraction of PP/CaCO3 composites with differ-
ent filler particle size.

Figure 3 Example of graphical determination of the stress
and strain at debonding.
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of volume evolution. (�V/V0)M is taken to be a func-
tion of strain only; and includes both elastic expansion
and volume increases due to other mechanisms (craz-
ing, microvoiding, and structural rearrangements).
Furthermore, (�V/V0)M is not necessarily the same as
the volume strain of the unfilled iPP.

In a set of composites filled with the same particle
type and for a given axial strain, there are several
experimental values of (�V/V0)c, each at a particular
volume fraction [filled circles in Fig. 6(a)–(c)]. Equa-
tion (2) implies that extrapolation of these (�V/V0)c

value to zero volume fraction gives a value for (�V/
V0)M at the selected axial strain. These values are the
y-axis intercepts of the lines in Figure 6(a)–(c). There-
fore, it is possible to construct the volume evolution
curve of the matrix component as a function of axial
strain. These curves for the three different fillers are
reported in Figure 7. The curve for the CC3.5 filler is
quite similar to that of the unfilled iPP, while those for
CC0.07 and CC0.7 deviate from it significantly. This
behavior has not been reported previously, and we
offer an initial hypothesis to explain these results. Our
observations of the matrix volume evolution suggest
that the ligaments of matrix in the composites filled
with CC3.5 behave as if the particles were not present.
The two smaller particle types impose a smaller char-
acteristic thickness of interparticle ligaments22 that
may hinder the microvoiding or crazing process that is
characteristic of the bulk unmodified iPP material.

Once the behavior of the matrix component has
been determined, it is useful to rearrange eq. (2) as
follows:

�

��1
���V

V0
�

C

� ��V
V0

�
M

�1 � ��� � c� (3)

where the left hand-side can be calculated from exper-
imental data. Calculated values for the left-hand side
of the equation are given in Figure 8 as a function of �.
The values for each particle type can be fitted well
with a line, the slope being c as given in eq. (3). Figure
8 shows that c varies with average particle size D and
larger particles exhibit lower values of c. The depen-
dence is in fact quite linear with 1/D, as is demon-
strated in Figure 9. This relationship suggests that the
specific surface area of the fillers, proportional to 1/D,
affects the volume evolution. This result is not pre-
dicted by the Farris model,19 which is not particle size
dependent.

In a previous study,21 aggregation was shown to
start around 6 m2/g specific surface area in CaCO3/PP
composites when the filler is not coated; aggregation
may also play a role in the stearic acid modified ma-
terials studied here. Aggregation depends on filler
characteristics, composition, surface modification, and
processing conditions. In the present context, the inner

part of an agglomerated or aggregated particle might
not be accessible to the polymer during melt mixing,
thus giving rise to an excluded volume effect. This
would result in a effective volume fraction larger than
the nominal, and therefore, the presence of agglomer-
ates and aggregates might give rise to a larger volume
strain compared to that predicted by eq. (2).

In the case of the materials studied in this work all
particles were coated with stearic acid, thus minimiz-
ing the tendency for aggregation, as confirmed by
SEM analysis. The limited role of size-dependent ag-
gregation on the observed volume change in the com-
posites studied here is analyzed in detail below. We
postulate instead that the dominant cause for the un-
anticipated particle size dependence shown in Figure
9 is a particle–matrix interphase that affects the defor-
mation behavior of the composite material. Compos-
ites containing rigid particles can be viewed as com-
posed of three phases: the particle, the matrix, and an
interphase layer. Others have shown9 that such an
interphase layer, consisting of short chains of the ma-
trix polymer and any surface modifier on the particles,
can be immobilized on the surface of the particles. The
particles used in this study were treated using stearic
acid, which intermixes with or interpenetrates the iPP
chains near the surface of the particles creating an
interphase layer. If this immobilized layer is present in
the systems studied here, debonding will occur not
directly at the particle surface but at a weaker interface
between the immobilized layer and the matrix. This
phenomenon is depicted in Figure 10. The overall
effect, in terms of volume evolution, is to increase the
effective volume fraction of the particles due to the
addition of the immobilized layer. Because only the
nominal volume fraction (calculated on the basis of
filler and matrix density) has been used in the analysis
above, a correction term must be introduced into eqs.
(2) and (3).

A first-order model can be developed to calculate
the correction term for the effective volume fraction. A
cubic representative volume element with size L con-
tains a particle of diameter D with an interphase layer
of thickness �, as shown in Figure 10. Assuming a
small value of �, the effective volume fraction �e can
be approximated in terms of the nominal volume frac-
tion �:

�e �
	D3/6 � 	D2�

L3 � ��1 �
6�

D � (4)

Rewriting eq. (3) using the effective volume fraction
instead of the nominal:

�

��1
���V

V0
�

C

� ��V
V0

�
M
�1 � ��1 �

6�

D ���
� k��1 �

6�

D � (5)
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where the coefficient k is now used to distinguish it
from c used in eq. (3). The unknowns k and � can be
calculated through best fit of the data, analogous to
the calculation done above to obtain c. The resulting
values are k � 1.65 and � � 25 nm. The value of k is
expected to be 1, as suggested by Farris,19 in the ideal
case of linear elongation of the void with increasing
axial strain; a value of 1.65 indicates some deviation
from the elongated-ellipse shape. A thickness of the
interphase layer of 25 nm is consistent with several
other works on filled iPP systems employing different
experimental techniques23–25 that reported values of
interphase layer thickness ranging from 1 to 160 nm.

DISCUSSION

The results reported in the present article show that
particle debonding, void growth, and plastic stretch of
the interparticle ligaments, observed in SEM analysis
on the same set of materials,7 gives rise to a measur-
able volume change during tensile test. In the previ-
ous publication, several differences were noted about
the types of filler used.7 The size distribution of CC3.5
was quite broad while, due to the different production
route used, that of the precipitated particles was nar-
rower. Moreover, the spatial dispersion was relatively
good for the two larger particle sizes at filler volume

Figure 5 Volume strain–elongation curves for (a) CaCO3 (0.07 �m)/iPP, (b) CaCO3 (0.7 �m)/iPP, and (c) CaCO3 (3.5
�m)/iPP composites.
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fractions below 20%, above which large agglomerates
were observed, with sizes in the range of 10–100 times
the nominal average particle diameter. For the blends
with CC0.07, a strong tendency to agglomerate was
observed even at low volume fractions. This effect
might be related to the different surface concentration
of the stearate molecules on the three powders.

The data reported in this work show a clear particle
size effect on volume change, which was not seen in
the work of Pukánszky et al.15 These authors used four
different types of uncoated particles with average size
58, 3.6, 3.6, and 1.3 �m and a correspondent specific
surface of 0.5, 2.2, 3.3, and 5 m2/g. Our volume strain
data for pure iPP and that filled with 30 vol % CaCO3
with 3.5-�m size are almost identical to those reported
in Figure 4 of ref. 15. In our study we examined stearic
acid coated particles and, significantly, we also used
two smaller particle sizes, 0.07 and 0.7 �m.

In the previous section we noted that the presence
of significant amounts of large agglomerates might
affect the volume strain data. One aspect that appears
especially critical is how much polymer or even air is
entrapped in the large agglomerates. During tensile
deformation, an agglomerate tends to behave as a
single large particle.7 The polymer or the air en-
trapped in such an agglomerate will raise the effective
filler content and alter the calculation made using the
model proposed above. In particular, the thickness of
the immobilized layer � would be affected.

To thoroughly address this point and, in particular,
to evaluate the effect of excluded volume on the effec-
tive filler volume fraction, a simple model was devel-
oped and is presented in Appendix A. By using a
value of the agglomerate packing density 
 in the
range 0.3–0.526 and the data on the fraction of agglom-
erated particles, reported in Table I and calculated

from the SEM analysis carried out in a previous study
of the very same series of materials,7 we obtain values
of � in the interval 13–19 nm and k between 1.65 and
1.70. Thus, quantitatively and systematically account-
ing for the presence of agglomerates somewhat alters
the calculated value of � but does not eliminate the
strong particle size dependence of the volume strain
data that supports the view of the presence of such an
interphase layer.

The properties of this interphase are expected to
differ significantly from those of the matrix. For some
systems, like high-density polyethylene (HDPE) filled
with CaCO3 particles covered with stearic acid, a spe-
cial crystallographic orientation has been shown to be
present due to a preferential organization of the crys-
tallites near the filler surface.10 Although the organic
tail of stearic acid can be seen as a short segment of
HDPE, it is less similar to iPP, the polymer used in the
present work. The stearic acid-rich interphase should
interfere with the crystallization of iPP instead of in-
ducing preferential crystallization as in the case of
HDPE. Thus, the interphase between iPP and stearic
acid-coated CaCO3 particles is more similar in prop-
erties to a rubber-like blend of polyethylene and amor-
phous polypropylene. This hypothesis is also sup-
ported by findings by Darlington and Hutley,27 who
reported that, in iPP composites, stearic acid reduces
the onset temperature of crystallization and the glass
transition temperature of the polymer.28 Because ad-
hesion between the rubber-like interphase and iPP
crystallites is expected to be weak, debonding is likely
to occur not at the surface of the CaCO3 particle but at
the boundary between the stearate-rich interphase and
the bulk iPP matrix. This picture is consistent with the
predicted value of 5–20 nm for the thickness of the

Figure 5 (Continued from the previous page)
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interphase, which is much larger than the fully ex-
tended length of the stearic acid tail itself.

An important question is how the volume strain
evolution is related to the fracture behavior discussed
in a previous publication.7 That article reported that
the only blend exhibiting enhanced impact toughness
were CC0.7 compounds at high filler content (�20 vol

%). Both the larger (CC3.5) and the smaller (CC0.07)
particle types had a detrimental effect on fracture
toughness due to the presence of large individual
particles and agglomerates, which act as stress-con-
centrating defects that trigger brittle fracture.

The toughening effect in the CC0.7 composites was
shown to be the result of particle–matrix debonding

Figure 6 Volume strain vs filler volume fraction at different levels of deformation for (a) CaCO3 (0.07 �m)/iPP, (b) CaCO3
(0.7 �m)/iPP, and (c) CaCO3 (3.5 �m)/iPP composites.
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and plastic stretch of the interparticle ligaments, pre-
cisely the phenomena studied here in the volume
strain evolution. However, J-integral studies showed
clearly that the fracture resistance decreases progres-
sively with filler volume fraction, due to the continual
reduction in the amount of matrix polymer, the com-
ponent that actually contributes to energy adsorp-
tion.7 We have shown in the present work that the
presence of an interphase layer reduces the effective
volume fraction of the deformable matrix. Composites
made with smaller particles would exhibit a larger
reduction in the amount of deformable matrix be-
cause, at a given nominal filler content, the interfacial

area between filler and polymer is larger for smaller
filler particles. This would cause the composites made
with CC0.07 to exhibit lower fracture resistance than
those made with larger particles, regardless of the
presence of the agglomerates. This effect will, of
course, depend on the chemistry of the filler–matrix
interface, which determines the thickness and the mo-
bility of the interphase layer.

With this idea, the relationship between the tough-
ness of composites and the particle size becomes a
competition of two effects: (1) a detrimental stress-
concentrating effect of the particles that becomes more
prominent with larger particles and agglomerates, (2)
a reduction in the amount of deformable polymer
matrix that dominates in composites with smaller par-

Figure 7 Comparison of experimental and extrapolated
volume strain curve for pure iPP matrix. The continuous line
refers to the experimental curve while the curves with line
and symbols refer to the extrapolated data. See text for
details and see graph for meaning of symbols.

Figure 8 Derivative of ���V
V0
�

C

� ��V
V0
�

M

�1 � ��� with

respect to �1 plotted against filler volume fraction at differ-
ent particle sizes.

Figure 6 (Continued from the previous page)
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ticles. Testing this second effect independently from
the first is not straightforward because of the difficulty
of eliminating large agglomerates during processing,
especially with the smaller particle sizes. This activity
is currently in progress and the results will be re-
ported in the future.

CONCLUSIONS

Tensile dilatometry tests on iPP/CaCO3 systems were
performed to study the debonding process and the
volume evolution of voids inside particulate-filled
composites. In the system studied, debonding oc-
curred over a range of stresses but before macroscopic
yield, therefore reducing the plastic resistance of the
materials. The onset of debonding occurred earlier as
particle content increased. Pure iPP shows some vol-
ume increase after yielding, indicating a crazing/mi-
crovoiding process. All composites also showed sig-
nificant amounts of increase after yielding, associated
with the growth of voids nucleated around the parti-
cles. The volume growth was a linear function of
particle volume fraction and axial strain; the smallest
particles showed the highest rate of volume increase.

A simple model was proposed to account for the
observed particle-size dependence. The model in-
cludes an interphase layer between particle and ma-
trix, the thickness of which was estimated from the
data to be about 15–25 nm. The role of aggregates has
been considered, and their presence, in the amounts
quantified in earlier work on the very same com-
pounds, has negligible effect on the observed values of
volume strain in our experiments.

The measurement of volume evolution as a means
for characterizing the interphase layer is a relatively
simple but powerful method. Careful measurements
of volume dilation can facilitate more complete under-
standing of microstructure in rigid-particle–filled
polymer systems and provide insights into the design
of thermoplastic polymer composites with improved
stiffness and toughness.

We thank Dr. Mark Weinberg of E.I. duPont de Nemours
Co. for his help in preparing the samples.

APPENDIX A

The basic assumptions of the model described in this
appendix are that agglomerates are difficult for the
molten polymer to be fully infiltrated during extrusion
and injection molding, leaving the core of the agglom-
erate impermeable, giving rise to an excluded volume
effect.26 This results in an effective volume fraction of
the agglomerates being larger than that can be calcu-
lated on the basis of the densities of the matrix and of
the filler. The effective degree of polymer saturation of
the pores present in an aggregate varies with mor-

Figure 9 Volume strain coefficient, c, vs reciprocal of par-
ticle diameter.

Figure 10 (a) Model for effective filler volume fraction
calculation. (b) Model for volume increase due to debonding
and cavity growth.

TABLE I
Effect of Aggregation on Effective Filler Volume Fraction

Nominal volume
fraction, �N

Effective volume
fraction, �E

�
 � 0.3 
 � 0.5

HiPflex 3.5 micron
0 0 0 0
0.05 0.050 0.050 0.001
0.10 / / /
0.20 / / /
0.30 0.369 0.329 0.098

SuperPflex 0.7 micron
0 0 0 0
0.10 0.108 0.104 0.035
0.167 / / /
0.233 / / /
0.30 0.359 0.325 0.084

UltraPflex 0.07 micron
0 0 0 0
0.05 0.057 0.053 0.063
0.10 0.142 0.118 0.180
0.20 0.376 0.275 0.377
0.30 0.599 0.428 0.427
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phology and surface treatment of the particles, matrix
viscosity, and chemistry and the presence of air.26 The
model assumes that all aggregates do contribute to the
volume evolution behaving as very large effective sin-
gle particles that debond, remaining in one piece, or a
large particle that cavitates/fractures internally. The
reality can be different, because SEM analysis has
shown that not all the aggregates and agglomerates
debond and fracture.7 Also, the model does not make
any distinction between agglomerates—which tend to
be very large with loosely bonded particles—and ag-
gregates—formed by a few tightly bonded particles.
The amount of excluded volume is predictably larger
for agglomerates than for aggregates. To obtain an
upper bound estimate of the effects of agglomerates
and aggregates in the model no distinction has been
made between these two types of collection of parti-
cles.

We assume that the total nominal volume fraction is
�N. The nominal volume fraction of agglomerated
particle is �1 � � �N, while the volume fraction of
nonagglomerated particles is:

�2 � �1 � ���N

The effective volume fraction of the agglomerated par-
ticles is

�1
E �

�1



�

��N




where 
 is the packing factor.
The total effective volume fraction is then:

�T
E �

�1



� �2 �

��N



� �1 � ���N

� ��



� �1 � ����N (A1)

In Table I are reported the values of the effective
filler volume fraction �E for the different materials
studied in this work calculated according to eq. (A1).
The values of the fraction of agglomerated particles, �,
is calculated from SEM analysis of the fracture surface
carried out in a previous article on the same set of
materials.7 The data reported in Table I are calculated
for two values of the packing factor 
, which repre-

sents the typical extremes for agglomerated CaCO3
particles.26
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