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Abstract

Reduction in weight of ceramics has been achieved by using a specific porous agent, starch, to achieve porosity ranging from 10% to 35%.
Two incorporation routes of the porous agent have been investigated. For different levels of weight reduction, ceramics are characterized by
microstructural analysis and mechanical testing. It is shown that the feature of the porous phase mainly depends on the processing route. Two step
route leads to the best microstructures and allows ceramics be made up to ten percent lighter without impacting compressive strength (380 MPa)

and similar to matrix but with larger variation.
© 2013 Published by Elsevier Ltd and Techna Group S.r.l.
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1. Introduction

For ceramics, lightness in weight [1], thermal [2—4] and
acoustic insulation are characteristics that can be obtained by
means of some controlled porosity addition [5-10]. The
addition of such porosity generally leads to some decrease in
mechanical properties due to the formation of larger defects in
the body [11-16]. The aim of this study is to develop porous
ceramic tableware. Addition of well controlled porosity in
terms of shape, size and spatial distribution will minimize the
decrease of the lighter ceramic mechanical properties. In this
work, the addition of porosity is realized through the use of
starch. The targeted weight reduction value is 10%, relative to
the initial matrix. Two porous agent incorporation routes are
investigated as explained in the next section. Mechanical
properties of the lighter materials obtained are determined
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and analyzed relative to the porosity, microstructures and
processing routes. The proposed solution has the advantage
of being compatible with industrial processes while using a
natural and sustainable porous agent.

2. Experimental methods
2.1. Raw materials

Matrix. It consists of a classical tableware formulation based
on a clay-silica—alumina—feldspar mixture supplied in an
atomized form. Fig. 1(a) presents a SEM micrograph of
atomized agglomerates. They exhibit some hollow spherical
shape, with an average diameter of 250 pm.

Porous agent. The used porous agent is a corn starch. It
exhibits a thermoplastic behavior below its glass transition
temperature (65-68 °C). Fig. 1(b) presents SEM observation of
this porous agent. It exhibits some spherical shape with a
narrow particle size distribution. ds, value is 11 pm, while the
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WD32.4mm 20.0kV x250 200um

WD32.8mm 20.0kV x900 50um

Fig. 1. SEM micrographs of the ceramic powder (a) and the porous agent (b).

dyo and dgq values are, respectively, 8 and 15 pm. This porous
agent is natural and can be easily integrated into the conven-
tional ceramic process. It would lead to the generation of
tailored porosity after its degradation during the sintering of
the ceramic powder.

2.2. Processing routes

Fig. 2 presents a flowchart describing the different proces-
sing routes developed in this study. The main differences
concern the powder preparation step.

The first route, called the One-step route, consists in a
simple dry mixing of atomized powder with various amounts
of porous agent. The powders are mixed for 1 h (Turbula®).
Ten cylindrical zirconia mixing media pellets with 10 mm
length and 10 mm diameter are used per batch of 200 g of
powder. The second route, called the Two-step route, consists
in finely mixing the ceramic powder and the porous agent in a
slurry prior to its atomization. Fig. 3 shows a SEM observation
of a cut aggregate. It can be seen that after the atomization
step, the starch is not crushed. It is homogeneously dispersed
in the aggregate. If compared to the non starch-containing

One-step route Two-step route

Weighing
Silico-alumina + porous agent

Weighing
Silico-alumina + porous agent

y Slip mixing
Dry mixing +
atomization
Hydrostatic pressing

Thermal decomposition of porous agent + sintering

Fig. 2. Flowchart of the different tested routes.

WD15.2mm 20.0kV x1.5k  30um

Fig. 3. SEM observation of 12% atomized powder with porous agent.

atomized ceramic powder (Fig. 1(a)) it can be observed that the
addition of corn starch into the raw powder modifies the
atomization conditions in such a way that no more agglomerate
internal porosity is generated (Fig. 3). Therefore, it might be
expected that such mixed agglomerates could lead to the
synthesis of finely porous materials.

Shaping procedures and sintering conditions are the same
for both of the investigated routes. Dry pressing is realized
under 30 MPa hydrostatic pressure. A classical sintering cycle
has been used for all studied samples: heating up to 60 °C at
1 °C/min followed by a holding time of 6 h; a second heating
up to 250 °C at 1 °C/min followed by a holding time of 2 h, a
rapid heating up to 1380 °C at 5 °C/min followed by a holding
time of 2 h, and finally a decrease to room temperature at 5 °C/
min. The first two steps correspond respectively to the drying
and degradation of the porous agent. The final step enables the
sintering of the parts. A reference matrix is fabricated from
atomized ceramic powder without starch.
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3. Characterization methods
3.1. Physical and microstructural characterization

Density. Density measurements are performed by hydrostatic
weighing using the Archimedes method under water. Measure-
ments are performed on a series of 10 samples. Values presented
are the average of these 10 measurements expressed as a function
of relative density (do = 2550 Kg/mm? determined by He picno-
metry measurements) in order to determine volume% porosity.

Scanning electron microscopy observations. Observations of
powders were carried out by using a scanning electron
microscope HITACHI S-3500N. The observed powders are
deposited on a sample holder covered with graphite paper and
a gold film is sputtered before observation.

Mercury porosimetry. Porosity measurements are performed
with a mercury porosimeter Quantachrome Poremaster 33GT.
Samples with 8 mm diameter and 10 mm length are introduced
into a glass holder. Some mercury is introduced under pressure
varying between 0.006 and 0.344 MPa. Accessible open pore
size ranges from 4.3 to 225.6 pm.

3.2. Mechanical characterization

Compressive strength. Measurements are performed on an
INSTRON universal testing machine. The displacement is
applied with a crosshead speed of 2 mm/min. For such loading
speed conditions, quasi-static deformation occurs. This com-
pression test requires massive parts in the form of cylinders
with 10 mm diameter and a height between 15 mm and 25 mm
to prevent some bulking phenomenon. These shapes and
dimensions are obtained from samples by drilling and 2 pm
diamond polishing to ensure a good parallelism between the
upper and lower radial sides of the specimen. A minimum of
10 measurements are carried out on each material and the
average is calculated.

Bending strength and toughness measurements. Four point
bending tests are performed on a ZWICK Z100 universal
testing machine. Several prismatic parts with a cross section of
4 mm in width and 3 mm in height are prepared by cutting and
polishing as above for the compressive test samples. The same
geometry of specimens are subsequently used for toughness
determination by the Single Edge V-Notched Beam (SEVNB)
method. This method uses a razor blade with diamond paste to
introduce a final notch with a root radius between 10 and
20 pm and a depth of about 1 mm. The samples are then
fractured in a three-point bending test using a universal testing
machine (crosshead speed of 0.1 mm/min). A minimum of 15
measurements is realized on each material and the average
value is calculated.

4. Results and analysis
4.1. Microstructures

Denser ceramic. Fig. 4 presents SEM observation of the
sintered matrix after polishing. Relative density is 92% of

Inu'a-granular porosity . =M.

AR S "L

Resultant agglomeraIJe

Fig. 4. SEM micrograph, ceramic reference matrix after sintering (residual
porosity 8%).

theoretical (2550 Kg/mm?). It can be observed that agglomer-
ates have not been totally crushed after pressing so that the
ceramic is not totally densified during the sintering step.
Residual porosity is mainly closed and both inter- and intra-
agglomerate pores remain. Larger pores with a diameter size of
about 70 pm are located inside the remaining atomized
spheres.

Lighter ceramics using the One-step route. Fig. 5(a)
presents for the One-step route the variation of total, closed
and open porosity as measured on different samples containing
different amounts of starch. SEM observations (Fig. 6) show
that atomization aggregates are partially crushed and do not
depend on the amount of added porous agent. Two types of
porosity remain: intra- and inter-agglomerate pores. Samples
with addition of 5% of porous agent exhibit some porosity of
10 pm diameter distributed around aggregates of atomization,
in addition to the residual porosity in the matrix after sintering
(Fig. 6(a)). If 10% of porous agent is introduced, intra-granular
porosity remains, while the inter-granular pore size increases
up to 12 pm (Fig. 6(b)). Large pores are likely generated by
coalescence favoring an interconnection of pores as the amount
of porous agent increases. Percolation occurs when greater
than 4% addition of porous agent is used. At the same time, the
closed pore volume increases. An improvement of the pore
size distribution is observed at the percolation threshold (SEM
micrograph Fig. 6(c)). The porosity is then mostly open and
interconnected. These results are confirmed by Hg intrusion
measurements (Fig. 5(b)). The size of the porosity drastically
increases with addition of starch as soon as the percolation
threshold is overcome. Then, a secondary peak corresponding
to two or three times the size of the pores created by the porous
agent appears. Above 10% of added porous agent, a significant
broadening of the pore size distribution is observed.

Lighter ceramics by using the Two-step route. Fig. 7
presents for the Two-step route the changes in total, closed
and open porosity as measured on different samples containing
different amounts of the introduced porous agent. SEM
micrographs of cross sections of the most typical samples
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Fig. 5. One-step route: influence of the added amount of porous agent on (a)
resulting porosities and (b) resulting open porosity.

after polishing are presented in Fig. 8. The same trends are
observed when compared to the One-step route results. The
addition of porous agent promotes an increase of closed
porosity up to 12 vol% added starch, and the variation of total
porosity with the amount of added porous agent follows a
linear trend indicating that the created porosity is nearly
additive to the residual porosity in the matrix after sintering.
A limited addition of porous agent (8 vol%) favors a diminu-
tion of the initial intra-granular porosity and promotes the
formation of a finely porous material (Fig. 8(a)). For higher
additions of starch, aggregation of porosity occurs leading to a
coarser pore structure (Fig. 8(c)). The size of the pores
increases significantly as soon as coalescence occurs and pore
size reaches 100 pm for 18 vol% of introduced porous agent.
The porosity remains homogeneously distributed whatever the
amount of added porous agent. For this route, the percolation
threshold occurs at a higher amount (15 vol%) of added starch
and therefore higher total porosity. This is probably due to
better pores size distribution induced by the use of atomized
spheres containing starch.

BSE1 WD15.7mm 20.0kV x45

Fig. 6. One-step route, SEM micrographs of sintered ceramics containing
(a) 5%, (b) 10% and (c) 15% of added porous agent.

4.2. Mechanical properties

Matrix. Mechanical properties of the sintered material
without porous agent are a compressive strength value of
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Fig. 7. Two-step route: influence of the amount of added porous agent on the
resulting porous phase.

290 + 90 MPa, a bending strength value of 85 + 5 MPa and a
toughness value of 1.12 4 0.02 MPa,/m. Large pores act as
critical defects explaining the limited values of compressive
and flexural strengths. By using Griffith's equation, starting
from average values of measured bending strength and
toughness, a critical defect size of about 54 pm is calculated.
It is comparable to the larger pore size which was determined
from porosimetry and SEM observations.

One-step route. Fig. 9 presents the values of compressive
strength and bending strength determined for the different
parts. By comparing these materials to the matrix, a slight
decrease of compressive strength from 290 + 90 MPa (8%
total porosity) to 200 + 40 MPa (~18% total porosity) occurs
with the increase in porosity. At the percolation threshold
(~12% of total porosity), compressive strength appears similar
to the matrix sample but with larger standard variations. At
18% total porosity, strength values are close to those obtained
with a small addition (2.5 vol%) of porous agent. Considering
standard variation values, the compressive strength discrepan-
cies are high. From a technical point of view, this type of
characterization is difficult since perfect parallelism of both flat
end surfaces of the cylinder is not systematically obtained.
Moreover, some friction between specimen and apparatus can
occur and probably depends on the level of porosity in the
sample external surfaces. For that reason, compressive strength
results must be treated cautiously. Nevertheless, it seems that
observed compressive strength values decrease significantly
above the percolation threshold. Bending strength values
decrease continuously (from 90 + 5 MPa to 20 + 2 MPa) as
porosity increases (from ~8% to ~18% of total porosity). As
with compressive strength, a similar trend is observed, with
large decrease in bending strength on addition of a small
amount (2.5 vol%) of porous agent followed by an apparent
stabilization up to 4 vol% starch and then a slight decrease for
the lighter ceramics. Bending strength measurements exhibit
fewer discrepancies when compared to compressive strength
measurements with significantly lower standard deviation
values for the more porous ceramic which is probably due to

200um

kv x250

Fig. 8. Two-step route, SEM micrographs of sintered ceramics containing (a)
8%, (b) 12% and (c) 18% of added porous agent.

better distributed porosity leading to more repeatable mechan-
ical behavior. Variation of toughness with amount of porosity
is presented in Fig. 10 which also plots calculated critical flaw
size values (after Griffith's equation) as a function of porosity.
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Fig. 10. One-step route: toughness and calculated critical flaw size vs the total
porosities in lightened ceramics, in (%) the volume amount of added
porous agent.

The introduction of 2.5vol% of the porous agent leads
immediately to a toughness decrease from 1.12 +0.02 to
0.82 £+ 0.05 MPa,/m. A slight stabilization is observed just
before the percolation threshold. The critical flaw size values
slightly increase with starch addition up to 7 vol% then
increase significantly with further addition. For all the cera-
mics, the value of the critical flaw size is of the same order of
magnitude as the size of the largest pore created. As can be
observed in SEM micrographs (Figs. 4 and 6), below 7 vol%
of added porous agent, coarsening of pores is not significant.
Added pores are mainly localized around the remaining matrix
aggregates without interaction with the residual porosity after
sintering. On the contrary, for most of the lighter ceramics,
added pores merge together explaining the huge increase in the
critical flaw size. At the same time, some toughening is
observed and is probably due to some crack deviation
phenomenon [17,18].

Two-step route. In Fig. 11 are presented the values of
compressive strength and bending strength determined on the
different porous samples. Initially, the introduction of 8 vol%
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Fig. 12. Two-step route: toughness and calculated critical flaw size vs the total
porosity in lighter ceramics; in (%) the volume% of added porous agent.

of the porous agent during atomization leads to an increase of
mechanical strength (=580 + 80 MPa if compared to around
290 + 90 MPa for the denser sample). Subsequently, the
strength decreases on further addition of porous agent, and
reaches just less than its initial value at 27% of total porosity.
Bending strength remains at a similar value of 85 + 5 MPa on
initial introduction of 8 vol% starch and then decreases to
42 + 2 MPa as total porosity increases from 8% up to 27.5%.
Variation of toughness as a function of porosity is presented in
Fig. 12 which also shows a plot of calculated critical flaw size
(after Griffith's equation) with porosity. The introduction of
porous agent has a slight effect with a decrease in toughness
from 1.1240.02 to ~0.82 +0.05 MPa /m at 14 vol% por-
osity. With 27.5 vol% porosity the overall toughness decreases
from 1.12 £+ 0.02 to 0.5 + 0.04 MPa,/m. A slight stabilization
is observed just before the percolation threshold. The critical
flaw size values do not vary significantly indicating that the
porosity introduced by the starch is fully dispersed and still
fine with no possibility of aggregation and remains constrained
by only the size of the pore-forming agent (11 pm) which is
well below the critical defect size in the matrix.
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5. Discussion

In this work, with the chosen processing parameters, the
clay—silica—feldspar starting material is not fully densified.
Porosity is mainly closed. The observed mechanical properties
have been explained in terms of catastrophic rupture initiated
by larger pores. These specific pores result from the partial
collapse of atomized spheres during shaping which are then
not totally eliminated during sintering. Two routes of porous
agent incorporation were investigated. For the One-step route,
remarkably, compression strength is relatively stable when
some porous agent is added. At the same time, a decrease is
observed in flexural strength. Some explanation may be
postulated that a lubricating effect occurs during pressing of
the porous agent, which is viscoplastic, allowing a better
collapse of granules. This seems consistent with SEM obser-
vations. A small amount of this porous agent decreases the
initial critical flaw size and thus improves the mechanical
properties of the more porous matrix. Nevertheless, this
processing route does not lead to the formation of very fine
and homogeneous microstructures. The percolation threshold
appears at a low value (4%) of added porous agent ensuring a
limited lightness (13% total porosity). For this value, mechan-
ical properties are similar to the ceramic without pore forming
agent but standard deviation is higher. For the Two-step route,
involved an atomization step, the obtained microstructures are
finer and more homogeneous. As a consequence, percolation
threshold occurs at a significantly higher amount of porous
agent (12%) and a slightly higher total porosity (16%) is
obtained with a slight decrease of mechanical properties. In
addition, the mechanical properties are maintained close to
those of the matrix with mass reductions of 10%.

6. Conclusion

The mechanical properties of tableware ceramics are depen-
dent on the size of the larger pores present in the part, which
act as critical defects and initiate the catastrophic rupture of the
material. Then it is possible to lighten these materials if the
introduced porosity does not interact with the initial porosity
and does not participate in the increase in the size of critical
defects. A specific porous agent and a specific route of
introduction have been specifically chosen to procure the
generation of new porosity independent of the initial pores.
For that, the clay-silica—feldspar raw powder and the porous
agent are finely mixed and dispersed together in a slurry prior
to atomization. The conditions of atomization are specifically
adapted in order to ensure the integrity of the porous agent. By
using this technique, it has been shown that it is possible to
introduce new type of pores allowing up to 10% reduction in
weight. As a consequence, mechanical properties are only
slightly modified. As this work constitutes a first attempt, even
lighter ceramics may be obtained by modifying the processing
parameters and/or by changing the porous agent. In addition,
some better characterization in terms of microstructure defini-
tion and mechanical properties and their mutual interaction
will be useful to analyze more closely the mechanical behavior

of these lighter materials. From an industrial viewpoint, the
change would only focus on the powder synthesis step. Then it
would be fully compatible with an industrial production
process.
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