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Abstract

The aim of the present study is to investigate the microstructure—property relation in polymethyl methacrylate (PMMA)-based porous mould
materials used for high-pressure casting of ceramic articles. For this purpose, porous plastic materials were produced by the polymerization
of water-in-oil emulsions with various compositions of emulsion constituents and particle sizes of the filler PMMA beads. Pore morphology,
porosity and water permeability of the materials were measured. The compressive stress—strain behavior, collapse stress and elastic modulu
values of the macroporous materials were determined by performing compressive mechanical testing. Fracture toughness values of the material
were also measured using the single-edge notched bending method. The results showed that the concentration of emulsion constituents an
PMMA bead sizes has significant effects on the pore morphology, porosity, water permeability and mechanical properties of the porous
plastics.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction To overcome the limitations of plaster of Paris and improve
the ceramic article quality and productivity, the trend in ce-
Traditionally, the slip casting process for shaping of ce- ramic industry is the utilization of high pressure automated
ramic sanitaryware and whiteware articles has been per-casting processes. In this technique, a porous mould material
formed using a material called plaster of Paris. This ma- that allows the drainage of the water from the slip under high
terial has an open cell structure with a mean pore size of pressures of typically 13—15 bar is needied The materials
about lpm and it operates under the principle of capillar- with an open cell structure must show high water permeabil-
ity to absorb water from the ceramic slip. Plaster moulds are ity, high mechanical strength and fatigue performance. These
inexpensive, suitable for machining and operated without ex- materials are also expected to keep their structural integrity
ternal pressure. However, they exhibit long casting periods without deformation and to allow using high pressures to pro-
(1-2h), long drying time and have limited service life due vide a tight seal around the mold without cracking for about
to their low wear resistance (80—100 maximum casts). More- 20,000 cycles.
over, cast part contains high amount of water that has to be  Polymeric materials, especially polymethyl methacrylate
removed by drying with some additional cost. (PMMA)-based porous materials, became the most suitable
class of materials for this purpose. Using this type of mate-
mspondmg author. Tel.: +90-232-750-6597: rials, th_e casting and d_emolding_period can be shorte_ned up
fax: +90-232-750-6505. to 20 min, moulds require no drying between the casting cy-
E-mail addressmetintanoglu@iyte.edu.tr (M. Tafy). cles since an air-purging system is used for dewatering and
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therefore mold can be returned to the service immediately. was stirred shortly and the blend formed a viscous fluid of
Furthermore, the casting period can be adjusted by changingoolymer in monomer due to the absorption of MMA by
the slip pressure within the limits of the mechanical strength PMMA beads. Finally, the oil and water phases were mixed
of the mould material. However, the service life and perfor- together to form the water-in-oil emulsions. Stable emulsions
mance of plastic moulds is closely related to the microstruc- were cast on an epoxy mold to form the final porous materi-
ture and mechanical properties of the material. Therefore, als. After polymerization, water was removed from the final
fundamental understanding of the processing, microstructureproduct and the described technique resulted in randomly
and property relationship in these materials is essential to ob-distributed open cell structure.
tain optimized performance. To our knowledge, there is very
limited work reported in the literature about the subject. In
some recent studies, it was attempted to improve the me-
chanical performance of the porous moulds by addition of
reinforcing components such as clay particles into the plastic
structure2—4].

In this study, plastic materials with various pore morpholo-

2.3. Characterization of the porous plastic materials

Optical and scanning electron microscopy was used to in-
vestigate the pore morphology of the materials, and threshold
of the optical micrographs was analyzed using an image an-

. N L alyzer software to determine the areal fraction of porosity.
gies were produced by polymerization of water-in-oil emul-

. : : 2. : . The water permeability of the samples was measured us-
sions with various compositions of the emulsion constituents . C o . .
. . ing a custom-made cylindrical permeability apparatus, with
and particle sizes of the PMMA beads. The effects of chang- _ .
. . . .2 adiameter of 80 mm and depth of 20 mm. A pressure of 4 bar
ing the compositions and bead sizes on the pore fraction .
) . : ) . was applied on the samples and the volume of water perme-
and morphologies were investigated by scanning electron mi- : .
. . : ated per unitvolume was recorded. The permeability constant
croscopy (SEM) and optical microscopy techniques. Also the : I .
relation between the morphology, water permeability and me- < was caleulated by the equation of Henry Dasy, which
) . P g9y, P ity an describes the flow through porous media, as shown below
chanical properties of the porous materials was investigated.
Compressive mechanical testing was performed to obtainthe g, A p,
stress—strain behavior, elastic modulus and collapse stresses; = 77 (1)
of the samples. Additionally, fracture toughness values of the
materials were measured based on single-edge notch bending/hereQ is the volume of liquid permeated per unit tindeis
(SENB) test. the cross sectional area of the samplis,the viscosity of the
fluid, AP is the external driving pressurejs the thickness
of the sample and is the permeability constant.

2. Experimental procedure Compressive mechanical tests were performed on the var-
_ ious porous materials to investigate the effect of the pore mor-
2.1. Materials phology on the mechanical behavior of the materials. Speci-

mens with 15 mm diameter and 20 mm length were sectioned

The porous plastic materials were produced by the poly- from larger slabs and all the specimens were dried 4C35
merization of water-in-oil emulsions from hardenable com- for 24 h prior to testing. At least five specimens from each set
positions that contains monomer of methyl methacrylate were tested at room temperature under a constant crosshead
(MMA), spherical PMMA beads, initiator, emulsifier (sur-  speed of 1.3 mm/min, using a Shimat?uuniversal testing
factant) and water. PMMA beads with average bead sizes inmachine. Friction between the compression plates and the
the range of 22 and 150m were used as filler material. Ben-  specimen surfaces was reduced by lubricating the plate sur-
zoyl peroxide (BPO) was used as polymerization initiator. To faces lightly with anti-friction grease.
provide homogeneity and stability of the emulsion a water-  The fracture toughnesk(c) of the porous materials were
soluble non-ionic surfactant of ethylene oxide—propylene ox- measured according to ASTM D5045-91a stan@@kased

ide (EO-PO) block-copolymer was used. on the single-edge notch bend specimen configuration. Spec-
imens with the thickness of 6 mm and width of 12 mm were
2.2. Production of porous plastic materials prepared by sectioning from larger slabs using a diamond

saw. On one edge of the specimens, a notch was opened by

To produce the PMMA-based porous materials, water-in- machining with a rotating abrasive disc and a sharp pre-crack
oil emulsions were prepared using the emulsion constituentswas formed by simply pressing a sharp razor blade into the
with the following concentrations. The water phase contained notched regiofi7]. All specimens were dried at 3& for 24 h
the finer PMMA beads (20-30 wt.%) and the surfactant. Dur- and toughness testing was done at room temperature. Testing
ing the preparation of emulsions, the water—surfactant ratio was performed using a crosshead speed of 10 mm/min. The
was kept constant while their total concentrations varied be- K c values were calculated based on the following equation
tween 30 and 40wt.%. The oil phase contained the coarserin units of MPa n/2
beads (15-25wt.%), benzoyl peroxide (0.3-0.5wt.%) and
methyl methacrylate monomer (15-20 wt.%). The oil phase Kic = (PoBWY/?) f(x) 2)
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Fig. 1. SEM polished surface micrographs of PMMA-based plastics produced with various concentrations of surfactant—water. The total waightt fracti
water and surfactant in the emulsions are: (a) 29 wt.%,; (b) 33 wt.%; (d) 37 wt.%; (d) 40 wt.%.

In the equationPq, B, W andf(x) are load, specimen thick-
ness, specimen width and a calibration factor, respectively.

3. Results and discussion

polymerization of the oil phase. As the polymerization is
completed, the water phase is removed from the structure
and an open-cell porous structure is left behind. Therefore,
homogeneous distribution of the water droplets with high
connection and the stabilization of the emulsion through out
the polymerization reaction are essential to produce an opti-

PMMA-based porous plastics were produced with various Mized open-cell porous structure.

concentrations of water-in-oil emulsion constitueffigy. 1

Fig. 2 shows the variation of porosity and permeability

shows the SEM images of the porous materials processedconstant as a function of total weight fraction of surfactant

with varying total weight fraction of water and surfactant in

and water. As can be seen in this figure, the percentage of

the emulsions. The concentrations of these constituents in the¢he porosity increased from 34 to 47% as the amount of
emulsions were changed in the range of 29-40 wt.%. The re-water—surfactant increased from 29 to 40 wt.%, respectively.

sults showed that the pore fraction, morphology and cell con-

nectivity are significantly affected by the total concentrations
of water and surfactant. The ratio between the concentra-
tions of liquid constituents: water—surfactant and monomer,
defines the formation of the network and also connectivity of
the cells. It was observed that the porosity and cell connectiv-
ity is increased as the concentrations of water—surfactant are
increased. As illustrated ifig. 1(a), at low concentrations of
the water—surfactant, water droplets are completely enclosed
by the oil phase and larger isolated pores were formed. At
higher concentrations of these constituents, finer size pores
with extended connectivity are observed as can be seen in
Fig. 1(c) and (d). Note that the free radical polymerization
reaction occurs in the oil phase between MMA molecules that
are activated by phenyl free radicals, which are a decomposi-
tion product of BPO. Polymerized monomer molecules form
the cell walls with the contribution of PMMA beads. The

macropore structure is mainly formed by the water droplets Fig. 2. porosity and water permeability constant of the PMMA-based porous

As the porosity and effective cell connectivity of the materials
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is increased, the permeability constant of the specimens was
increased from 2.1 to 4.3 Darcy for the given concentration 40
range.
Besides the water permeability, the mechanical perfor- %033
mance of these materials is critical because high pressures . 3]
cycles are applied during the shaping of ceramic articles.
Mechanical behavior of porous materials during compres-
sive loading is significantly affected by the pore structure.
Fig. 3shows the typical compressive stress—strain curve of a
PMMA-based porous plastic mold material processed within 10 -
this study. The material exhibits three distinct regions, sim-
ilar to the compressive behavior of elastic brittle foams as
described by Gibson and Ash[8]. The first region is a lin- 0
ear elastic region that is controlled by cell wall bending and
cell face stretching. The second region is a long deformation
plateau with lower rate increasing stress values as compareig. 4. compressive stress—strain graphs of porous plastics with various
tofirstregion. Deformation in this region involves tearing and surfactant and water concentration.
brittle crushing of the cells, progressive collapse of the pore
network and plastic flow of the structure. This deformation that the collapse stress and elastic modulus values decreases
plateau is generally described with an almost constant stresfrom 24 to 4.9 and 824 to 224 MPa, respectively, as the con-
for open cell structure materials. With the collapse of the centration of water—surfactant increases from 29 to 40 wt.%.
cells, opposing cell walls touch each other and further stressThe reduction of the mechanical properties is related to the
begins to compress the solid itself, and creates the final regionporosity increase from 34 to 47% for the given concentration
of densification with a rapidly increasing stress (region lll). range, respectively. Also, the densities of the tested materials
The precise formation of the three-region behavior dependschanges from 0.803 to 0.762 g/€rfor the same concentra-
on the cell structure and the density of the material. The in- tion range. The material with a high density exhibited a short
crease of stress level in the second region for the present casdeformation plateau (in region Il) in the stress—strain graphs.
may be associated with the presence of a fraction of closedThis is associated with lower porosity and higher fraction of
cells in the structure. closed cells. On the other hand, as showFim 4 material
Fig. 4 shows the compressive stress—strain graphs of thewith a lower density has a longer deformation plateau, such
samples produced with various concentrations of water andthat densification begins at much higher strain values. This is
surfactants (29-40 wt.%). The stress—strain behavior of all probably due to higher fraction of pores with open-cell struc-
the specimens showed linear elasticity up to the collapseture that involves extensive progressive collapse of the pore
stress. The collapse stresg)is defined as the pointatwhich  network.
deviation was observed in the linear part of the stress—strain  In addition to water—surfactant concentrations, the effects
curves as shown iRig. 3. From the slope of the linear elastic  of monomer concentration and PMMA bead sizes on the
region, modulus values were also calculatéd. 5shows the properties were investigate#figs. 6—9show the variation
variations in collapse stress and elastic modulus values withof porosity and water permeability, and collapse stress and
respect to water and surfactant concentrations. It was found
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modulus values as a function of monomer concentrations and
bead diameters. It was found that with an increase in con-
centration of monomer up to 18 wt.%, the porosity increases
and permeability values decreases. The increase of monomer
concentration in the same range results in increase of col-
lapse stress and modulus values from 8.4 to 19.3 and 356 to
687 MPa, respectively. Similarly, porosity and permeability
values increase from 32 to 45% and from 2.2 to 4.2 Darcy,
respectively, as the average bead diameter changes from 22
to 150pm. For the same variation of average bead diameters,
collapse stress and modulus values decrease from 17 to 7.3
and 649 to 350 MPa, respectively. As discussed previously,
polymerized monomer molecules form the cell walls with
the contribution of PMMA beads and the porous network is
mainly formed by the water droplets surrounded with sur-
factants. So, the increase of the mechanical properties with
increased monomer amount or reduced bead sizes is due to
the formation of thicker cell walls with higher strength.

The fracture toughnesKc) values of the materials were
measured using the SENB test configuration and are tabu-
lated for varying water—surfactant and monomer concentra-
tions in Table 1 It was found thaKc values decrease by
64% as the concentration of water—surfactant is increased
by 38%. In contrastK,c values increases by 104% as the

Table 1
Fracture toughness of materials produced with various water—surfactant and
monomer concentrations

wt.% Fracture toughness
(Kic, MPant/?)
Water—surfactant 29 0.376 0.005
33 0.219+ 0.041
35 0.187+ 0.006
37 0.180+ 0.010
40 0.134+ 0.026
Monomer (MMA) 155 0.158t 0.006
18.3 0.246+ 0.017
19.7 0.274+ 0.016
20.8 0.322+ 0.016
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Fig. 10. SEM fracture surface micrograph of porous materials produced with

40 wt.% (a) and 29 wt.% (b) of water and surfactant. . . ) )
Fig.11. SEM fracture surface micrograph of porous materials produced with

15.5wt.% (a) and 20.8 wt.% (b) of MMA monomer.

monomer concentration is increased by 34%. The results in-4. Conclusions

dicate thaKc is increasing as the pore fraction is decreasing

and cell walls are thickenindzig. 10shows the SEM frac- PMMA-based open-cell porous materials were produced
ture surface micrograph of the SENB specimens with 40 and using various concentrations of water-in-oil emulsion con-
29 wt.% water—surfactant, respectively. A high concentration stituents and PMMA bead sizes. It was revealed that the
of water—surfactant in the emulsion resulted in an increase of porous network is mainly formed by the water droplets sur-
pore fraction and reduction of the thickness of the cell walls as rounded with surfactants and the cell walls are formed by
can be seen iRig. 10a). For this case, fracture occurs over a the polymerized monomer molecules with the contribution
relatively smaller area by the tear of thinner cell walls. There of PMMA beads. To produce an optimized open-cell porous
is no noticeable plastic deformation on the fracture surfaces.structure, it is essential to obtain homogeneous distribution
For lower concentration, as shownkig. 1Q(b), the porosity of the water droplets with high connection and the stabiliza-
is lower and thicker cell walls formed where the filler PMMA  tion of the emulsion through out the polymerization reaction.
beads are completely embedded into the monomer phase, diskt was found that constituent concentrations significantly af-
solved in it and connected very strongly. Fracture occurs over fect the porosity, pore morphology, water permeability, col-
a larger area and for the extension of the crack a higher sur-lapse stress and elastic modulus of the porous plastics. The
face energy is required. This may result in improved fracture percentage of the porosity increased from 34 to 47%, the
toughness of the material with a high€jc values. On the  permeability constant of the specimens was increased from
other hand, an increase in MMA concentration resulted in 2.1 to 4.3 Darcy as the amount of water—surfactant increased
a significant increase of the fracture toughness values duefrom 29 to 40 wt.%, respectively. Mechanical testing of the
to the formation of a low fraction of pores and relatively macroporous samples showed that the material exhibits the
thicker cell walls with higher strengtkig. 11shows the SEM compressive behavior similar to elastic brittle foams. It was
fracture surfaces of SENB samples produced with monomerfound that the collapse stress, elastic modulusgpdialues
concentrations of 15.5 and 20.8 wt.%, respectively. Similarly, decreases as the concentration of water—surfactant increases.
as the concentration of MMA is increased adHig. 11(b), The reduction of the mechanical properties is mainly related
much thicker cell walls forms and fracture occurs over a large to the increase of porosity and formation of thin cell walls.
area. Similarly, it was found that porosity and permeability values
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