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ABSTRACT: Micromechanical deformation processes responsible for toughening mecha-
nisms in ultrafine monospherical inorganic particle-filled polyethylene were investigated in
situ by a field-emission gun-environmental scanning electron microscope (FEG–ESEM)
with low-voltage techniques. In general, the ultimate properties of polymer composites are
largely dependent on the degree of dispersion of filler particles into the matrix. Very often,
the agglomeration is one of inevitable occurrences in polymer composites, mixed with
ultrafine filler particles. In the present work, the effects of agglomerates, consisting of
ultrafine monospherical filler particles, were reexamined in polymer composites on the
toughening mechanism. The results show that the dominant micromechanical deformation
processes are the multiple debonding processes inside agglomerates, in which the ratio of
the matrix strand and the size of agglomerate plays a great role of matrix yielding. In the
specimen, where the agglomerates are isolated in the matrix, deformation begins at the
equatorial region of agglomerates and propagates through them. However, in the case of
closely placed agglomerates, deformation occurs homogeneously within the whole area
inside the agglomerates. In both cases, in conjunction with the multiple debonding pro-
cesses, the major part of energy during the deformation dissipates through the shear-flow
processes of the matrix material. In particular, the micromechanical deformation processes
observed in this work confirm that the agglomerates do not always have negative effects on
the mechanical properties—at least, in the shear deformable semicrystalline polymer
matrices. The agglomerates may be effectively used for the improvement of toughness.
Furthermore, the FEG–ESEM with low-voltage techniques offers an extremely promising
and efficient alternative method to study the morphology as well as in situ micromechani-
cal deformation processes in nonconducting polymer systems. © 2001 John Wiley & Sons, Inc.
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INTRODUCTION

Rigid inorganic filler particles have been widely
used to improve the physical properties of poly-

mers for specific applications. In general, the ad-
dition of rigid inorganic filler particles into poly-
mers leads to an increase in stiffness and thermal
stability, but, unfortunately, it is accompanied by
a reduction in the ultimate fracture strain.1–4

One of the major requirements of particle-filled
polymer composites is not simply to enhance the
stiffness, but to achieve this without excessive
sacrifices in other attractive properties, that is,
the balance of properties has to be optimized.5

Some of the most exciting developments in the
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polymer composites are taking place in the re-
search area of submicron-size inorganic filler par-
ticle-reinforced thermoplastics.1 Many experi-
mental and theoretical investigations have been
carried out to identify the parameters that govern
the mechanical behavior. The findings are as fol-
lows:4–9 For a given filler content, the yield stress
of the composites decreases with the filler size.
For a given filler size, an increase in filler content
leads to an increase of the composite modulus.
Good adhesion is generally considered desirable
because it can result in higher values of the mod-
ulus and strength. However, the influence of in-
terfacial adhesion on the toughness is still in de-
bate. In the present work, this effect is not taken
into account.

Because the size of the interface can be in-
creased by using smaller fillers (which possess the
larger specific surface areas), in the polymer com-
posites with ultrafine filler particles, the filler
particles may intensively interact with each
other, indicating an increased probability of ag-
gregation. Aggregation results by interaction of
the filler particles in the matrix, which usually
leads to the formation of higher-order structures
(agglomerates). Agglomerates can be relatively
easily broken down under an external load.10 In
our previous work, it was shown that the tough-
ening mechanisms involved in different heteroge-
neous blend systems are influenced decisively by
the morphology of the given system. In particular,
the micromechanical deformation processes in
particle-filled thermoplastics are very similar to
processes in rubber-modified polymers. Many
studies indicate that polymer blends containing
clustered rubber particles give much better
toughness compared to those containing discrete
dispersed particles. However, in the particle-filled
polymer composites, the agglomerates are simply
considered as defects and, consequently, under-
mine the impact strength; in the other words, the
effects of agglomerates always show a negative
impact strength.

Up to now, an understanding of how changing
the structure of an agglomerate under a load may
affect the subsequent deformation mechanism
and its effect on the fracture toughness has been
somewhat rudimentary. The object of this work
was, therefore, to elucidate further the role of
agglomerates on the micromechanical deforma-
tion processes responsible for improved toughness
in polymer composites with ultrafine monospheri-
cal inorganic filler particles in the order of 250
nm. Special attention was paid in this study to

the micromechanical deformation processes de-
pending on the dispersion of filler particles using
an environmental scanning electron microscopy
with a field-emission gun (ESEM–FEG) with a
low-voltage technique.

EXPERIMENTAL

Low-voltage (LV) ESEM is a promising new tech-
nique for polymer morphological characteriza-
tion.11,12 Operating at low voltage has particular
advantages: (1) high resolution, (2) negligible
beam damage of samples, and (3) absence of the
need for coating with conducting films to elimi-
nate sample charging under a beam. Moreover,
an LV–ESEM equipped with a field-emission gun
(FEG) source, which provides high brightness,
small spot size, and low-energy spread in compar-
ison to the conventional beam, can produce im-
ages of polymers at a substantially higher mag-
nification with a better resolution than can a con-
ventional SEM, comparable to those of TEM.
From the advantages mentioned above, ESEM–
FEG with a low-voltage technique offers the ca-
pability of being able to perform the in situ defor-
mation experiments, which can provide comple-
mentary information on the deformation events.

Polyethylene (PE) was used as the matrix poly-
mer in the experiments. The SiO2 inorganic filler
particles were monospherical in the order of 250
nm in diameter and had an extremely narrow size
distribution. The composites were polymerized
using a Ziegler–Natta catalyst in the presence of
SiO2 inorganic filler particles. Composites with
two different weight percentages (7 and 18 wt %)
of filler particles were studied.

The specimens for FEG–ESEM investigations
were microtomed from the bulk at 280°C contain-
ing a thickness of about 1 mm using a Leica Ultra
E cryoultramicrotome. These sections were
stacked fast in between two adhesive metallic
films and mounted in a home-made special tensile
device. To characterize the micromechanical de-
formation processes, the specimens were uniaxi-
ally deformed at room temperature and investi-
gated in situ by FEG–ESEM (using an accelerat-
ing voltage of 1 keV).

RESULTS AND DISCUSSION

Figure 1 shows typical morphologies from low-
voltage FEG–ESEM studies as a function of the
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SiO2 content. In both PE composites with 7 and
18 wt % SiO2, the filler particles are not finely
dispersed in the PE matrix but locally form ag-
glomerates of the order of 10–50 mm in size. In
the case of the PE composite with 7 wt % SiO2, the
agglomerates are separately dispersed in the ma-
trix, whereas in the case of the PE composite with
18 wt %, they are closely dispersed. Although the
diameter of the agglomerates is relatively of the
same order in both cases, the ratio of the distance
between the agglomerates and the diameter of the
agglomerates in the PE composite with 7 wt %
SiO2 is comparably larger than that in the case of
the PE composite with 18 wt %. In turn, this great
difference in the ratio plays a decisive role during
deformation under uniaxial tensile.

Figure 2 shows the deformation structures and
the schematic micromechanical deformation pro-
cesses of the PE composite with 7 wt % filler, in
which the agglomerates are separately dispersed.
The pictures show fibrils inside the agglomerates

at their equator regions as well as the strongly
plastically deformed matrix material in the
neighborhood of fibrillized agglomerates. Because
of the relatively weak adhesion between the ma-
trix and filler particles inside the agglomerates,
the phase separation (debonding) at the interface
between the matrix and the filler particles easily
takes place, which leads to the forming of micro-
voids. Moreover, the interparticle distance in the
agglomerate is too small, so that the matrix
strands in between the filler particles are fibril-
lized during the stretching of the microvoids.
Upon elongation of the specimen, the matrix ma-
terial of the neighborhood agglomerates is
strongly plastically stretched at their equator in
the direction of the applied stress. With further
increasing of the strain, the fibrils built up inside
the agglomerates break down; in other words, all
the agglomerates are torn at their equator. Sur-
prising, the crack does not initiate in the matrix.

By common sense, at such a high level of
strain, the crack should initiate in and propagate
through the matrix, leading to catastrophic fail-
ure of the specimen. The reason for that could be
the morphology of the filler particles used here.
Each particle uniformly initiates microvoids at
the polar region of the particle. Due to the rigidity
of inorganic filler particles, the maximum stress
concentration lies at the both sides of the parti-
cles perpendicular to the applied uniaxial tensile
stress. As the strain of the specimen increases,
the microvoid caused by debonding will be elon-
gated by the several orders of magnitude in the
length/width ratio. However, the SiO2 filler par-
ticles are too small in dimension; such a small
scale of elongation of the microvoids is insufficient
to initiate crack in the matrix. Moreover, the
strain of matrix material in the neighborhood of
the agglomerates at their equator will be accumu-
lated by uniform elongation of successive micro-
voids, so that the matrix material at the equato-
rial regions of the agglomerates can deform plas-

Figure 1 SiO2 agglomerates in PE composites: (a) 7 wt % SiO2; (b) 18 wt % SiO2.

Figure 2 Deformation structures and schematic mi-
cromechanical deformation processes in PE composites
with 7 wt % SiO2.
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tically by shear yielding without initiating a
crack.

It also should be emphasized here that al-
though each particle inside the agglomerates con-
sists of rigid inorganic filler particles such ag-
glomerates act on the whole similarly to rubber-
modified particles during the deformation
processes, comparable with the salami particles
in HIPS, which initiate multiple crazing.13,14 For
this reason, at the beginning of deformation, the
stress concentration takes place at the equatorial
region of the agglomerates, so that here the plas-
tic deformation is initiated in the form of fibrilli-
zation. Thus, the crazelike deformation structure
inside the deformed agglomerates is exhibited.
With increasing strain in the direction of the ap-
plied stress, the fibrils break down in the equato-
rial region of the agglomerates (transparticular
fracture), and then the crack initiates in the ma-
trix material in these regions. The large extent of
plastic deformation shown by the matrix polymer
may lead to enhanced energy absorption and im-
pact resistance. In the previous work, this kind of
micromechanical deformation process was de-
fined as a multiple debonding process.15,16

Typical deformation processes in the PE com-
posite with 18 wt % SiO2 performed in FEG–
ESEM using an in situ tensile device are shown in
Figure 3. The pictures show a strongly plastically
stretched matrix between the agglomerates, in
which the SiO2 filler particles as well as totally
torn agglomerates can also be seen in the plasti-
cally deformed matrix. The dominating microme-
chanical deformation process is also the multiple
debonding process as in the PE composite with 7
wt % SiO2, but the progress of this process is
completely different. The multiple debonding pro-
cess in this case progresses homogeneously
within the whole area in agglomerates during the
deformation, in contrast to the isolated agglomer-
ates such as in the PE composite with 7 wt %
SiO2, in which multiple debonding occurs pre-
dominantly at the equatorial region inside the
agglomerates. In this specimen, the agglomerates
are dispersed in the matrix relatively near to each
other. The dimension of the matrix strands be-
tween the agglomerates is up to about one-third of
the diameter of the agglomerates.

Because of the narrow distances between the
agglomerates in contrast to their sizes, the shear-
flow process easily takes place in the matrix ma-
terial between the agglomerates. This shear-flow
process is combined with simultaneous stretching
and tilting of the agglomerates in the direction of

the external stress, caused by intensive overlap-
ping of stress fields around the agglomerates with
the strain. It is also interesting to note that the
shear bands do not appear in the equatorial re-
gion of the agglomerates, but only form at the
polar regions of highly elongated agglomerates
with about 45° in the tensile direction. The size of
the shear-flow zone depends clearly upon the
number of adjacent agglomerates. From this re-
sult, it may be concluded that the plastic defor-
mation of the matrix material between the ag-
glomerates begins prior to the microvoid forma-
tion inside the agglomerates. If the microvoid
formation takes place prior to the shear yielding
of the matrix, then the plastic deformation should
be localized only at the equatorial region of the
agglomerates. When the specimen will be further
strained, the fibrils break down in relatively
smaller agglomerates, and large holes appear in
the deformation structures. Despite these appear-
ances, most agglomerates will be highly elongated
in the tensile direction. The fibrils caused by mul-
tiple debonding remain without breaking down
in the agglomerates. As a consequence, the

Figure 3 Deformation structures and schematic mi-
cromechanical deformation processes in PE composites
with 18 wt % SiO2.
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transparticular fracture of the agglomerates does
not appear in the deformation structures, and the
shear yielding is significantly enhanced in the
matrix. This kind of micromechanical deforma-
tion process will be defined in this work as a
homogeneous multiple debonding process.

CONCLUSIONS

Micromechanical deformation processes in a poly-
mer composite of PE with two different contents
of SiO2 ultrafine monospherical inorganic filler
particles were investigated using tensile tests
carried out in situ in the FEG–ESEM with a
low-voltage technique. The morphologies of both
polymer composites indicate evidence of the ag-
glomerate formation of high-order structures. De-
formation mechanisms are strongly affected by
the dispersion of agglomerates in the matrix. Be-
cause the agglomerates are held together by a
weak adhesive interaction, the nucleation of the
microvoids, caused by multiple debonding pro-
cesses, thus occurs at the initial stage of the load-
ing. Although the dominant main toughening
mechanism is the multiple debonding processes
inside the agglomerates, which is independent of
the content of the filler particles, the successive
events of deformation are clearly accompanied by
the content as well as by the dispersion of the
filler particles. Based on the micromechanical de-
formation processes observed in our studies, the
following conclusions can be drawn:

1. During deformation, the function of the ag-
glomerates is very similar to large rubbery
modifier particles with several inclusions
surrounded by a rubbery shell.

2. In a polymer composite revealing isolated
agglomerates, the yielding of the agglom-
erate occurs prior to that of the matrix; the
multiple debonding process is strongly lo-
calized at the equatorial region of the ag-
glomerates and propagates through the ag-
glomerates perpendicular to the external
stress (trans-agglomerate fracture).

3. In the polymer composite revealing closely
interconnected agglomerates, the matrix
yields prior to the agglomerates; the mul-
tiple debonding process progresses homo-
geneously on the whole area inside the ag-
glomerates.

Our present work, therefore, well supports the
toughening mechanism discussed by the quanti-
tative results of Bartczak et al. based on the high-
density polyethylene toughened with calcium car-
bonate filler particles.5 Indeed, the ability of the
agglomerates to be load-bearing as well as stress
concentrators is one reason why agglomerates
may be particularly effective for toughening the
semicrystalline polymer composites.
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