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Abstract

The aim of the present work is the preparation of PMMA based porous nanocomposites that contain clay (montmorillonite, MMT)
platelets as reinforcements within the cell walls of the porous structure. To render the clay layers organophilic, MMT was surface treated
by an ion exchange reaction between interlayer cations of the clay and ammonium ions of a surfactant. Clay/PMMA based porous nano-
composites were prepared by polymerization of water-in-oil emulsions with and without clay addition. The microstructure and compres-
sive mechanical behavior of the nanocomposites were investigated. The results of mechanical tests showed that the porous systems with
the addition of 1 wt.% of organoclay (OMMT) exhibited a 90% and 50% increase of collapse stress and elastic modulus values, respec-
tively, as compared to neat porous PMMA.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(methyl methacrylate) (PMMA) is an attractive
engineering polymer due to it’s some unique properties;
such as high strength, special optical properties, environ-
mental durability, in comparison with other polymers.
Therefore, it has been commonly employed in automotive,
transportation, construction, biomaterials, and other appli-
cations. In addition, these materials have been recently
used as molding material in the fabrication of ceramic
whiteware and sanitaryware articles with slip casting tech-
nique that has been traditionally performed using plaster
molds [1,2]. Due to the long casting periods (1–2 h), long
drying time and limited service life of the plaster of Paris,
the trend in the ceramic industry is the utilization of the
high pressure casting process that provides automation.
In this technique, a porous mold material that allows the
drainage of water from the slip under high pressures of typ-
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ically 13–15 bars is needed [1,2]. The materials with an
open cell structure need to provide high water permeability,
high mechanical strength and fatigue performance. The
desired materials are also expected to keep the integrity
of the structure without deformation and allow the usage
of high pressures to provide a tight seal around the mold
without cracking along about 20,000 cycles during
expected service life. Polymeric materials, especially
PMMA-based porous materials, became the most suitable
ones for this purpose [1,3]. However, further improvements
on the mechanical properties of those materials are needed
for the expected service life and performance during the
application due to their high costs. Therefore, modification
of the microstructure in these materials is essential to
obtain optimized performance. Incorporation of layered
silicates (i.e., clay minerals) into the polymer microstruc-
tures to improve the mechanical, thermal and barrier
properties has been an attractive approach developed
recently [4,5]. Nanocomposites with different morphology,
i.e., agglomerated, intercalated and exfoliated structures
are accessible based on the processing conditions and
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interactions between the layered clays and polymer sys-
tems. A number of studies revealed the enhanced properties
of clay/polymer nanocomposite systems [4–6].

Also, a number of studies were reported on the prepara-
tion of porous PMMA polymers and clay/PMMA nano-
composites by suspension and emulsion polymerization
[7–11]. Jimenez-Pique et al. [11] performed fracture tests
on a PMMA based open-pore materials prepared by poly-
merization of a water-in-oil emulsion. The fracture tests
were performed at dry room temperature and in water at
45 �C. A fictitious crack model was used to obtain experi-
mental fracture data and an excellent result was obtained
for all the tests performed. In our previous study [3], we
produced PMMA-based open-cell porous materials using
various concentrations of water-in-oil emulsion constitu-
ents and PMMA bead sizes. It was revealed that the porous
network is mainly formed by the water droplets sur-
rounded with surfactants and the cell walls are formed by
the polymerized monomer molecules with the contribution
of PMMA beads. It was found that constituent concentra-
tions significantly affect the porosity, pore morphology,
water permeability, collapse stress and elastic modulus of
the porous plastics. It was found that the collapse stress,
elastic modulus and fracture toughness (KIC ) values
decrease as the concentration of water-surfactant increases,
that is mainly related to the increase of porosity and forma-
tion of thin cell walls.

However, to our knowledge there is very limited work
reported in the literature about the preparation of porous
polymer nanocomposites. In only a recent study, Dort-
mans et al. [12] prepared porous nanocomposites by incor-
poration of the clay sheets into the PMMA porous matrix
during polymerisation using a PEO–PMMA block copoly-
mer. A significant improvement in mechanical properties
and in lifetime was obtained. The optimum load of modi-
fied clay was determined to be about 3–4 wt.%.

Based upon the findings from our previous work [3], we
aimed to enhance the mechanical properties of the porous
structure by exfoliation of clay platelets within the cell
walls to reinforce them. For this purpose, in the present
study, clay/PMMA based porous nanocomposites were
prepared by polymerization of water-in-oil emulsions with
Fig. 1. SEM micrographs of PMMA beads with avera
and without clay additions. The clay particles were also
surface treated through an ion exchange reaction to effect
the dispersion of the platelets within the cells. The pore
morphologies were investigated by SEM techniques. Com-
pressive mechanical testing was performed to obtain the
stress–strain behavior, elastic modulus and collapse stresses
and to investigate the deformation mechanisms of the
materials.

2. Experimental

2.1. Materials

The layered clay/PMMA based porous nanocomposites
were prepared by the polymerization of water-in-oil emul-
sion from hardenable composition containing methyl
methacrylate (MMA-C5H8O2, Degussa, Germany), poly-
methyl methacrylate beads (PMMA, Keramische Laufen,
Germany), dibenzoyl peroxide (BPO-C14H10O4) as initia-
tor of the polymerization reaction (Peroxid–Chemie
GmbH), emulsifier (Keramische Laufen, Germany) and
water. Two different sizes of PMMA beads with average
bead sizes of 157 and 35 lm were used as filler material
(Fig. 1 (a) and (b)). To provide the homogeneity and the
stability of the emulsion, water-soluble nonionic surfactant
of ethylene oxide–propylene oxide (EO–PO) block-copoly-
mer was used. Clay (Na+-montmorillonite (Na+-MMT),
Aldrich) particles were used to prepare nanocomposites.
Hexadecyltrimethylammonium chloride ðCTAC;ðCH2Þ15

NðCH3Þþ3 –Cl�; Aldrich� 0:047 molÞ and hydrochloric
acid (HCl, 0.048 N) was used for clay surface treatment.

2.2. Surface treatment of clay

Montmorillonite (MMT) is needed to be organophilic in
order to disperse it in a polymer system. To render the clay
layers organophilic, MMT was surface treated prior to its
incorporation into emulsion systems. Na+-MMT was first
dispersed in deionized water. A solution of CTAC and
HCl in deionized water was prepared, separately. These
two solutions were mixed and stirred for 1.5 h at 75 �C.
Organophilic MMT was formed by replacing the charge
ge particle diameter of (a) 157 lm and (b) 35 lm.
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Fig. 2. X-Ray diffraction (XRD) analysis results of MMT and OMMT.
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balancing interlayer cations of MMT with CTAC in the
suspension. With the penetration of alkyl ammonium ion
into the galleries, the spacing within the galleries also
increases. The suspension was then filtered and the
solid residue was washed with deionized water until no
residual chloride was detected in the wash, using the silver
nitrate test. Finally, the organoclay product (OMMT) was
dried in an air oven at 70 �C for 24 h and sieved before
usage.

2.3. Preparation of Clay/PMMA based porous

nanocomposites

Clay/PMMA-based porous nanocomposites were pro-
duced by water-in-oil emulsion polymerization from a
hardenable composition that contains water and oil phases
with the following concentrations. The water phase con-
tained finer PMMA beads (25 wt.%) suspended in the mix-
ture of water and the surfactant. During the preparation of
emulsions, water/surfactant ratio was kept constant (1/3)
while their total concentration was 35 wt.%. The oil phase
contained the coarser PMMA beads (19.5 wt.%), dibenzoyl
peroxide (0.5 wt.%) and methyl methacrylate monomer
(20 wt.%). For the systems containing clay additions, prior
to the formation of the oil phase, the MMA was mixed
with the clay (MMT or OMMT) and stirred for 2 h using
a magnetic stirrer. Oil phase was then prepared by stirring
shortly the MMA system and coarser PMMA beads.
Finally, water and oil solutions were mixed together for
very short period of time until the homogeneous emulsion
was obtained. The emulsion was cast on an epoxy mold.
Final emulsion consisted of an immiscible water phase dis-
persed in monomer phase and additionally PMMA beads
suspended in the emulsion. Once the polymerization is
completed, the cast material is demolded and washed with
tap water. The described procedure results with randomly
distributed open cell porous structure with an irregular
pore morphology. In addition, PMMA based porous poly-
mers (called as PMMA) without clay addition was also pre-
pared for comparison purposes using the same procedure
described above excluding the clay addition stages.

2.4. Characterization

To investigate the microstructural properties a field
emission scanning electron microscope (SEM) was used.
XRD technique was used for phase identifications and
measurements of the clay basal distances. Compressive
mechanical tests were performed on the porous materials
to investigate the effects of the clay particle addition on
the mechanical behavior of the porous materials. Speci-
mens with 15 mm diameter and 20 mm length were sec-
tioned from lager slabs and all the specimens were dried
at 35 �C for 24 h prior to testing. At least five specimens
from each set were tested at room temperature and under
a constant crosshead speed of 1.3 mm/min (strain rate of
0.001 s�1), using a ShimadzuTM universal testing machine.
The strain values were calculated based on the initial length
of the cylindrical specimens and the cross head displace-
ments. The displacement values were corrected for any
machine compliances. Compressive stress–strain values
were obtained after the tests. Elastic modulus values were
calculated from the initial linear part of the compressive
stress–strain graph. Stress values at transition point from
elastic to plastic deformation region was taken as the col-
lapse stress of the materials.

3. Results and discussion

Fig. 2 shows the XRD analysis results of MMT and
OMMT. As seen from the figure, the structure of the mont-
morillonite is significantly affected from the modification
process. It was found that the distance between the (001)
basal planes increased from 14.8 Å to 19 Å. This indicates
that the spaces among galleries within the layered silicate
structure were expanded by the diffusion of the CTAC
and also MMA molecules into the gallery spaces and also
by the replacement of interlayer cations with ammonium
ions. This intercalated structure is expected to form nano-
composites with a better dispersion of clay plaques (exfoli-
ation) within the polymer system.

Clay/PMMA based porous nanocomposites were pro-
duced from water-in-oil emulsions with and without clay
particulate additions. Fig. 3 shows the SEM micrograph
of a porous specimen.

It was revealed that the porous network is mainly
formed by the water droplets surrounded with surfactants.
The cell walls are formed by the polymerized MMA mole-
cules surrounding the PMMA beads. Clay particles were
blended with MMA and PMMA beads during the prepara-
tion of the oil phase. So, clay plaques are expected to dis-
perse in the polymerized MMA forming the cell walls
together with the PMMA beads. On the other hand, a frac-
tion of hydrophilic MMT particles may separate from the
oil phase and accumulate in the water phase while the rest



Fig. 3. SEM micrograph showing the cross section of the PMMA based
porous polymer.
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is located within the polymerizing MMA. To produce an
optimized open-cell porous structure, it is essential to
obtain homogeneous distribution of the water droplets
with high connection and the stabilization of the emulsion
throughout the polymerization reaction. It is known that
the pore fraction, morphology and cell connectivity are sig-
nificantly affected by the total concentrations of water and
surfactant. The amount of water in the emulsion is directly
related to the pore fraction and connectivity.

The typical compressive stress–strain test results of the
porous materials are given in Fig. 4. For comparison, the
results for the porous materials without clay addition (sam-
ples called as PMMA) are also given in the same figure.
Porous PMMA system exhibited a collapse stress and elas-
tic modulus values of 12 ± 0.5 MPa and 520 ± 20 MPa,
respectively. Incorporation of organoclay (OMMT) into
the porous polymer system significantly affects the mechan-
ical behavior of porous PMMA system. Materials with
1 wt.% of OMMT addition exhibited about 90% and 50%
increase in collapse stress and elastic modulus, respectively,
as compared to those without clay addition. This result
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Fig. 4. Compression stress–strain behaviors of PMMA based nanocom-
posites produced with (MMT and OMMT) and without clay particles
(PMMA).
may be associated with the formation of expected exfoli-
ated microstructure. However, the further addition of
OMMT (2 wt.%) resulted with negligible improvement on
the mechanical properties of the structures as compared
to those without clay addition. The reduction may be
related to the agglomeration tendency of the clay platelets
at higher concentrations within the polymer. So, the perco-
lation of the OMMT platelets is expected at 1 wt.%. It was
also found that the materials with MMT particles (2 wt.%)
have lower collapse stress values as compared to the mate-
rial without clay addition (PMMA). Unmodified clay par-
ticles are expected to form agglomerated morphology due
to lower wetting by the oil phase and the lack of the organ-
ofilic surfaces and intercalated layers.

On the compressive stress–strain graphs, the initial part
is a linear elastic region that is controlled by stretching and
partial bending of cell walls. The second region is a long
deformation plateau with lower rate increasing stress val-
ues as compared to first region. Deformation in this region
involves microcracking and brittle crushing of the cells,
progressive collapse of the pore network. With the collapse
of the cells, opposing cell walls touch each other and fur-
ther stress begins to compress the solid itself, and creates
the final region of densification with a rapidly increasing
stress [13]. The material with 1 wt.% OMMT has relatively
longer deformation plateau, such that densification begins
at much higher strain values. This may be due to higher
fraction of pores with open-cell structure that involves less
progressive collapse of the pore network for higher densi-
ties. A better exfoliation of the clay platelets allows higher
fraction of open cells while clay agglomerations may
reduces cell connectivities.

4. Conclusions

Clay/PMMA-based porous nanocomposites were pro-
duced by water-in-oil emulsion polymerization with and
without montmorillonite additions. Surface treatment of
the clay was successfully performed by replacing the inter-
layer cations of the clay with ammonium ions to obtain
organoclay. It was found that the porous PMMA network
is mainly formed by the water droplets surrounded with
surfactants and the cell walls are formed by the polymer-
ized MMA molecules with the contribution of PMMA
beads. Mechanical tests showed that the prepared materials
exhibit the compressive mechanical behavior similar to
elastic brittle foams. A linear elastic region that is con-
trolled by cell wall bending and cell face stretching is fol-
lowed by a deformation plateau with lower rate
increasing stress values and the final region of densification
with a rapidly increasing stress. The porous system with the
addition of 1 wt.% of organoclay (OMMT) exhibited a 90
and 50% increase of collapse stress and elastic modulus val-
ues, respectively, as compared to porous PMMA without
clay addition. Incorporation of organoclay (OMMT) into
the porous PMMA system has a high potential to improve
the mechanical behavior.
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