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The Impact of the Particle Size Distribution of Organic
Additives on the Microstructure of a Clay Ceramic and

Its Thermal and Mechanical Properties
Pierre-Marie Nigay1; Ange Nzihou2; and Thierry Cutard3

Abstract: In this study, the structure-property relationships of a clay ceramic with calibrated particles (10 or 50 μm) of polymethyl meth-
acrylate (PMMA) were investigated to improve both the thermal and mechanical properties of fired clay bricks incorporating organic wastes.
The structure was characterized using differential thermal, thermomechanical, and computed tomography analysis. It was found that the addition
of 10- or 50–μm particles of PMMA resulted in a same 11% decrease of the thermal conductivity during the extrusion process. The Young’s
modulus also increased by 23% during the extrusion process with the addition of 50–μm particles. However, the addition of 10–μm particles
resulted in a greater increase of the Young’s modulus by 34%. The calibrated particles of PMMAwere then found to transform into porosity
during firing of the clay ceramic. Typically, the pore size of the clay ceramic corresponded to the particle size of the calibrated particles of
PMMA. The improvement of the thermal and mechanical properties that was obtained during the extrusion process was conserved in the form of
porosity with a reduction of the median pore size after the firing process. Hence, the current results indicate that the thermal and mechanical
properties of fired clay bricks can be improved at the same time using a wide range of organic wastes if the organic wastes are subjected to
grinding prior to incorporation in the mixture. They also suggest that organic wastes can reduce the environmental impact of fired clay
bricks with an energetic contribution of 73.8%.

Author keywords: Clay bricks; Organic additives; Porosity; Thermal conductivity; Young’s modulus; Energetic contribution.

Introduction

The recycling of industrial and urban waste has recently gained
momentum in the field of building materials (Zhang 2013; Bories
et al. 2014). The addition of waste to the composition of fired clay
bricks has positive effects on the performances. Moreover, waste is
a potential energy carrier in the industrial process of fired clay
bricks.

The waste comes from wood, paper, or oil industries. It is mostly
used for the high organic fraction beyond 60% (Phonphuak and
Chindaprasirt 2014). The addition ranges from 1 to 30% depending
on the organic fraction (Monteiro and Vieira 2014). On the other
hand, the particle size ranges from 1 to 4 mm to keep the process
unchanged (Andreola et al. 2001).

The organic additives are then subjected to combustion during
firing of the clay bricks at temperatures up to 1,000°C (Demir
2008). The combustion of these organic additives also results in

a porosity formation within the bricks. Hence, the clay bricks have
a higher volume fraction of pores after the firing process (Muñoz
Velasco et al. 2015).

The insulating behavior of air in the newly formed pores im-
proves the thermal properties of the fired clay bricks (Dondi et al.
2004; Mendívil et al. 2017). It has been shown that the porosity
resulting from the combustion of waste from oil industry decreased
the thermal conductivity by 20% (Eliche-Quesada et al. 2012). The
thermal conductivity also decreased by 36% in another study where
sawdust was used as the pore-forming agent (Bánhidi and Gömze
2008). However, that improvement of the thermal conductivity
is always obtained along with a loss in the mechanical strength
(Bories et al. 2015). Typically, these pores resulting from the com-
bustion of organic additives are acting like defects (Ukwatta and
Mohajerani 2017). It has been shown that the mechanical strength
of fired clay bricks decreased by 4% when using sludge from
wastewater treatment as the pore-forming agent (Monteiro et al.
2008). Some other studies also revealed that the pores resulting
from the combustion of sawdust can result in a critical loss of 27%
(Ducman and Kopar 2001).

The combustion of the organic additives results in an extensive
release of heat within the tunnel kilns. The temperature increase
provides an energetic contribution to the process and energy sav-
ings. According to the literature, the energy savings can reach up to
58% using a 5% by weight addition of cigarette butts (Mohajerani
et al. 2016). The recycling of industrial and urban waste in fired
clay bricks is then a relevant concept. It provides an improvement
of the thermal properties as well as energy savings. The loss
of strength is a major issue for such materials. However, Korah
et al. (2016) have shown in a recent study that the addition of or-
ganic additives with smaller particles can result in the formation of
smaller pores. These small pores resulting from the combustion of
the organic additives may act as minor defects and prevent the loss
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of strength, as shown by Nigay et al. (2017) for the small pores
resulting from mineralogical transformations of the clay.

The objective of this study is to investigate the impact of the
particle size distribution of organic additives on the microstructure
of a clay ceramic and its thermal and mechanical properties. Hence,
the study focuses on a 6% by weight addition of a same organic
additive in one form of 10–μm particles and one form of 50–μm
particles. The particle size distribution is compared with the pore
size distribution. The volume fraction and the size of the newly
formed pores are also related to the evolution of the thermal con-
ductivity and of the Young’s modulus during the firing process.
Therefore, the study should provide a useful insight into how the
microstructure of fired clay bricks can be controlled by the particle
size distribution of organic additives to improve both the thermal
and mechanical properties.

Materials and Methods

Raw Materials

The clay was extracted from a quarry in the Toulouse area (France).
The lumps of clay were ground into smaller lumps of approximately
3 mm using a rolling mill (LA 1527, Vicentini, Cavazzale, Italy).
The composition, measured via inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) (Ultima 2, Jobin Yvon, Longju-
meau, France), showed a predominance of silicon and aluminum
oxides with smaller concentrations of calcium, iron, and potassium
oxides.

The organic additives consisted of a thermoplastic polymer of
polymethyl methacrylate (PMMA). They were obtained from
Microbeads Company (Skedsmokorset, Norway) in the form of
10- (MB10) and 50–μm (MB50) microbeads. The elemental com-
position that was determined using organic elemental analysis
(Flash 2000, Thermo Fisher Scientific, Waltham, Massachusetts)
is summarized in Table 1. The results show that the MB10 and
MB50 additives had the same composition. They were both com-
posed of organic elements such carbon, oxygen, and hydrogen with
a minor amount of nitrogen.

The heating value of the organic additives was measured using
an oxygen bomb calorimeter (C 6000, IKA, Wilmington, North
Carolina). The measurements were performed under adiabatic
mode with pill samples that were compressed in a press machine.
The lower heating value of the organic additives was estimated by
subtracting the latent heat of vaporization from the results of the
higher heating value. The MB10 and MB50 additives both had a
lower heating value of 23,291 J=g.

The particle size distribution of the organic additives was mea-
sured by laser granulometry analysis using a Malvern Mastersizer
3,000 instrument (Malvern, United Kingdom). The results in Fig. 1
confirm the particle size of the organic additives. The MB10 and
MB50 additives had an average particle size of 10 and 50 μm,
respectively.

Processing of the Clay Ceramic

The clay ceramic was produced from different mixtures of clay
with organic additives and water. The percentage of organic addi-
tives was determined from the results of Korah et al. (2016) to in-
vestigate the impact of the particle size distribution of the organic
additives with yet an optimization of the percentage of addition for
the thermal and the mechanical properties. Hence, the mixtures
were prepared by mixing 10 kg of clay with 6% by weight of or-
ganic additives (MB10 or MB50). Some water was also added to the
mixtures until an 800,000 Pa (8-bar) pressure of extrusion was
obtained. Subsequently, the mixtures were extruded in the form
of blocks with dimensions of 180 × 80 × 18 mm3 for a water con-
tent of 17% by weight. The blocks were dried at temperatures of 25,
65, and 105°C for 24 h. Finally, the different samples were prepared
from the dried blocks using P80, P120, P180, and P280 SiC abrasive
papers (Buehler, Uzwil, Switzerland). Some of the samples were
also fired in a furnace (Controller P320, Nabertherm, Lilienthal,
Germany) at temperatures given in the next sections.

Characterization of the Microstructure

The mass loss and the heat flow of the clay ceramic were deter-
mined using differential thermal analyses (DTA). The unfired
samples were analyzed in the form of 200-mg cylinders with a
Setaram 92 apparatus (Caluire, France). The data were collected
in air atmosphere at temperatures between 30 and 1,100°C using a
5°C=min heating rate.

The deformation was measured as a function of the temperature
using thermomechanical analyses (TMA). The unfired samples
were analyzed as 200-mg cylinders in a Setsys 16/18 instrument
(Setaram, Caluire, France). The data were collected in air atmos-
phere at temperatures between 30 and 1,100°C (5°C=min heating
rate). In fact, the DTA and TMA analyses were performed under the
same conditions to provide an accurate estimate of the bulk density
(Baillez and Nzihou 2004). The bulk density [ρðTÞ] was estimated
from Eq. (1) using the mass loss, the shrinkage, the initial mass
(m0), the initial length (l0), and the initial radius (r0) of the samples

ρðTÞ ¼
m0ð1 −MasslossðTÞÞ

πr20l0ð1 − ShrinkageðTÞÞ3
ð1Þ

The dependence of the pore volume fraction on the firing
temperature [εðTÞ] was estimated from Eq. (2) (Nigay et al. 2017).
The estimates were obtained using the bulk density [ρðTÞ] and the
true density of the particles (ρTrue). The true density of the particles

Table 1. Elemental Composition of the MB10 andMB50 Additives with the
Concentrations in Carbon, Hydrogen, Oxygen, Nitrogen, and Sulfur
Elements

Sample

Concentration (% by weight)

C H O N S

MB10 59.9 7.7 32.2 0.2 0.0
MB50 59.8 7.9 32.1 0.2 0.0

Fig. 1. Particle size distribution of MB10 and MB50 additives



was measured by Helium pycnometer analyses after firing at
1,100°C and grinding to remove the porosity. The value was equal
to 2.72 g=cm3

εðTÞ ¼ 1 − ρðTÞ
ρTrue

ð2Þ

The three-dimensional (3D) representations of the porosity
were obtained by X-ray tomography analysis using a Synchrotron
facility (ESRF Grenoble). The samples were scanned in the form of
200-mg cylinders after firing at a temperature of 950°C.

Determination of the Thermal Conductivity

The thermal conductivity was measured using a Hot Disk AB TPS
2500 system (Gothenburg, Sweden). The measurements were car-
ried out with duplicate samples of 30 × 30 × 5 mm3 after firing at
30, 200, 400, 600, 700, 800, 900, 1,000, and 1,100°C. In this way,
the evolution of the thermal conductivity could be compared to
the evolution of the volume fraction of pores with the firing
temperature.

Determination of the Young’s Modulus and of the
Flexural Strength

The Young’s modulus was measured as a function of the temper-
ature using a resonant frequency analyzer (RFDA HT650, IMCE,
Genk, Belgium) with unfired samples of 60 × 30 × 5 mm3. The
values of the Young’s modulus were calculated from the fundamen-
tal frequency of resonance and the dimensions of the samples. They
could be obtained in a continuous way at temperatures between 30
and 1,050°C.

The flexural strength was also measured using three-point bend-
ing tests after firing at a temperature of 950°C. The measurements
were performed with flexural specimens of 60 × 30 × 5 mm3. The
specimens were loaded in an Instron 5800R machine (Norwood,
Massachusetts) with a 40-mm loading span and a 500-N load cell
at a 1 mm=min displacement rate

σf ¼ 3FMaxL
2BH2

ð3Þ

The flexural strength of the clay ceramic (σf) was estimated from
Eq. (3), where FMax is the maximum force, L is the loading span,
B is the breadth, and H is the height of the samples (ASTM 2010).

Determination of the Energetic Contribution

The energetic contribution of the organic additives was determined
by DTA. The energy released by thermal degradation of the organic
additives was estimated by integration of the exothermic peaks on
the heat flow. The electrical value was transposed in an energetic
value using a calibration with indium, tin, zinc, and aluminum stan-
dards. Furthermore, the energy required by the firing process of
the clay ceramic was estimated by integration of the dehydration,
dehydroxylation, and decarbonation peaks, in addition to the en-
ergy used to reach the temperature of 950°C. The energetic contri-
bution was finally calculated as the quantity of energy released on
the quantity of energy required.

Results

Thermal Behavior of the Clay Ceramic

The heat flow of the clay ceramic is presented in Fig. 2. The results
show that the clay ceramic without organic additives is subjected to

dehydration at temperatures between 30 and 200°C. The release of
interposition water that remained in the pores, along with the re-
lease of hygroscopic water that was absorbed on the clay particles,
involves a 304 J=g absorption of energy. It can be observed that the
clay ceramic is also subjected to dehydroxylation at temperatures
between 450 and 600°C. The modification of the clay minerals,
which is associated with a release of constitution water, involves a
169 J=g absorption of energy. Finally, the results show that the cal-
cium carbonates from the clay mixture are subjected to decarbon-
ation by the end of the firing process. This results in a 157 J=g
adsorption of energy between 650 and 850°C. More details on the
mineralogical transformations of the clay ceramic can be found in
Nigay et al. (2017).

Concurrently, the MB50 additive combusts in the clay ceramic
from 250 to 450°C. The combustion results in a transformation of
the PMMA into water and carbon dioxide. The exothermic reaction
of combustion involves a 1,160 J=g release of energy during the
firing process. It is important to note that this amount of energy,
released in the form of heat, is greater than the amount of energy
that is required by the firing transformations. In fact, the combus-
tion of PMMA occurs on a free range of temperatures. The usual
transformations of the clay are then not affected by the combustion
of MB50 additive. The MB10 additive is subjected to combustion on
the same range of temperature. The combustion of MB10 additive
also leads to a similar 1,143 J=g release of energy. This is due to the
fact that MB10 and MB50 additives have a same composition of
PMMAwith yet a different particle size. The particle size of organic
additives then has no effect on the thermal behavior of the clay
ceramic. In fact, the thermal behavior of the clay ceramic only
depends on the composition of the organic additives.

The mass loss of the clay ceramic is shown in Fig. 3. These
results complete the previous results of the heat flow. In fact, the
water release associated with the dehydration induces a mass loss
of 3% by weight between 30 and 200°C. A mass loss of 2% by
weight also results from the release of constitution water during
the dehydroxylation at temperatures between 450 and 600°C. The
release of carbon dioxide associated with the decarbonation also
leads to a mass loss of 4% by weight between 650 and 850°C.
Therefore, the clay ceramic is subjected to a mass loss of 9%
by weight during the entire process of firing at temperatures up to
950°C.

The results of the mass loss also confirm the previous results
of the thermal behavior of the MB50 additive in the clay ceramic.
In fact, the release of water and carbon dioxide associated with

Fig. 2. Heat flow of the clay ceramic and of the clay ceramic with a 6%
by weight addition of MB10 and MB50 additives



the combustion of the MB50 additive induces a mass loss of 6% by
weight at temperatures between 250 and 450°C. The 6% by weight
loss corresponds to the 6% by weight addition of MB50 in the
clay ceramic. This means that the combustion of PMMA induces
a full elimination of the MB50 additive. The MB50 additive is fully
eliminated as a result of the pure organic nature of PMMA. The
MB10 additive is subjected to a same combustion as the MB50 ad-
ditive during the firing process. The combustion of the MB10

additive also leads to a same mass loss as the combustion of the
MB50 additive. Hence, the particle size of the organic additives has
no effect on the mass loss of the clay ceramic. The mass loss only
depends on the percentage of organic additives along with their
organic fraction.

The deformation of the clay ceramic is shown in Fig. 4. The
results indicate that the clay ceramic without organic additives is
subjected to shrinkage during the dehydration. In fact, the water
release associated with the dehydration results in a 0.1% by volume
shrinkage of the clay ceramic from 30 to 200°C. From 450 to
600°C, the dehydroxylation of the clay minerals induces a 0.1% by
volume expansion of the clay ceramic. A sharp expansion of 0.3%
is also associated with the α → β quartz inversion at around 600°
C. It is important to note that the reverse transformation that occurs
during the cooling induces a formation ofmajor defects with the larger
shrinkage of quartz than clay particles (Tarvornpanich et al. 2008).

Finally, the sintering induces an important shrinkage of the clay
ceramic with the formation of necks between the clay particles.
The shrinkage is still limited to 2% by volume owing to the decarbon-
ation of calcium carbonates at temperatures up to 850°C.

The MB50 additive is subjected to combustion in the clay
ceramic at temperatures between 250 and 450°C. However, the com-
bustion of the MB50 additive does not result in any deformation of
the clay ceramic. The deformation is not affected by the combustion
of the MB10 additive either in this range of temperatures. In fact, the
organic additives only lead to a slight increase of the shrinkage dur-
ing the sintering process. The shrinkage is increased by 0.3% by
volume in the case of a 6% by weight addition of MB50 additives.
Similarly, the 6% by weight addition of MB10 additives induces
a 0.5% by volume increase of the shrinkage. The deformation of
the clay ceramic is then not significantly affected by the particle
size distribution of the organic additives. Furthermore, this slight
increase of the shrinkage occurs at temperatures between 950 and
1,100°C. This means that the organic additives do not induce any
deformation of the clay ceramic at the standard temperature of firing
(i.e., 950°C). Overall, the clay ceramic is only affected by the mass
loss of the organic additives, which depends on the percentage of
addition and their organic fraction.

Microstructure of the Clay Ceramic

The porosity of the clay ceramic is presented in Fig. 5. It can be
observed that the clay ceramic without organic additives has a
volume fraction of pores equal to 24% by volume (bulk density
of 2,061 kg · m−3) prior to firing (i.e., at 30°C). In fact, the air re-
maining in the clay ceramic mixture is trapped in the form of pores
during the extrusion. This porosity also increases with the water
release during the drying process. Moreover, the dehydration of
the clay ceramic induces a 2% by volume formation of porosity
from 30 to 200°C (decrease of the bulk density from 2,061 to
2,011 kg · m−3). The porosity also increases by 2% by volume dur-
ing the dehydroxylation at temperatures between 450 and 600°C
(decrease of the bulk density from 1,996 to 1,955 kg · m−3). The
decarbonation of the calcium carbonates also results in a 3% by
volume formation of porosity between 650 and 850°C (decrease of
the bulk density from 1,943 to 1,876 kg · m−3). In fact, the porosity
only decreases by 2% by volume during the sintering from 850 to
1,100°C (increase of the bulk density from 1,876 to 1,927 kg · m−3).
This means that the clay ceramic conserves a porosity of 30% by
volume (bulk density of 1,902 kg · m−3) after firing at 950°C.

Fig. 3.Mass loss of the clay ceramic and of the clay ceramic with a 6%
by weight addition of MB50 and MB10 additives

Fig. 4. Deformation of the clay ceramic and of the clay ceramic with a
6% by weight addition of MB50 and MB10 additives

Fig. 5. Porosity of the clay ceramic and of the clay ceramic with a 6%
by weight addition of MB50 and MB10 additives



The combustion of the 6% by weight of MB50 additive induces a
6% by volume increase of the porosity (decrease of the bulk density
from 1,928 to 1,814 kg · m−3). It was shown previously that the
combustion of MB50 additive does not induce any deformation of
the clay ceramic. Hence, the porosity formation of the clay ceramic
results from the mass loss of the MB50 additive. The porosity for-
mation occurs on the free range of temperature from 250 to 450°C.
Therefore, the porosity formations associated with the clay trans-
formations are not modified by the porosity formation associated
with the combustion of MB50. It is important to note that the poros-
ity resulting from the combustion of MB50 is added and conserved
up to 1,100°C. This means that the porosity has an additive and
conservative behavior during the entire process of firing. The MB10

additive results in a same formation of porosity because its com-
bustion induces a same mass loss (6% by weight) as the combustion
of MB50 additive. The particle size of the organic additives has
no effect on the porosity of the clay ceramic. The porosity depends
on the mass loss of the organic additives during the firing process.
The percentage of porosity is then controlled by the percentage of
organic additives along with their organic fraction.

The 3D representation of the porosity is presented in Fig. 6. The
clay ceramic without organic additives has a microstructure of clay
with porosity sheets. As shown by Korah et al. (2016), the clay is
compressed in the form of sheets during the extrusion. The air re-
maining in the clay mixture is then compressed as porosity sheets
between the sheets of clay. It is important to note that the porosity
sheets forming during the extrusion are not eliminated by the for-
mation of pores during the firing. The large sheets of porosity that
correspond to major defects are also conserved during the sintering
up to 950°C.

The clay ceramic with a 6% by weight addition of MB50 addi-
tives does not contain any sheets of porosity. In fact, the MB50 ad-
ditive induces an elimination of the porosity sheets soon after the
extrusion process. The small particles of MB50 additive increase the
compression of the clay. Therefore, the air remaining in the clay
mixture is compressed between the sheets of clay in the form of
smaller pores during the extrusion process. The clay ceramic with
a 6% by weight addition of MB50 additive also contains spherical
pores with a 50 μm diameter. The 50–μm diameter of these pores
corresponds to the 50–μm size of the MB50 additive. Hence, these
pores represent the 6% by volume formation of porosity resulting
from the combustion of MB50 additive during the firing process.
The pores associated with the combustion of the organic additive
represent the voids released by their particles in the microstructure.

The clay ceramic with a 6% by weight addition of MB10 addi-
tives does not contain any sheets of porosity. Moreover, the 10–μm
particles of MB10 additive induce a formation of smaller 10–μm
pores than those of MB50 additive. It results in a larger reduction
of the pore size diameter of the clay ceramic after the firing process.
The type of porosity is eventually controlled by the particle size of
the organic additives. On the other hand, the organic fraction of the
additives provides a control of the percentage of porosity.

Thermal Properties of the Clay Ceramic

The dependence of the thermal conductivity on the firing temper-
ature of the clay ceramic is presented in Fig. 7. The results show
that the clay ceramic without organic additives has a thermal con-
ductivity of 1.07 W=m · K prior to firing (i.e., at 30°C). As shown
by Nigay et al. (2017), this value corresponds to a combination
between the high thermal conductivity of the clay and the low ther-
mal conductivity of air in the porosity sheets. The impact of air is
also enhanced in this direction of the thermal gradient of the walls
with the anisotropy of the porosity sheets. The thermal conductivity

decreases by 30% during the firing process of the clay ceramic up
to 850°C. The decrease is associated with the 7% by volume
formation of porosity due to the dehydration, dehydroxylation,
and decarbonation. In fact, the thermal conductivity decreases as
a result of the low thermal conductivity of air in the newly formed
pores. The thermal conductivity only increases with the sintering

Fig. 6. X-ray tomography representation of (a) porosity of the clay
ceramic; clay ceramic with a 6% by weight addition of (b) MB50

additive and (c) MB10 additive



up to 1,100°C. The greater fraction of clay results in a 24% increase
of the thermal conductivity.

The 6% by weight addition of MB50 additive induces an 11%
decrease of the thermal conductivity prior to firing (i.e., at 30°C).
The thermoplastic polymer of PMMA has, in accordance with the
literature, a relatively low thermal conductivity. Hence, the insulat-
ing behavior of MB50 additive decreases the thermal conductivity
of the clay ceramic soon after the extrusion process. The combus-
tion of MB50 additive leads to a 6% by volume increase of the
porosity between 250 and 450°C. However, the newly formed pores
do not induce a significant decrease of the thermal conductivity.
The thermal conductivity of air in the newly formed pores is equiv-
alent to that of the PMMA. The impact of the porosity on the ther-
mal conductivity of the clay ceramic is then all provided during the
extrusion process. But, the transformation of MB50 additive into
porosity allows a conservation of the initial decrease of the thermal
conductivity. The porosity has indeed an additive and a conserva-
tive behavior on the entire process of firing. The 11% decrease of
the thermal conductivity during the extrusion process is then con-
served during the firing process up to 1,100°C.

The 6% by weight addition of MB10 additive results in a same
decrease of the thermal conductivity as that of MB50 additive dur-
ing the extrusion. The combustion of the MB10 additive also results
in a same conservation of the initial decrease in the thermal con-
ductivity during the firing. This means that the particle size of the
organic additives has no effect on the thermal conductivity. The
thermal conductivity of the clay ceramic is related to the percentage
of porosity after firing. Therefore, the thermal conductivity is con-
trolled by the percentage of organic additives along with their
organic fraction.

Mechanical Properties of the Clay Ceramic

The dependence of the Young’s modulus on the firing temperature
of the clay ceramic is shown in Fig. 8. The results indicate that the
clay ceramic without organic additives has a Young’s modulus of
7.5 GPa prior to firing (i.e., at 30°C). This value results from the
formation of clay sheets during the extrusion. However, it is also
minimized by the large sheets of porosity which are acting as de-
fects. The firing process does not induce a significant decrease of
the Young’s modulus at temperatures between 30 and 850°C. The
dehydration, dehydroxylation and decarbonation leads to a porosity
formation of 7% by volume in this range of temperatures. But, the
pores associated with the firing transformations are smaller than the

large porosity sheets from the extrusion. This result suggests that a
formation of smaller pores than the defects of the microstructure
allows a conservation of the Young’s modulus. On the other hand,
the densification results in a 110% increase of the Young’s modulus
between 850 and 1,050°C. This means that the Young’s modulus
only decreases with the β → α quartz inversion during the cooling.

The 6% by weight addition of MB50 additive induces a 23%
increase of the Young’s modulus prior to firing (i.e., at 30°C).
The thermoplastic polymer of PMMA has no significant stiffness
compared with the clay. However, the small particles of MB50 ad-
ditive reduce the pore size diameter of the clay ceramic. Hence, the
smaller pores resulting from the extrusion have a lower impact on
the Young’s modulus. The Young’s modulus is then increased by
the MB50 additive soon after the extrusion. The combustion of the
MB50 additive also leads to a 6% by volume formation of porosity
during the firing process. But, the transformation of the MB50 ad-
ditive into pores does not decrease the Young’s modulus. The
Young’s modulus is not decreased because the stiffness of the pores
is equivalent to that of PMMA. The impact of the newly formed
pores on the Young’s modulus is then all provided during the ex-
trusion process. However, the transformation of MB50 additive into
porosity allows a conservation of the initial increase of the Young’s
modulus. The porosity has indeed an additive and a conservative
behavior on the entire process of firing. The 23% increase of the
Young’s modulus during the extrusion process is then conserved
during heating and cooling.

The 6% by weight addition of MB10 additive also results in an
increase of the Young’s modulus soon after extrusion. However, the
MB10 additive induces a greater increase of 34% due to a smaller
10–μm size of the particles. This means that the particle size of the
organic additives has a major impact on the Young’s modulus. In
fact, the Young’s modulus depends on the percentage and the size
of the pores after the firing process. The Young’s modulus is then
controlled by the percentage of organic additives along with their
particle size distribution.

The flexural strengths of the clay ceramic after firing at 950°C
are given in Table 2. The results confirm the impact of the particle
size of the organic additives on the Young’s modulus. The 50–μm
particles of the MB50 additives induce a 26% increase of the flexu-
ral strength using a 6% by weight addition. The clay ceramic with a
6% by weight addition of MB50 additives has then a flexural
strength of 15.4 MPa after the firing process. On the other hand,
the 6% by weight addition of MB10 additive with smaller particles
of 10 μm results in a greater increase of the flexural strength by

Fig. 7. Dependence of the thermal conductivity on the firing tempera-
ture of the clay ceramic and of the clay ceramic with a 6% by weight
addition of MB50 and MB10 additives

Fig. 8. Dependence of the Young’s modulus on the firing temperature
of the clay ceramic and of the clay ceramic with a 6% by weight addi-
tion of MB50 and MB10 additives



33%. The clay ceramic then has a flexural strength of 16.2 MPa
using a 6% by weight addition of MB10 additive.

Energy Balance of the Clay Ceramic

The energy balance of the clay ceramic is given in Table 3. The
results indicate a 1,144 J=g release of energy for a 6% by weight
addition of MB10 additive. This value corresponds to the amount of
heat that is released by the combustion of PMMA during the firing
process. In fact, it is equal to the lower heating value of the PMMA
sample (i.e., 23,291 J=g) weighted by its percentage of addition
(i.e., 6% by weight) in the clay ceramic. This means that the entire
amount of energy from PMMA is released during the firing pro-
cess. The MB50 additive has a same pure organic nature as the
MB10 additive. Hence, the 6% by weight addition of MB50 additive
induces a same release of 1,160 J=g. The amount of energy re-
leased during the firing process is then related to the percentage of
organic additive along with their organic fraction.

The firing process of the clay ceramic involves 1,550 J=g of
energy. This value corresponds to the amount of energy required
to reach the firing temperature of 950°C, in addition to the amount
of energy absorbed by the clay transformations. The increase of the
temperature from 30 to 950°C requires 920 J=g of energy. On the
other hand, 630 J=g of energy is absorbed by the dehydration,
dehydroxylation, and decarbonation reactions at temperatures up
to 950°C. The combustion of MB10 and MB50 additives does
not induce any modification of the clay transformations. Therefore,
the firing process of the clay ceramic with organic additives also
requires 1,550 J=g of energy.

The amount of energy released by the combustion of MB10 ad-
ditive covers 73.8% of the amount of energy required by the firing
process. The MB50 additive provides a same energetic contribution
of 74.8%. Therefore, the particle size of the organic additives has
no apparent effect on the energetic contribution. The energetic con-
tribution is related to the percentage of organic additive with their
organic fraction. A greater addition of such pure organic additives
could cover the entire amount of energy required by the firing pro-
cess. This means that the use of small organic additives as pore-
forming agents in clay ceramics can provide both an improvement
of the thermal/mechanical properties and extensive energy savings.

Implications

The implications of this research are significant in the field of build-
ing materials. The building materials, such as fired clay bricks, are

used for their thermal and mechanical properties. The literature has
shown an improvement of the thermal properties using organic
wastes as pore-forming agents. The thermal conductivity of the
fired clay bricks decreased by 18 (Aouba et al. 2016) up to
51% (Kadir and Mohajerani 2011) with a 5% by weight addition
of olive stone flour or cigarette butts. However, the improvement of
the thermal properties was associated with a decrease in the
mechanical properties. The compressive strength of the bricks with
a 5% by weight addition of olive stone flour or cigarette butts
decreased by 31 up to 80%.

In this study, the thermal and mechanical properties of a clay
ceramic used for building applications were improved at the same
time using organic additives with a small particle size. The 6% by
weight addition of small organic additives decreased the thermal
conductivity by 11%. This decrease in the thermal conductivity is
slightly lower than that obtained in the literature (18–51%). Never-
theless, it was associated with a 33% increase of the flexural
strength. This improvement of the mechanical properties is a step
forward compared with the different losses that are observed in the
literature (30–80%). In fact, it suggests that the thermal and
mechanical properties of fired clay bricks can be improved by the
addition of many organic wastes using a preliminary reduction of
their particle size.

The amount of energy that was released by the combustion of
the organic additives also covered 73.8% of the amount of energy
required by the firing. Therefore, the use of small organic additives
as pore-forming agents provides an improvement of the perfor-
mances as well as energy savings in the clay bricks industry. This
reduces greenhouse gases emissions and contributes toward the ob-
jectives of reducing the impact of building materials on the global
environment.

Conclusions

This research investigated the impact of the particle size distribu-
tion of organic additives on the microstructure of a clay ceramic and
its thermal and mechanical properties. The impact of the particle
size distribution was elucidated by the addition of a thermoplastic
polymer in one form of 10–μm particles and one form of 50–μm
particles. In fact, the organic additives were subjected to combus-
tion during firing of the clay ceramic. The combustion occurred on
a free range of temperatures between 250 and 450°C. The reactions
of the clay were then not modified by the combustion of the organic
additives.

The transformation of the organic additives into water and car-
bon dioxide resulted in a porosity formation. The porosity was con-
served during the firing process up to 950°C. Moreover, the pore
size diameter of the clay ceramic corresponded to the particle size
distribution of the organic additives. The impact of the organic ad-
ditives on the thermal and mechanical properties of the clay ceramic
was then conserved in the form of porosity after firing.

The 10- and 50–μm pores resulting from the combustion of
the organic additives induced a same decrease in the thermal con-
ductivity. In fact, the thermal conductivity depended on the percent-
age of porosity. The thermal conductivity was then controlled by
the percentage of organic additives along with their organic frac-
tion. However, the 10–μm pores induced a greater increase of the
Young’s modulus and of the flexural strength than the 50–μm pores.
In fact, the Young’s modulus and the flexural strength depended
on the percentage of porosity as well as the pore size diameter. The
mechanical properties were then controlled by the percentage of
organic additives along with their organic fraction and their particle
size.

Table 3. Energy Balance of the Clay Ceramic with a 6% by Weight
Addition of MB50 and MB10 Additives

Samples

Energy
released
(J=g)

Energy
required
(J=g)

Contribution
(%)

Clayþ 6% by weight MB10 1,144 1,550 73.8
Clayþ 6% by weight MB50 1,160 1,550 74.8

Table 2. Flexural Strength of the Clay Ceramic and of the Clay Ceramic
with a 6% by Weight Addition of MB50 and MB10 Additives

Samples Flexural strength (MPa)

Clay ceramic 12.2% 0.2
Clayþ 6% by weight MB10 15.4% 0.2
Clayþ 6% by weight MB50 16.2% 0.1
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