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1  |  INTRODUCTION

At DLR, the development of carbon fiber reinforced carbon- 
silicon carbide (C/C- SiC) materials based on the Liquid 
Silicon Infiltration (LSI) process started in 1988 and was ini-
tiated and consistently driven forward by Walter Krenkel and 
Richard Kochendörfer and their team.1

Due to the use of low- cost raw materials and short man-
ufacturing cycles, the LSI method is representing a robust 
and economic alternative to Chemical Vapour Infiltration 
and Polymer Infiltration and Pyrolysis processes. LSI- based 
C/C- SiC and C/SiC are widely used for brake discs and fric-
tion pads in automotive and industrial applications, currently 

representing the most important market for C fiber- based ce-
ramic matrix composites.

From the beginning, the development at DLR was not only 
focused on the basics of materials and manufacturing pro-
cesses, but also on the development of structural parts with 
complex shapes and large geometries. Thereby, lightweight 
structures like air intake ramps for aeroengines2 or nose caps 
for thermal protection systems of re- entry spacecraft,3,4 as 
well as high performance brake discs for automobiles and 
trains, were in the focus.5 Highly complex structures could 
be realized by the upscaling of the manufacturing methods 
for small sample plates to large 3D- shaped shells of up to 
740 × 640 × 170 mm3, as well as by the development of a 
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Abstract
Carbon fiber reinforced carbon- silicon carbide (C/C- SiC) sandwich structures have 
been developed using the Liquid Silicon Infiltration process and the in situ joining 
method. They offer high mass- specific stiffness, low thermal expansion, and high 
environmental stability. Potential application areas are highly precise satellite struc-
tures, like optical benches. In this study, sandwich samples were manufactured using 
prepregs based on 2D carbon fibre fabrics and a phenolic resin precursor. Carbon 
fibre reinforced polymer preforms for folded and grid- cores, as well as for the skin 
panels were manufactured using autoclave technique. In the second step, the sand-
wich components were pyrolyzed, leading to C/C preforms. For the build- up of the 
sandwich samples, two skin panels were joined to a core structure and subsequently, 
the resulting C/C sandwich preform was siliconized. C/C- SiC sandwich samples were 
tested under shear load. Shear strength, modulus, and fracture strain were determined 
and compared to the results obtained by analytical calculation. The shear properties 
were dependent on the fiber orientation in the core structure as well as on the core 
type and orientation. The sandwich shear stiffness obtained in the tests was close to 
the expected theoretical values, calculated on the basis of the material properties and 
the core geometry.
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behavior and the ceramic properties of these clays particu-
larly in the Sejnène region, northwest Tunisia. According to 
the chemical composition, these clayey materials are charac-
terized by high iron contents whose the effect on the color 
of the ceramic materials is well known, and the attendance 
of fluxing agents as alkali and alkaline earth elements which 
are necessary for low temperatures firing. Mineralogically, 
considered materials consist entirely of kaolinite rich clays 
containing impurities, mostly illite, calcite, feldspar, and 
iron, which serve as fluxing agents to improve densification 
at low temperature  3- 6   and appeared helpful in improving the 
physical and mechanical properties of the manufactured ce-
ramic materials. 

 These materials can be used for ceramic production that 
they have appropriate chemical and mineralogical composi-
tions composed of kaolinite and illite often contain various 
impurities including SiO 2 , CaO, Fe 2 O 3 , and alkali, certainly 
that are advantageous for its workability, moulding, drying 
behavior, firing behavior, and quality of the ceramic prod-
ucts like mechanical strength and porosity.  3   Thus, study of 
the suitability of these clayey materials to produce ceramic 
products with low porosity and high mechanical performance 
intended for applications for stoneware production is funda-
mentally important for the development of the ceramic sec-
tor in Tunisia and the raw material supply for building and 
construction. Depending on their mechanical and physical 
properties, utilization of the manufactured ceramic materi-
als is suggested for various applications and they are mainly 
designed as building materials such as fired bricks, roof tiles, 
pavements, wall, and floor tiles. 

 The present study aims to characterize some clayey materi-
als collected from the Zouza member, located in the far north, 
Tunisia. The starting clayey materials were subjected to phys-
ical, chemical, and mineralogical analyses, followed by the 
investigation of their thermal and firing behaviors. Finally, the 
mechanical and physical properties of the manufactured ce-
ramic bodies were characterized in order to evaluate their po-
tential suitability as raw materials for ceramic tiles production. 
The effect of some impurities like CaO and Fe 2 O 3  containing 
clayey materials on their thermal and firing behavior was in-
vestigated with the attitude to follow the mineralogical trans-
formations and the development of crystalline phases, which 
control densification of ceramic bodies and subsequently in-
fluence their physical and mechanical properties.  

   2  |   MATERIALS AND METHODS 

   2.1 |  Raw materials 

 The raw materials used in this study were argillites, obtained 
from Zouza member in far north of Tunisia. These raw ma-
terials were all recognized as rich in kaolinite with illite 

and quartz. It consists of a thick clayey formation of Upper 
Oligocene- Lower Miocene age affiliated with the Numidian 
Flysch  1   and exposed over large areas (Figure  1 ). It is char-
acterized by its large outcrops of argillites and shales, lo-
cally encrusted with fine sediments, interspersed with sand 
and sandstone levels. This series extends for about 20  km 
from west to east and is well represented in Zouza region 
with an average thickness of 200 m. This clayey formation 
is organized into four large sequences. The lower clays (Sa1) 
are gray, low- plastic clays, rich in kaolinite, admitting some 
sandstone levels, identified in Sèjnene locality and known as 
potters '  clays. The overlying clays (Sa2), recognized as silty 
gray- green, moderately plastic clays, formed by a kaolinite- 
illite association. The middle clays (Sa3) are silty, green plas-
tic clays, rich in kaolinite and illite as majors clay minerals. 
The upper clays (Sa4) identified in Nefza locality and known 
as hardened clays and are green low- plastic clays with illite 
abundance in addition to kaolinite. All of these clays often 
contain various impurities including iron, earth alkali primar-
ily CaO, and alkali mainly K 2 O, which have great effect on 
the firing properties of the ceramic materials. A representa-
tive sampling throughout the clay formation was carried out 
using a manual shovel at 0.5 m deep in order to extract an 
unaltered sample and collected samples were listed as Sa1, 
Sa2, Sa3, and Sa4. This sampling consists of taking a suf-
ficient quantity of clays (about 10 kg) whose properties cor-
respond as closely as possible to the average properties of 
the whole clay series. Sufficient quantity (about 5 kg) of clay 
for each batch of samples were prepared after crushing and 
sieved over a 1000 μm sieve and kept in Kraft ' s bags prior to 
their use for ceramic pastes preparation. About 100 g of each 
sample was taken to undergo chemical, mineralogical, and 
thermal analyzes. Therefore, ceramic pastes were prepared 
and then fired at different temperatures ranging from 900°C 
to 1100°C. Emphasis was put on the investigation of firing 
behavior and the physical and mechanical properties such as 
firing shrinkage, water absorption, and flexural strength as 
function of the temperature was determined.   

   2.2 |  Methods of characterization 

 X- ray diffraction (XRD) of raw and fired clays was recorded 
using a PANalytical X ' Pert Pro powder diffractometer type 
Philips equipment with Cu Kα radiation. The analyses were 
performed on bulk sample (powder) from 5° to 70° on a 2 θ  
scale and on clay fraction (<2 μm) from 5° to 30° on a 2 θ  
scale. The identification of clay minerals was made accord-
ing to the oriented clay aggregates method (air drying, eth-
ylene glycol saturation and heating at 550°C for 2 h). The 
relative content of clay minerals in the clay fraction was 
conducted using a semi- quantitative estimation. The error 
made on this percentage is about 5%– 10%.The mineral phase 
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tailored in situ joining technology.6 In addition to parts for 
high temperature applications, high precision C/C- SiC tele-
scope structures, offering very low coefficient of thermal 
expansion (CTE) and high geometrical and environmental 
stability in space, have been developed and were successfully 
tested in orbit.7– 9

On the basis of this heritage, novel C/C- SiC sandwich 
structures have been developed in the past years. Thereby, 
the sandwich design principle was combined with the cost- 
effective LSI manufacturing method. The primary aim 
of this development are lightweight structures for optical 
benches in space applications. Compared to state- of- the- 
art materials, like SiC, Zerodur or carbon fibre reinforced 
polymer (CFRP), the main advantage of C/C- SiC lies in the 
combination of low density (ρ = 1.9 g/cm³), very low and 
tailorable CTE, and a quasiductile fracture behavior. Due to 
the fact that no polymers are existent in C/C- SiC materials 
and in the joining of the C/C- SiC sandwich structure, no 
swelling in humidity or outgassing in vacuum is observed, in 
contrast to sandwich structures based on CFRP. Therefore, 
highly precise C/C- SiC sandwich parts can be realized, en-
abling optical set- ups with extreme positioning accuracy. 
Additionally, mirror blinding caused by outgassing of ma-
terials in the extreme vacuum of the space environment is 
eliminated. Taken as a whole, thin walled, lightweight sand-
wich structures can be obtained with high mass- specific 
stiffness and geometrical stability, not influenced by tem-
perature changes or moisture, offering a high potential for 
the application in optical structures on satellites.

At DLR, C/C- SiC sandwich structures based on different 
C/C- SiC core types (folded, grid, honeycomb), could be real-
ized by adapting the LSI process parameters for the manufac-
ture of thin- walled core materials and for the in situ joining of 
filigree cores to the skin panels. Bending samples of different 
size scales (300 × 50 × 13 mm³, 590 × 100 × 70 mm³) and core 
types have been manufactured and characterized,10,11 demon-
strating reasonable and predictable mechanical performance, 
and a high potential for the upscaling of the C/C- SiC sand-
wich technology to large sized structures, like optical benches. 

Thereby, no size limits with respect to the LSI process are ex-
pected, apart from the geometry of the available furnaces.

Sandwich structures with CFRP skin panels and core 
structures based on polymer foam or aramid paper honey-
comb structures, as well as on grid- cores based on bi-  or mul-
tidirectional assembled CFRP webs12,13 are well known. For 
high temperature applications in sintering furnaces, sandwich 
structures made of monolithic ceramics14,15 like alumina and 
cordierite, are used for charging carriers. They offer high 
loading capacities at low masses, and finally enable short 
process cycles for heating up and cooling down, as well as 
reduced energy consumption.

In this work, the shear properties of C/C- SiC sandwich 
structures were determined on samples based on different 
core types, in order to build up a fundamental understand-
ing of the mechanical behaviour of these new core materials, 
and to provide test data for the evaluation of modelling and 
simulation methods for the ongoing development of reliable 
C/C- SiC sandwich structures.

2 |  SAMPLE MANUFACTURE

Six different variants of C/C- SiC sandwich samples 
(l × b × h = 72 × 48 × 15 mm³; c = 13 mm) based on different 
fold and grid- cores were manufactured (Figure 1; Table 1).

In the first step, flat CFRP plates (330  ×  300  ×  t  mm³; 
t = 0.3 and 1 mm) were produced using a resin preimpregnated 
fabric (prepreg) based on a phenolic resin precursor, named JK 
60 at DLR, and a 2D carbon fiber fabric (Toho Tenax HTA40, 
3K, twill weave, 245 g/m²) as raw material. For the skin panels 
(t = 1 mm), three prepreg layers were cut to size and stacked 
together. The core plates were manufactured with one single 
prepreg layer (tc = 0.3 mm). The prepreg lay- up, as well as 
the single prepreg layer, were densified and cured by autoclave 
technique (pmax. = 0.8 MPa, Tmax. = 195°C for 1.5 h).

For the manufacture of the CFRP foldcore, one sheet of 
prepreg was placed in between two release tapes and man-
ually folded step by step, using a foldable master plate.16 

F I G U R E  1  Schematic view and 
nomenclature of sandwich samples with fold 
(A) and grid- core (B)
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behavior and the ceramic properties of these clays particu-
larly in the Sejnène region, northwest Tunisia. According to 
the chemical composition, these clayey materials are charac-
terized by high iron contents whose the effect on the color 
of the ceramic materials is well known, and the attendance 
of fluxing agents as alkali and alkaline earth elements which 
are necessary for low temperatures firing. Mineralogically, 
considered materials consist entirely of kaolinite rich clays 
containing impurities, mostly illite, calcite, feldspar, and 
iron, which serve as fluxing agents to improve densification 
at low temperature  3- 6   and appeared helpful in improving the 
physical and mechanical properties of the manufactured ce-
ramic materials. 

 These materials can be used for ceramic production that 
they have appropriate chemical and mineralogical composi-
tions composed of kaolinite and illite often contain various 
impurities including SiO 2 , CaO, Fe 2 O 3 , and alkali, certainly 
that are advantageous for its workability, moulding, drying 
behavior, firing behavior, and quality of the ceramic prod-
ucts like mechanical strength and porosity.  3   Thus, study of 
the suitability of these clayey materials to produce ceramic 
products with low porosity and high mechanical performance 
intended for applications for stoneware production is funda-
mentally important for the development of the ceramic sec-
tor in Tunisia and the raw material supply for building and 
construction. Depending on their mechanical and physical 
properties, utilization of the manufactured ceramic materi-
als is suggested for various applications and they are mainly 
designed as building materials such as fired bricks, roof tiles, 
pavements, wall, and floor tiles. 

 The present study aims to characterize some clayey materi-
als collected from the Zouza member, located in the far north, 
Tunisia. The starting clayey materials were subjected to phys-
ical, chemical, and mineralogical analyses, followed by the 
investigation of their thermal and firing behaviors. Finally, the 
mechanical and physical properties of the manufactured ce-
ramic bodies were characterized in order to evaluate their po-
tential suitability as raw materials for ceramic tiles production. 
The effect of some impurities like CaO and Fe 2 O 3  containing 
clayey materials on their thermal and firing behavior was in-
vestigated with the attitude to follow the mineralogical trans-
formations and the development of crystalline phases, which 
control densification of ceramic bodies and subsequently in-
fluence their physical and mechanical properties.  

   2  |   MATERIALS AND METHODS 

   2.1 |  Raw materials 

 The raw materials used in this study were argillites, obtained 
from Zouza member in far north of Tunisia. These raw ma-
terials were all recognized as rich in kaolinite with illite 

and quartz. It consists of a thick clayey formation of Upper 
Oligocene- Lower Miocene age affiliated with the Numidian 
Flysch  1   and exposed over large areas (Figure  1 ). It is char-
acterized by its large outcrops of argillites and shales, lo-
cally encrusted with fine sediments, interspersed with sand 
and sandstone levels. This series extends for about 20  km 
from west to east and is well represented in Zouza region 
with an average thickness of 200 m. This clayey formation 
is organized into four large sequences. The lower clays (Sa1) 
are gray, low- plastic clays, rich in kaolinite, admitting some 
sandstone levels, identified in Sèjnene locality and known as 
potters '  clays. The overlying clays (Sa2), recognized as silty 
gray- green, moderately plastic clays, formed by a kaolinite- 
illite association. The middle clays (Sa3) are silty, green plas-
tic clays, rich in kaolinite and illite as majors clay minerals. 
The upper clays (Sa4) identified in Nefza locality and known 
as hardened clays and are green low- plastic clays with illite 
abundance in addition to kaolinite. All of these clays often 
contain various impurities including iron, earth alkali primar-
ily CaO, and alkali mainly K 2 O, which have great effect on 
the firing properties of the ceramic materials. A representa-
tive sampling throughout the clay formation was carried out 
using a manual shovel at 0.5 m deep in order to extract an 
unaltered sample and collected samples were listed as Sa1, 
Sa2, Sa3, and Sa4. This sampling consists of taking a suf-
ficient quantity of clays (about 10 kg) whose properties cor-
respond as closely as possible to the average properties of 
the whole clay series. Sufficient quantity (about 5 kg) of clay 
for each batch of samples were prepared after crushing and 
sieved over a 1000 μm sieve and kept in Kraft ' s bags prior to 
their use for ceramic pastes preparation. About 100 g of each 
sample was taken to undergo chemical, mineralogical, and 
thermal analyzes. Therefore, ceramic pastes were prepared 
and then fired at different temperatures ranging from 900°C 
to 1100°C. Emphasis was put on the investigation of firing 
behavior and the physical and mechanical properties such as 
firing shrinkage, water absorption, and flexural strength as 
function of the temperature was determined.   

   2.2 |  Methods of characterization 

 X- ray diffraction (XRD) of raw and fired clays was recorded 
using a PANalytical X ' Pert Pro powder diffractometer type 
Philips equipment with Cu Kα radiation. The analyses were 
performed on bulk sample (powder) from 5° to 70° on a 2 θ  
scale and on clay fraction (<2 μm) from 5° to 30° on a 2 θ  
scale. The identification of clay minerals was made accord-
ing to the oriented clay aggregates method (air drying, eth-
ylene glycol saturation and heating at 550°C for 2 h). The 
relative content of clay minerals in the clay fraction was 
conducted using a semi- quantitative estimation. The error 
made on this percentage is about 5%– 10%.The mineral phase 
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For final forming, the layup was put in a precise, 3D milled 
mould. After closing the mould, the layup was densified to a 
defined thickness by applying a uniform pressure of 5.8 kPa, 
and the prepreg was cured in a furnace (Tmax.  =  220°C, 
4.5 h). Two types of foldcores (300 × 300 × 13 mm³) were 
manufactured, with the fibres oriented in 0°/90° and in 
±45°, respectively. Therefore, the prepreg sheets were cut to 
size with appropriate fiber orientation before folding.

In the second step, the CFRP plates and fold- cores were 
pyrolyzed at Tmax.  =  1650°C in inert nitrogen atmosphere 
at ambient pressure. Thereby, the polymer matrix was con-
verted to a carbon matrix, resulting in a porous C/C preform.

Skin panels (300 × 300 × 1 and 72 × 48 × 1 mm³) were cut 
out of the C/C- plates using a diamond coated saw blade. For 
the longitudinal and transverse webs of the grid- cores, C/C 
strips (c = 13 mm; l = 72/48 mm) were cut out with a pulsed 
fibre laser, offering an average power of 20 W (v = 500 mm/s, 
50 cycles; pulse: 26 500 Hz, 200 ns) by Laseric, Stuttgart, 
now Weinheim. Overall cutting velocity of 10 mm/s was ob-
tained, and a set of 10 strips, needed for the assembly of one 
sample core, could be cut in less than 5 min. By laser cut-
ting, highly accurate strip width as well as joining slits with 
a defined width (0.31 mm), spacing (w = 12 mm) and length 
(l = 0.5 c + 0.1 mm) could be realized. Equidistant slits and 
close tolerances were mandatory for the subsequent assembly 
of the strips to the C/C grid- core (Figure 1 ). In order to inves-
tigate the influence of the fibre orientation in the grid- core, 
the web strips were cut out in parallel to the fibres, and at an 
angle of 45°, leading to grid- cores with the fibres oriented in 
0°/90° (G0) and in ±45° (G45).

For the joining of the C/C core and the skin panels, a join-
ing paste, consisting of JK 60 and a defined content of carbon 
powder (Timrex® PC 40- OC; Timcal), was used. A certain 
amount of joining paste was applied homogeneously by dip-
ping the core into a layer of joining paste with defined thick-
ness. Subsequently, the core was placed onto the first skin 
panel and the joining paste was cured at Tmax. = 220°C/4 h.

After joining the second skin panel, using the same 
process, the resulting C/C sandwich structure was silicon-
ized at Tmax. = 1650°C in vacuum (p ≤ 2 mbar). Thereby, a 

homogeneous layer of silicon (Si) granulate was placed on 
top of the sandwich. At a temperature of about 1425°C, the Si 
granulate melted, and homogeneously infiltrated the micro-
crack system of the C/C structure and the joints by capillary 
forces. In parallel to the infiltration, SiC matrix was built up 
by a chemical reaction of Si and C at the contact surfaces of 
the microcracks, finally leading to a dense C/C- SiC material 
and a permanently jointed C/C- SiC sandwich structure. The 
multiphase C/C- SiC material is characterized by a typical 
composition of about 75– 80 vol.% of carbon fiber and matrix 
and 15– 20 vol.- % SiC. Residual Si and open porosity is about 
1– 3 and 1– 4 vol.- %, respectively.

The fold- core samples were cut out of the C/C- SiC sand-
wich panels (300 × 300 × 15 mm³) in W and L- orientation.

3 |  SAMPLE TESTING

The sandwich samples were tested by compression, using a 
compression- loaded double- lap shear test (Figure 3), inspired 
by ASTM C273 and EN 12090, and an universal testing ma-
chine (Zwick/Roell Z100).

Displacement values were determined by using standard 
travel values, corrected by a calibration curve, which was de-
termined by testing a setup of glued Al plates without sand-
wich samples.

Shear stress τ and fracture or ultimate shear stress τu of the 
sandwich samples were calculated using Equation (1):

where F and Fu is the force and ultimate force at fracture, and 
b and l is the width and length of the sandwich sample, respec-
tively (Figure 1). Shear strain γ und ultimate shear strain γu were 
calculated by using Equation (2), taking into account small dis-
placements f, fu and the core height c.

(1)� =

F

2
⋅

1

b ⋅ l
; �u =

Fu

2
⋅

1

b ⋅ l
,

(2)tan� = � =
f

c
; �u =

fu

c
.

F0L F45L F0W F45W G0 G45

Core type Fold core Grid core

Fibre orientation in 
web

0°/90° ±45° 0°/90° ±45° 0°/90° ±45°

Core orientation 
(Figures 2 and 3)

L L W W — — 

Cell width, w (mm) 16 12

Core density, ρc (kg/
m³)

90 74.1

Number of samples, n 4 4 3 3 3 3

T A B L E  1  Overview of tested sandwich 
samples

 17447402, 2022, 1, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/ijac.13818 by D
tsch Z

entrum
 F. L

uft-U
. R

aum
 Fahrt In D

. H
elm

holtz G
em

ein., W
iley O

nline L
ibrary on [26/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



HEIDENREICH et al. 572 |   CHALOUATI ET AL.

behavior and the ceramic properties of these clays particu-
larly in the Sejnène region, northwest Tunisia. According to 
the chemical composition, these clayey materials are charac-
terized by high iron contents whose the effect on the color 
of the ceramic materials is well known, and the attendance 
of fluxing agents as alkali and alkaline earth elements which 
are necessary for low temperatures firing. Mineralogically, 
considered materials consist entirely of kaolinite rich clays 
containing impurities, mostly illite, calcite, feldspar, and 
iron, which serve as fluxing agents to improve densification 
at low temperature  3- 6   and appeared helpful in improving the 
physical and mechanical properties of the manufactured ce-
ramic materials. 

 These materials can be used for ceramic production that 
they have appropriate chemical and mineralogical composi-
tions composed of kaolinite and illite often contain various 
impurities including SiO 2 , CaO, Fe 2 O 3 , and alkali, certainly 
that are advantageous for its workability, moulding, drying 
behavior, firing behavior, and quality of the ceramic prod-
ucts like mechanical strength and porosity.  3   Thus, study of 
the suitability of these clayey materials to produce ceramic 
products with low porosity and high mechanical performance 
intended for applications for stoneware production is funda-
mentally important for the development of the ceramic sec-
tor in Tunisia and the raw material supply for building and 
construction. Depending on their mechanical and physical 
properties, utilization of the manufactured ceramic materi-
als is suggested for various applications and they are mainly 
designed as building materials such as fired bricks, roof tiles, 
pavements, wall, and floor tiles. 

 The present study aims to characterize some clayey materi-
als collected from the Zouza member, located in the far north, 
Tunisia. The starting clayey materials were subjected to phys-
ical, chemical, and mineralogical analyses, followed by the 
investigation of their thermal and firing behaviors. Finally, the 
mechanical and physical properties of the manufactured ce-
ramic bodies were characterized in order to evaluate their po-
tential suitability as raw materials for ceramic tiles production. 
The effect of some impurities like CaO and Fe 2 O 3  containing 
clayey materials on their thermal and firing behavior was in-
vestigated with the attitude to follow the mineralogical trans-
formations and the development of crystalline phases, which 
control densification of ceramic bodies and subsequently in-
fluence their physical and mechanical properties.  

   2  |   MATERIALS AND METHODS 

   2.1 |  Raw materials 

 The raw materials used in this study were argillites, obtained 
from Zouza member in far north of Tunisia. These raw ma-
terials were all recognized as rich in kaolinite with illite 

and quartz. It consists of a thick clayey formation of Upper 
Oligocene- Lower Miocene age affiliated with the Numidian 
Flysch  1   and exposed over large areas (Figure  1 ). It is char-
acterized by its large outcrops of argillites and shales, lo-
cally encrusted with fine sediments, interspersed with sand 
and sandstone levels. This series extends for about 20  km 
from west to east and is well represented in Zouza region 
with an average thickness of 200 m. This clayey formation 
is organized into four large sequences. The lower clays (Sa1) 
are gray, low- plastic clays, rich in kaolinite, admitting some 
sandstone levels, identified in Sèjnene locality and known as 
potters '  clays. The overlying clays (Sa2), recognized as silty 
gray- green, moderately plastic clays, formed by a kaolinite- 
illite association. The middle clays (Sa3) are silty, green plas-
tic clays, rich in kaolinite and illite as majors clay minerals. 
The upper clays (Sa4) identified in Nefza locality and known 
as hardened clays and are green low- plastic clays with illite 
abundance in addition to kaolinite. All of these clays often 
contain various impurities including iron, earth alkali primar-
ily CaO, and alkali mainly K 2 O, which have great effect on 
the firing properties of the ceramic materials. A representa-
tive sampling throughout the clay formation was carried out 
using a manual shovel at 0.5 m deep in order to extract an 
unaltered sample and collected samples were listed as Sa1, 
Sa2, Sa3, and Sa4. This sampling consists of taking a suf-
ficient quantity of clays (about 10 kg) whose properties cor-
respond as closely as possible to the average properties of 
the whole clay series. Sufficient quantity (about 5 kg) of clay 
for each batch of samples were prepared after crushing and 
sieved over a 1000 μm sieve and kept in Kraft ' s bags prior to 
their use for ceramic pastes preparation. About 100 g of each 
sample was taken to undergo chemical, mineralogical, and 
thermal analyzes. Therefore, ceramic pastes were prepared 
and then fired at different temperatures ranging from 900°C 
to 1100°C. Emphasis was put on the investigation of firing 
behavior and the physical and mechanical properties such as 
firing shrinkage, water absorption, and flexural strength as 
function of the temperature was determined.   

   2.2 |  Methods of characterization 

 X- ray diffraction (XRD) of raw and fired clays was recorded 
using a PANalytical X ' Pert Pro powder diffractometer type 
Philips equipment with Cu Kα radiation. The analyses were 
performed on bulk sample (powder) from 5° to 70° on a 2 θ  
scale and on clay fraction (<2 μm) from 5° to 30° on a 2 θ  
scale. The identification of clay minerals was made accord-
ing to the oriented clay aggregates method (air drying, eth-
ylene glycol saturation and heating at 550°C for 2 h). The 
relative content of clay minerals in the clay fraction was 
conducted using a semi- quantitative estimation. The error 
made on this percentage is about 5%– 10%.The mineral phase 
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The effective shear modulus Geff. of the cores was deter-
mined from the slope in the linear elastic area of the stress/
strain curve. In order to show the effectiveness of the sand-
wich design, the experimentally achieved results were com-
pared with the theoretically expected values. Therefore, the 
ultimate shear stress τu,web and the effective shear modulus 
Geff.,web of the grid- core webs were calculated using Equations 
(3 and 4) and were compared to the material properties deter-
mined on standard tests of coupons made of similar C/C- SiC 
materials. 

 

With tc = 0.3 mm is the wall thickness of the core web, 
and n is the number of core webs, oriented in the load di-
rection. Thereby, only the four grid- core webs, oriented in 
parallel to the load, were considered.

4 |  RESULTS AND DISCUSSION

4.1 | Mechanical properties

In the shear tests, a nonlinear stress/strain behaviour was ob-
served for all samples (Figure 4), and a certain quasiductile 
behaviour of C/C- SiC sandwich structures under shear load 
was suggested.

Ultimate shear stress or shear strength of the sandwich 
samples varied between 0.74 and 1.39 MPa, and was high-
est for the fold- core based samples, with the core oriented 
in W- direction and a fiber orientation of ±45° in the core 
(Figure 5). Generally, a fold- core orientation in W- direction 
offered 45% and 12% higher shear strength compared to the 
corresponding samples with the core oriented in L- direction, 
and fiber orientations of 0°/90° and ±45°, respectively. As 
expected from laminate theory, a change of the fiber ori-
entation from 0°/90° to ±45° generally lead to an increase 
of shear strength of 51% and 17% for fold- cores oriented in 
L-  and W- direction, respectively, as well as to an increase 
of 20% for grid- core based samples. Absolute shear strength 

(3)�u,web =

Fu

2
⋅

1

n ⋅ tc ⋅ l
= �u

b

n ⋅ tc
,

(4)Geff.,web = Geff. ⋅
b

n ⋅ tc
.

F I G U R E  2  Manufacture of a fold- core 
(A) by folding of a prepreg layer and a 
grid- core (B) by laser cutting of slit strips 
out of C/C plates and assembly of the strips 
to a grid- core

F I G U R E  3  Test set- up for in plane 
shear testing with two sandwich samples 
glued to three aluminum bars (left), and 
schematic views of core orientations in the 
samples
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behavior and the ceramic properties of these clays particu-
larly in the Sejnène region, northwest Tunisia. According to 
the chemical composition, these clayey materials are charac-
terized by high iron contents whose the effect on the color 
of the ceramic materials is well known, and the attendance 
of fluxing agents as alkali and alkaline earth elements which 
are necessary for low temperatures firing. Mineralogically, 
considered materials consist entirely of kaolinite rich clays 
containing impurities, mostly illite, calcite, feldspar, and 
iron, which serve as fluxing agents to improve densification 
at low temperature  3- 6   and appeared helpful in improving the 
physical and mechanical properties of the manufactured ce-
ramic materials. 

 These materials can be used for ceramic production that 
they have appropriate chemical and mineralogical composi-
tions composed of kaolinite and illite often contain various 
impurities including SiO 2 , CaO, Fe 2 O 3 , and alkali, certainly 
that are advantageous for its workability, moulding, drying 
behavior, firing behavior, and quality of the ceramic prod-
ucts like mechanical strength and porosity.  3   Thus, study of 
the suitability of these clayey materials to produce ceramic 
products with low porosity and high mechanical performance 
intended for applications for stoneware production is funda-
mentally important for the development of the ceramic sec-
tor in Tunisia and the raw material supply for building and 
construction. Depending on their mechanical and physical 
properties, utilization of the manufactured ceramic materi-
als is suggested for various applications and they are mainly 
designed as building materials such as fired bricks, roof tiles, 
pavements, wall, and floor tiles. 

 The present study aims to characterize some clayey materi-
als collected from the Zouza member, located in the far north, 
Tunisia. The starting clayey materials were subjected to phys-
ical, chemical, and mineralogical analyses, followed by the 
investigation of their thermal and firing behaviors. Finally, the 
mechanical and physical properties of the manufactured ce-
ramic bodies were characterized in order to evaluate their po-
tential suitability as raw materials for ceramic tiles production. 
The effect of some impurities like CaO and Fe 2 O 3  containing 
clayey materials on their thermal and firing behavior was in-
vestigated with the attitude to follow the mineralogical trans-
formations and the development of crystalline phases, which 
control densification of ceramic bodies and subsequently in-
fluence their physical and mechanical properties.  

   2  |   MATERIALS AND METHODS 

   2.1 |  Raw materials 

 The raw materials used in this study were argillites, obtained 
from Zouza member in far north of Tunisia. These raw ma-
terials were all recognized as rich in kaolinite with illite 

and quartz. It consists of a thick clayey formation of Upper 
Oligocene- Lower Miocene age affiliated with the Numidian 
Flysch  1   and exposed over large areas (Figure  1 ). It is char-
acterized by its large outcrops of argillites and shales, lo-
cally encrusted with fine sediments, interspersed with sand 
and sandstone levels. This series extends for about 20  km 
from west to east and is well represented in Zouza region 
with an average thickness of 200 m. This clayey formation 
is organized into four large sequences. The lower clays (Sa1) 
are gray, low- plastic clays, rich in kaolinite, admitting some 
sandstone levels, identified in Sèjnene locality and known as 
potters '  clays. The overlying clays (Sa2), recognized as silty 
gray- green, moderately plastic clays, formed by a kaolinite- 
illite association. The middle clays (Sa3) are silty, green plas-
tic clays, rich in kaolinite and illite as majors clay minerals. 
The upper clays (Sa4) identified in Nefza locality and known 
as hardened clays and are green low- plastic clays with illite 
abundance in addition to kaolinite. All of these clays often 
contain various impurities including iron, earth alkali primar-
ily CaO, and alkali mainly K 2 O, which have great effect on 
the firing properties of the ceramic materials. A representa-
tive sampling throughout the clay formation was carried out 
using a manual shovel at 0.5 m deep in order to extract an 
unaltered sample and collected samples were listed as Sa1, 
Sa2, Sa3, and Sa4. This sampling consists of taking a suf-
ficient quantity of clays (about 10 kg) whose properties cor-
respond as closely as possible to the average properties of 
the whole clay series. Sufficient quantity (about 5 kg) of clay 
for each batch of samples were prepared after crushing and 
sieved over a 1000 μm sieve and kept in Kraft ' s bags prior to 
their use for ceramic pastes preparation. About 100 g of each 
sample was taken to undergo chemical, mineralogical, and 
thermal analyzes. Therefore, ceramic pastes were prepared 
and then fired at different temperatures ranging from 900°C 
to 1100°C. Emphasis was put on the investigation of firing 
behavior and the physical and mechanical properties such as 
firing shrinkage, water absorption, and flexural strength as 
function of the temperature was determined.   

   2.2 |  Methods of characterization 

 X- ray diffraction (XRD) of raw and fired clays was recorded 
using a PANalytical X ' Pert Pro powder diffractometer type 
Philips equipment with Cu Kα radiation. The analyses were 
performed on bulk sample (powder) from 5° to 70° on a 2 θ  
scale and on clay fraction (<2 μm) from 5° to 30° on a 2 θ  
scale. The identification of clay minerals was made accord-
ing to the oriented clay aggregates method (air drying, eth-
ylene glycol saturation and heating at 550°C for 2 h). The 
relative content of clay minerals in the clay fraction was 
conducted using a semi- quantitative estimation. The error 
made on this percentage is about 5%– 10%.The mineral phase 
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of grid- core based samples was on a lower level compared 
to the fold- core– based samples. This was traced back to the 
lower core density. By comparing the specific shear strength, 
which is the shear strength divided by the core density, the 
grid- core based samples showed similar shear strength levels 
as the fold- core– based sandwich samples in L- orientation.

The effective shear modulus was highest for core materials 
with ±45° fiber orientation, offering 2.4/3.5 times and 2 times 
higher values for fold- cores in L/W orientation and grid- cores, 
respectively, compared to the corresponding samples with 

0°/90° fiber orientation (Figure 6), as expected from laminate 
theory. In contrast, the influence of the fold- core orientation on 
the shear modulus was quite low, leading to similar values for 
L and W oriented cores. Whereas the specific shear modulus of 
the grid- core samples with 0°/90° fibre orientation was similar 
to the corresponding fold- cores, the grid- core based samples 
with ±45° fiber orientation showed a 35% lower specific shear 
modulus compared to the fold- core samples.

Ultimate shear strain increased by a factor of 1.2– 2.7 by 
changing the fiber orientation in the core from ±45° to 0°/90° 

F I G U R E  4  Stress/strain behavior 
of exemplary sandwich samples under 
shear load
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F I G U R E  5  Comparison of shear 
strength and specific shear strength of 
sandwich samples
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F I G U R E  6  Comparison of shear 
modulus and specific shear modulus of 
sandwich samples
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behavior and the ceramic properties of these clays particu-
larly in the Sejnène region, northwest Tunisia. According to 
the chemical composition, these clayey materials are charac-
terized by high iron contents whose the effect on the color 
of the ceramic materials is well known, and the attendance 
of fluxing agents as alkali and alkaline earth elements which 
are necessary for low temperatures firing. Mineralogically, 
considered materials consist entirely of kaolinite rich clays 
containing impurities, mostly illite, calcite, feldspar, and 
iron, which serve as fluxing agents to improve densification 
at low temperature  3- 6   and appeared helpful in improving the 
physical and mechanical properties of the manufactured ce-
ramic materials. 

 These materials can be used for ceramic production that 
they have appropriate chemical and mineralogical composi-
tions composed of kaolinite and illite often contain various 
impurities including SiO 2 , CaO, Fe 2 O 3 , and alkali, certainly 
that are advantageous for its workability, moulding, drying 
behavior, firing behavior, and quality of the ceramic prod-
ucts like mechanical strength and porosity.  3   Thus, study of 
the suitability of these clayey materials to produce ceramic 
products with low porosity and high mechanical performance 
intended for applications for stoneware production is funda-
mentally important for the development of the ceramic sec-
tor in Tunisia and the raw material supply for building and 
construction. Depending on their mechanical and physical 
properties, utilization of the manufactured ceramic materi-
als is suggested for various applications and they are mainly 
designed as building materials such as fired bricks, roof tiles, 
pavements, wall, and floor tiles. 

 The present study aims to characterize some clayey materi-
als collected from the Zouza member, located in the far north, 
Tunisia. The starting clayey materials were subjected to phys-
ical, chemical, and mineralogical analyses, followed by the 
investigation of their thermal and firing behaviors. Finally, the 
mechanical and physical properties of the manufactured ce-
ramic bodies were characterized in order to evaluate their po-
tential suitability as raw materials for ceramic tiles production. 
The effect of some impurities like CaO and Fe 2 O 3  containing 
clayey materials on their thermal and firing behavior was in-
vestigated with the attitude to follow the mineralogical trans-
formations and the development of crystalline phases, which 
control densification of ceramic bodies and subsequently in-
fluence their physical and mechanical properties.  

   2  |   MATERIALS AND METHODS 

   2.1 |  Raw materials 

 The raw materials used in this study were argillites, obtained 
from Zouza member in far north of Tunisia. These raw ma-
terials were all recognized as rich in kaolinite with illite 

and quartz. It consists of a thick clayey formation of Upper 
Oligocene- Lower Miocene age affiliated with the Numidian 
Flysch  1   and exposed over large areas (Figure  1 ). It is char-
acterized by its large outcrops of argillites and shales, lo-
cally encrusted with fine sediments, interspersed with sand 
and sandstone levels. This series extends for about 20  km 
from west to east and is well represented in Zouza region 
with an average thickness of 200 m. This clayey formation 
is organized into four large sequences. The lower clays (Sa1) 
are gray, low- plastic clays, rich in kaolinite, admitting some 
sandstone levels, identified in Sèjnene locality and known as 
potters '  clays. The overlying clays (Sa2), recognized as silty 
gray- green, moderately plastic clays, formed by a kaolinite- 
illite association. The middle clays (Sa3) are silty, green plas-
tic clays, rich in kaolinite and illite as majors clay minerals. 
The upper clays (Sa4) identified in Nefza locality and known 
as hardened clays and are green low- plastic clays with illite 
abundance in addition to kaolinite. All of these clays often 
contain various impurities including iron, earth alkali primar-
ily CaO, and alkali mainly K 2 O, which have great effect on 
the firing properties of the ceramic materials. A representa-
tive sampling throughout the clay formation was carried out 
using a manual shovel at 0.5 m deep in order to extract an 
unaltered sample and collected samples were listed as Sa1, 
Sa2, Sa3, and Sa4. This sampling consists of taking a suf-
ficient quantity of clays (about 10 kg) whose properties cor-
respond as closely as possible to the average properties of 
the whole clay series. Sufficient quantity (about 5 kg) of clay 
for each batch of samples were prepared after crushing and 
sieved over a 1000 μm sieve and kept in Kraft ' s bags prior to 
their use for ceramic pastes preparation. About 100 g of each 
sample was taken to undergo chemical, mineralogical, and 
thermal analyzes. Therefore, ceramic pastes were prepared 
and then fired at different temperatures ranging from 900°C 
to 1100°C. Emphasis was put on the investigation of firing 
behavior and the physical and mechanical properties such as 
firing shrinkage, water absorption, and flexural strength as 
function of the temperature was determined.   

   2.2 |  Methods of characterization 

 X- ray diffraction (XRD) of raw and fired clays was recorded 
using a PANalytical X ' Pert Pro powder diffractometer type 
Philips equipment with Cu Kα radiation. The analyses were 
performed on bulk sample (powder) from 5° to 70° on a 2 θ  
scale and on clay fraction (<2 μm) from 5° to 30° on a 2 θ  
scale. The identification of clay minerals was made accord-
ing to the oriented clay aggregates method (air drying, eth-
ylene glycol saturation and heating at 550°C for 2 h). The 
relative content of clay minerals in the clay fraction was 
conducted using a semi- quantitative estimation. The error 
made on this percentage is about 5%– 10%.The mineral phase 
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(Figure 7), as expected. Highest values were obtained with 
fold- cores in W- orientation (γFOW = 10.3‰) and with grid- 
cores (γGO = 8.9‰).

Ultimate shear stress in the longitudinal grid- core 
webs τu,web was 29.5  ±  2.3  MPa and 37  ±  2.2  MPa for 
0°/90° and ±45° fiber orientation, respectively. These 
relatively low stress levels in the webs, compared to the 
shear strength of a typical multilayer C/C– SiC material 
(τu,C/C- SiC = 80 MPa17), was explained by the lower shear 
strength of a single fabric layer C/C- SiC material, as well 
as by the stress concentration in the remaining, not slit half 
of the webs height c. Additionally, an early failure of the 
thin walled webs (tc  =  0.3  mm) due to buckling, and lo-
cally limited or complete failure of the joint between the 
core structure and the skin panels was estimated to be re-
sponsible for the low level of shear stresses obtained in the 
webs at fracture. Shear modulus of the grid- core webs Gweb 
was 7 ± 0.5 GPa for 0°/90° fiber orientation, and increased 
to 13.4 ± 2.1 GPa when the fibers in the webs were ori-
ented in ±45°, as expected from preliminary tests of typi-
cal multilayer C/C– SiC material. Thereby, shear moduli of 
GC/C- SiC,0°/90° = 10 GPa and GC/C- SiC,±45° = 16.8 GPa were 

determined by tension tests of coupons with fibre orienta-
tions in ±45°, according to DIN EN ISO 14129.18

By comparing these first test results to the values provided 
for state of the art sandwich core structures19– 23 it becomes 
apparent that the specific shear modulus of C/C- SiC fold and 
grid- cores is on a similar level as aluminium or CFRP honey-
comb cores, whereas shear strength is comparable to Nomex 
honeycomb cores based on aramid fiber paper and phenolic 
polymer matrix (Figure 8).

4.2 | Failure modes

During the shear test, failure was announced by a distinct 
emission of cracking noise. However, arising of cracks or 
crack propagation was not visible with the naked eye, due 
to a sudden final failure. All fold- core based samples failed 
by shear cracking of the core (Figure 9). The grid- core based 
samples also showed shear cracks in parallel to the load. 
However, additional cracks in the center of the web were ob-
served, which were explained by the buckling of the thin core 
walls at relatively low loads, as well as by the lower density 
of the grid- cores compared to the fold- cores. Thereby, the 
plain and laser cut cell walls of the grid- cores lead to a lower 
buckling stability, compared to the fold- cores, characterized 
by uncut fibers and a self- stiffening zig- zag design. For some 
grid- core samples, also a partial or almost complete debond-
ing between the core structure and the skin panel was ob-
served. This was explained by the low joining area between 
the grid- core and the skin panel, due to the low wall thickness 
of the webs, as well as by the butt joint, leading to a perpen-
dicular orientation of the fibers in the web and in the skin 
panel. In contrast, a parallel fiber orientation in the joining 
area of the core and the skin panel was achieved with fold- 
cores, leading to high joining strength. Additionally, due to 
the angled alignment of the fold- core webs to the skin panels, 
a meniscus was formed by the joining paste, which signifi-
cantly increased the width of the joining area, compared to 
the narrow line joint of the grid- cores.

F I G U R E  7  Comparison of ultimate shear strain of sandwich 
samples
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F I G U R E  8  Comparison of shear modulus and strength of sandwich samples, based on grid- cores and on fold- cores in W- orientation, with 
state- of- the- art honeycomb core materials
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behavior and the ceramic properties of these clays particu-
larly in the Sejnène region, northwest Tunisia. According to 
the chemical composition, these clayey materials are charac-
terized by high iron contents whose the effect on the color 
of the ceramic materials is well known, and the attendance 
of fluxing agents as alkali and alkaline earth elements which 
are necessary for low temperatures firing. Mineralogically, 
considered materials consist entirely of kaolinite rich clays 
containing impurities, mostly illite, calcite, feldspar, and 
iron, which serve as fluxing agents to improve densification 
at low temperature  3- 6   and appeared helpful in improving the 
physical and mechanical properties of the manufactured ce-
ramic materials. 

 These materials can be used for ceramic production that 
they have appropriate chemical and mineralogical composi-
tions composed of kaolinite and illite often contain various 
impurities including SiO 2 , CaO, Fe 2 O 3 , and alkali, certainly 
that are advantageous for its workability, moulding, drying 
behavior, firing behavior, and quality of the ceramic prod-
ucts like mechanical strength and porosity.  3   Thus, study of 
the suitability of these clayey materials to produce ceramic 
products with low porosity and high mechanical performance 
intended for applications for stoneware production is funda-
mentally important for the development of the ceramic sec-
tor in Tunisia and the raw material supply for building and 
construction. Depending on their mechanical and physical 
properties, utilization of the manufactured ceramic materi-
als is suggested for various applications and they are mainly 
designed as building materials such as fired bricks, roof tiles, 
pavements, wall, and floor tiles. 

 The present study aims to characterize some clayey materi-
als collected from the Zouza member, located in the far north, 
Tunisia. The starting clayey materials were subjected to phys-
ical, chemical, and mineralogical analyses, followed by the 
investigation of their thermal and firing behaviors. Finally, the 
mechanical and physical properties of the manufactured ce-
ramic bodies were characterized in order to evaluate their po-
tential suitability as raw materials for ceramic tiles production. 
The effect of some impurities like CaO and Fe 2 O 3  containing 
clayey materials on their thermal and firing behavior was in-
vestigated with the attitude to follow the mineralogical trans-
formations and the development of crystalline phases, which 
control densification of ceramic bodies and subsequently in-
fluence their physical and mechanical properties.  

   2  |   MATERIALS AND METHODS 

   2.1 |  Raw materials 

 The raw materials used in this study were argillites, obtained 
from Zouza member in far north of Tunisia. These raw ma-
terials were all recognized as rich in kaolinite with illite 

and quartz. It consists of a thick clayey formation of Upper 
Oligocene- Lower Miocene age affiliated with the Numidian 
Flysch  1   and exposed over large areas (Figure  1 ). It is char-
acterized by its large outcrops of argillites and shales, lo-
cally encrusted with fine sediments, interspersed with sand 
and sandstone levels. This series extends for about 20  km 
from west to east and is well represented in Zouza region 
with an average thickness of 200 m. This clayey formation 
is organized into four large sequences. The lower clays (Sa1) 
are gray, low- plastic clays, rich in kaolinite, admitting some 
sandstone levels, identified in Sèjnene locality and known as 
potters '  clays. The overlying clays (Sa2), recognized as silty 
gray- green, moderately plastic clays, formed by a kaolinite- 
illite association. The middle clays (Sa3) are silty, green plas-
tic clays, rich in kaolinite and illite as majors clay minerals. 
The upper clays (Sa4) identified in Nefza locality and known 
as hardened clays and are green low- plastic clays with illite 
abundance in addition to kaolinite. All of these clays often 
contain various impurities including iron, earth alkali primar-
ily CaO, and alkali mainly K 2 O, which have great effect on 
the firing properties of the ceramic materials. A representa-
tive sampling throughout the clay formation was carried out 
using a manual shovel at 0.5 m deep in order to extract an 
unaltered sample and collected samples were listed as Sa1, 
Sa2, Sa3, and Sa4. This sampling consists of taking a suf-
ficient quantity of clays (about 10 kg) whose properties cor-
respond as closely as possible to the average properties of 
the whole clay series. Sufficient quantity (about 5 kg) of clay 
for each batch of samples were prepared after crushing and 
sieved over a 1000 μm sieve and kept in Kraft ' s bags prior to 
their use for ceramic pastes preparation. About 100 g of each 
sample was taken to undergo chemical, mineralogical, and 
thermal analyzes. Therefore, ceramic pastes were prepared 
and then fired at different temperatures ranging from 900°C 
to 1100°C. Emphasis was put on the investigation of firing 
behavior and the physical and mechanical properties such as 
firing shrinkage, water absorption, and flexural strength as 
function of the temperature was determined.   

   2.2 |  Methods of characterization 

 X- ray diffraction (XRD) of raw and fired clays was recorded 
using a PANalytical X ' Pert Pro powder diffractometer type 
Philips equipment with Cu Kα radiation. The analyses were 
performed on bulk sample (powder) from 5° to 70° on a 2 θ  
scale and on clay fraction (<2 μm) from 5° to 30° on a 2 θ  
scale. The identification of clay minerals was made accord-
ing to the oriented clay aggregates method (air drying, eth-
ylene glycol saturation and heating at 550°C for 2 h). The 
relative content of clay minerals in the clay fraction was 
conducted using a semi- quantitative estimation. The error 
made on this percentage is about 5%– 10%.The mineral phase 
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5 |  CONCLUSION

Lightweight C/C- SiC sandwich samples based on fold and 
grid- cores were manufactured via the LSI process and in 
situ joining technology. C/C- SiC core structures could be 
manufactured in near net shape technology by folding a 
prepreg layer as well as by assembling slit C/C webs, cut 
out of plane C/C plates via laser beam. Reliable joints be-
tween the cores and the skin panels could be achieved by 
using a dip coating process, ensuring a homogeneous and 
reproducible application of the joining paste to the face 
side of the core.

Sandwich samples with fold- cores offered higher specific 
stiffness and effective shear modulus of up to Geff. = 6.4 GPa/
(g/cm³), compared to the sandwich samples based on grid- 
cores (Geff. = 4.2 GPa/(g/cm³)). The orientation of the fold- 
cores in L or W direction did not influence the shear modulus 
of the sandwich samples, leading to an orthotropic behaviour 
with similar in plane shear stiffness in the main directions, 
comparable to grid- cores. Whereas shear strength of core 
materials with ±45° fiber orientation was higher compared 
to core materials with 0°/90° orientation, a vice versa be-
haviour for fracture shear strain was observed. After fracture, 
the grid- core based samples showed buckling effects as well 
as a failure of the joining, which was traced back to the 21% 
lower core density, and the reduced joining area compared to 
fold cores.

Since the stiffness is the most important design crite-
ria for optical benches, whereas the strength and fracture 
strain are usually not the limiting factors, a fiber orientation 
of ±45° in the core structure will be mandatory for future 
C/C- SiC sandwich structures. Fold- cores are preferred, 
due to their higher specific shear modulus. However, due 
to design constraints and high manufacturing costs of fold- 
cores, grid-  cores can be advantageous, especially for large 
structures and core heights. In order to increase the effec-
tive shear modulus of grid- cores, core density should be in-
creased by reducing the cell width, or by increasing the wall 
thickness of the core.
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behavior and the ceramic properties of these clays particu-
larly in the Sejnène region, northwest Tunisia. According to 
the chemical composition, these clayey materials are charac-
terized by high iron contents whose the effect on the color 
of the ceramic materials is well known, and the attendance 
of fluxing agents as alkali and alkaline earth elements which 
are necessary for low temperatures firing. Mineralogically, 
considered materials consist entirely of kaolinite rich clays 
containing impurities, mostly illite, calcite, feldspar, and 
iron, which serve as fluxing agents to improve densification 
at low temperature  3- 6   and appeared helpful in improving the 
physical and mechanical properties of the manufactured ce-
ramic materials. 

 These materials can be used for ceramic production that 
they have appropriate chemical and mineralogical composi-
tions composed of kaolinite and illite often contain various 
impurities including SiO 2 , CaO, Fe 2 O 3 , and alkali, certainly 
that are advantageous for its workability, moulding, drying 
behavior, firing behavior, and quality of the ceramic prod-
ucts like mechanical strength and porosity.  3   Thus, study of 
the suitability of these clayey materials to produce ceramic 
products with low porosity and high mechanical performance 
intended for applications for stoneware production is funda-
mentally important for the development of the ceramic sec-
tor in Tunisia and the raw material supply for building and 
construction. Depending on their mechanical and physical 
properties, utilization of the manufactured ceramic materi-
als is suggested for various applications and they are mainly 
designed as building materials such as fired bricks, roof tiles, 
pavements, wall, and floor tiles. 

 The present study aims to characterize some clayey materi-
als collected from the Zouza member, located in the far north, 
Tunisia. The starting clayey materials were subjected to phys-
ical, chemical, and mineralogical analyses, followed by the 
investigation of their thermal and firing behaviors. Finally, the 
mechanical and physical properties of the manufactured ce-
ramic bodies were characterized in order to evaluate their po-
tential suitability as raw materials for ceramic tiles production. 
The effect of some impurities like CaO and Fe 2 O 3  containing 
clayey materials on their thermal and firing behavior was in-
vestigated with the attitude to follow the mineralogical trans-
formations and the development of crystalline phases, which 
control densification of ceramic bodies and subsequently in-
fluence their physical and mechanical properties.  

   2  |   MATERIALS AND METHODS 

   2.1 |  Raw materials 

 The raw materials used in this study were argillites, obtained 
from Zouza member in far north of Tunisia. These raw ma-
terials were all recognized as rich in kaolinite with illite 

and quartz. It consists of a thick clayey formation of Upper 
Oligocene- Lower Miocene age affiliated with the Numidian 
Flysch  1   and exposed over large areas (Figure  1 ). It is char-
acterized by its large outcrops of argillites and shales, lo-
cally encrusted with fine sediments, interspersed with sand 
and sandstone levels. This series extends for about 20  km 
from west to east and is well represented in Zouza region 
with an average thickness of 200 m. This clayey formation 
is organized into four large sequences. The lower clays (Sa1) 
are gray, low- plastic clays, rich in kaolinite, admitting some 
sandstone levels, identified in Sèjnene locality and known as 
potters '  clays. The overlying clays (Sa2), recognized as silty 
gray- green, moderately plastic clays, formed by a kaolinite- 
illite association. The middle clays (Sa3) are silty, green plas-
tic clays, rich in kaolinite and illite as majors clay minerals. 
The upper clays (Sa4) identified in Nefza locality and known 
as hardened clays and are green low- plastic clays with illite 
abundance in addition to kaolinite. All of these clays often 
contain various impurities including iron, earth alkali primar-
ily CaO, and alkali mainly K 2 O, which have great effect on 
the firing properties of the ceramic materials. A representa-
tive sampling throughout the clay formation was carried out 
using a manual shovel at 0.5 m deep in order to extract an 
unaltered sample and collected samples were listed as Sa1, 
Sa2, Sa3, and Sa4. This sampling consists of taking a suf-
ficient quantity of clays (about 10 kg) whose properties cor-
respond as closely as possible to the average properties of 
the whole clay series. Sufficient quantity (about 5 kg) of clay 
for each batch of samples were prepared after crushing and 
sieved over a 1000 μm sieve and kept in Kraft ' s bags prior to 
their use for ceramic pastes preparation. About 100 g of each 
sample was taken to undergo chemical, mineralogical, and 
thermal analyzes. Therefore, ceramic pastes were prepared 
and then fired at different temperatures ranging from 900°C 
to 1100°C. Emphasis was put on the investigation of firing 
behavior and the physical and mechanical properties such as 
firing shrinkage, water absorption, and flexural strength as 
function of the temperature was determined.   

   2.2 |  Methods of characterization 

 X- ray diffraction (XRD) of raw and fired clays was recorded 
using a PANalytical X ' Pert Pro powder diffractometer type 
Philips equipment with Cu Kα radiation. The analyses were 
performed on bulk sample (powder) from 5° to 70° on a 2 θ  
scale and on clay fraction (<2 μm) from 5° to 30° on a 2 θ  
scale. The identification of clay minerals was made accord-
ing to the oriented clay aggregates method (air drying, eth-
ylene glycol saturation and heating at 550°C for 2 h). The 
relative content of clay minerals in the clay fraction was 
conducted using a semi- quantitative estimation. The error 
made on this percentage is about 5%– 10%.The mineral phase 
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