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1 |  INTRODUCTION

Ceramic matrix composites (CMC) are ideal candidates for 
applications in hot gas environment in aerospace (e.g., rocket 
propulsion) due to their superior properties such as high hard-
ness, abrasion, heat, and thermal shock resistance in combina-
tion with high damage tolerance in case of excessive loading.1– 7 
Due to excellent corrosion and thermal shock resistance, C/C- 
SiC as a promising candidate can also be applied in thermal 
storage applications.8– 9

In short- term application, C- fiber- based composites, such 
as carbon- silicon carbide composites (C/C- SiC) developed 

by DLR using the well- known LSI process, are superior to 
other CMC materials due to their ease of manufacture, vari-
ability of raw materials, and cost. Thus, there is a huge po-
tential for future rocket propulsion applications.10– 14 State of 
the art is the use of commercially available fabrics to manu-
facture complex shaped CMC components with low porosity 
in one cycle, providing moderate strength materials, or even 
lower performance materials based on short fibers applied on 
cost- efficient components where low strength can be accept-
ed.15– 18 Characterization of C/C- SiC composites with respect 
to thermal and mechanical properties was investigated under 
different loads and are summarized in previous studies.7,19– 22
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Abstract
The paper presents manufacture of C/C- SiC composite materials by wet filament 
winding of C fibers with a water- based phenolic resin with subsequent curing via 
autoclave as well as pyrolysis and liquid silicon infiltration (LSI). Almost dense 
C/C- SiC composite materials with different winding angles ranging from ±15° to 
±75° could be obtained with porosities lower than 3% and densities in the range 
of 2 g/cm3. Thermomechanical characterization via tensile testing at room tempera-
ture and at 1300°C revealed higher tensile strength at elevated temperature than at 
room temperature. Thus, C/C- SiC material obtained by wet filament winding and 
LSI- processing has excellent high- temperature strength for high- temperature applica-
tions. Crack patterns during pyrolysis, microstructure after siliconization, and tensile 
strength strongly depend on the fiber/matrix interface strength and winding angle. 
Moreover, calculation tools for composites, such as classical laminate and inverse 
laminate theory, can be applied for structural evaluation and prediction of mechanical 
performance of C/C- SiC structures.
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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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However, for applications requiring high specific strength 
components of tubular shape, a new approach combining wet 
filament winding technique with the LSI- route to provide a 
cost and time efficient process is obvious but still is a real 
challenge for material scientists and engineers.

2 |  INVESTIGATED MATERIAL 
AND EXPERIMENTAL PROCEDURES

2.1 | Manufacturing process

For the manufacture of C/C- SiC composite tubes as well as 
plates, a three- step process based on wet filament winding and 
LSI- processing was chosen: (1) CFRP green body shaping by 
wet filament winding and pressure- less curing on the mandrel, 
(2) pyrolysis to a porous C/C preform, and (3) densification 
and build- up of SiC matrix by reactive melt infiltration.

1. The manufacture of structures with rotational sym-
metry requiring high specific strength in main load 
direction, such as combustion chambers, affords the 

use of winding machines and fibers of high specific 
strength. Therefore, a wet filament cross winding 
process was developed using continuous T800 12k 
carbon fibers, which were impregnated prior to winding 
with a water- based phenolic resin (MF43) and wound 
onto a rotating mandrel (ø  =  335  mm with a length 
of about 220 mm) in a predetermined pattern to form 
an interweaved regular laminate using winding angles 
of ±15°, ±30°, ±45°, ±60°, and ±75°, respectively. 
Since mechanical characterization is much easier to 
achieve on plate than on tubular samples, a part of 
the uncured winding form was cut along the rota-
tion axis and then unrolled to a plate shape. The 
uncured composite preforms (tubes and plates) were 
then cured at 15  bar pressure and 195°C for 3  h 
to achieve a predetermined fiber volume content of 
about 60%.

2. The polymer- based CFRP green body tubes as well as plates 
were pyrolyzed in an inert gas atmosphere at temperatures 
up to 1650°C leading to a porous C/C preform. In case of 
tubes, graphite mandrels with shrinkage adapted diameters 
were used up to 900°C.

F I G U R E  1  Specimen dimensions from C/C- SiC plates for tensile testing

F I G U R E  2  Preparation of specimens 
via jet- cutting from C/C- SiC plate with 
fiber orientation to tensile loading: ±15° 
(horizontal) and ±75° (vertical)
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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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3. Finally, the porous, fiber reinforced preform (C/C) was in-
filtrated with highly pure molten silicon (semi- conductor 
quality) in vacuum at up to 1650°C. The molten silicon re-
acted with the carbon and formed the ceramic SiC matrix.

Open porosity and density were measured in all stages 
according to Archimedes method by immersion in de-
mineralised water. The microstructure of the C/C- SiC 
composites was investigated on polished samples or on 

F I G U R E  3  Experimental set- up in 
universal testing machine (Indutherm) 
at room temperature (left) and high 
temperature (right)

T A B L E  1  Mechanical properties, density, and open porosity of composite plates (CFRP, C/C, and C/C- SiC) at various fibre orientations.

Fibre orient. (°) ±15 ±30 ±45 ±60 ±75

Plate number WR204 WR206 WR208 WR206 WR204

Por.a  (vol.%) 3.10 4.61 6.22 4.61 3.10

Por. (C/C) (vol.%) 15.0 14.6 15.7 14.6 15.0

Si- uptake (mass%) 34.5 38.2 40.2 38.2 34.5

T. strength (MPa) 264.9 ± 24.8 172.1 ± 20.1 58.7 ± 24.7 35.2 ± 2.6 15.7 ± 0.4

T. modulus (GPa) 137.6 ± 9.9 70.0 ± 8.4 26.9 ± 7.8 19.0 ± 3.0 22.0 ± 4.7

Fract. strain (%) 0.21 ± 0.02 0.39 ± 0.05 0.33 ± 0.14 0.55 ± 0.11 0.12 ± 0.07

Density (g/cm3) 1.86 2.07 2.02 2.07 1.86

Porosity (%) 2.10 1.23 2.74 1.23 2.10

Abbreviations: Fract., fracture; T., tensile.
aCFRP state.

F I G U R E  4  Tensile strength versus fiber orientation at room 
temperature showing asymptotic behavior with trendline and standard 
deviation
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F I G U R E  5  Failure to strain versus fiber orientation at room 
temperature with standard deviation
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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 

4 |   FRIEss Et al.

fractured surfaces by means of scanning electron micros-
copy (SEM, Zeiss Ultra 55) for each fiber orientation as men-
tioned above.

Phase analysis of tested specimens (8 mm width and about 
10  mm length) in close distance to fracture area was per-
formed by X- ray diffraction (XRD) using a 2θ- goniometer (D8 
Advance, Bruker AXS) with Cu Kα radiation (154.060 pm) 

with a step size of 0.02° and 10 s time/step in the range of 
10° <2θ < 90°. In order to obtain a semi- quantitative analysis, 
measured areas of all tested samples were of approximately 
the same size. Since the amount of carbon (predominant 
component) and silicon carbide are determined by the LSI- 
process, the height of peak of carbon of all specimens was 
adapted to the same height by computer manipulation. The 
choice of silicon carbide was discarded since it is prone to 
height increase due to enhanced crystal growth by gas phase 
reactions. As silicon being present in the composite in the 
range of 1– 2 wt% is highly dependent on testing conditions, 
this parameter was chosen for further investigations regarding 
phase composition. Crystalline Si is very sensitive to X- ray 
analysis, and its highest peak at about 2θ = 28.4° is therefore 
chosen for a semi- quantitative evaluation: the higher this peak, 
the higher the amount of silicon in the composite.

2.2 | Procedure for specimen preparation 
via jet- cutting from C/C- SiC plates

Test coupons for tensile testing with dimensions 
(l = 215 mm, b = 10 mm, d = 3.5 mm) were obtained by 

F I G U R E  6  Young's modulus versus fiber orientation at room 
temperature showing asymptotic behavior with trendline and standard 
deviation

0

20

40

60

80

100

120

140

160

180

200

±15 ±30 ±45 ±60 ±75

]aP
G[ suludo

m s'gnuoY

Fibre orientation [ ]

F I G U R E  7  Microstructure of C/C- SiC 
with fiber orientation 0°/90° (left) and ±15° 
(right)

F I G U R E  8  Microstructure of C/C- SiC 
with fiber orientation ±30° (left) and ±45° 
(right)

F I G U R E  9  Microstructure of C/C- SiC 
with fiber orientation ±60° (left) and ±75° 
(right)
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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 

   | 5FRIEss Et al.

jet- cutting from C/C- SiC plates (see Figures 1 and 2 for de-
tails). Tensile testing was first performed on universal test-
ing machine (Zwick UTS) using strain gauges for measure 
of elongation at room temperature. Then, for tensile test-
ing on universal testing machine (Indutherm), strain gauges 

were placed on the front side and markings on the backside 
of the coupon in order to compare measurement of elonga-
tion at room temperature and to compare results to a laser 
extensometer. For high temperature, tensile testing and 
measurement of elongation will be performed on universal 
testing machine (Indutherm) applying a laser extensometer. 
Marking was performed by spray coating of distinct lines 
on specimens with Y2O3 particles, although different other 
particles (e.g., TiO2, ZrO2, and Al2O3) depending on mate-
rial and testing temperature are viable.

2.3 | High temperature set- up for tensile 
testing of C/C- SiC plates (Indutherm)

High- temperature tensile testing and measurement of elonga-
tion will be performed on universal testing machine (Indutherm) 
applying a laser extensometer (Figure 3). The coupons with 
cold clamping and markings of alumina are heated via induc-
tive heating at high heating rates inside isolation with alumina 
in nitrogen atmosphere at 1 mbar. Fast cooling of the coupons 

Fibre orient. 
(°) ±15 ±30 ±45 ±60 ±75

Plate number WR204 WR206 WR208 WR206 WR204

T. strength 
(MPa)

294.2 ± 12.2 238.1 ± 7.3 106.2 ± 3.9 n.d. n.d.

T. modulus 
(GPa)

151.6 ± 20.6 142.2 ± 43.3 26.4 ± 0.84 n.d. n.d.

Fracture strain 
(%)

0.18 ± 0.01 0.37 ± 0.03 0.75 ± 0.07 n.d. n.d.

Abbreviations: n.d., not determined; T., tensile.

T A B L E  2  Thermomechanical 
properties of C/C- SiC composite plates at 
various fiber orientations at 1300°C

F I G U R E  1 0  Tensile strength versus fiber orientation at high 
temperature (1300°C) showing asymptotic behavior with trendline and 
standard deviation
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F I G U R E  1 1  Strain to failure versus fiber orientation at high 
temperature (1300°C) with trendline and standard deviation
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F I G U R E  1 2  Young's modulus versus fiber orientation at high 
temperature (1300°C) showing asymptotic behavior with trendline and 
standard deviation
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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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F I G U R E  1 3  Tensile behavior versus 
strain at room and high temperature 
(1300°C)

F I G U R E  1 4  Fracture surface of C/C- 
SiC with fiber orientation ±15° resembling 
a rather high fiber pull- out (magn. 100× 
[left] and 350× [right])

F I G U R E  1 5  Fracture surface of C/C- 
SiC with fiber orientation ±30° resembling 
a rather low fiber pull- out (magn. 100× 
[left] and 350× [right])

F I G U R E  1 6  Fracture surface of C/C- 
SiC with fiber orientation ±45° resembling 
fiber pull- out and matrix disintegration 
(magn. 100× [left] and 350× [right])
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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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can be achieved by water- cooled copper tubes such that multi-
ple test runs can be performed within one day.

3 |  RESULTS AND DISCUSSION

3.1 | Mechanical properties, density, and 
open porosity of C/C- SiC composite plates at 
room temperature

In Table 1, the mechanical properties, density, and open 
porosity of C/C- SiC composite plates are listed for various 
fiber orientations ranging from ±15° to ±75°. Whereas the 
winding angle has only minor influence on density and open 
porosity of composite plates (CFRP, C/C and C/C- SiC), 
there is a big influence on tensile strength and modulus as 
well as fracture strain in C/C- SiC state. Tensile strength 
versus fiber orientation is shown in Figure 4, revealing as-
ymptotic behavior: the highest tensile strength is at the low-
est fiber orientation, meaning that the main fiber direction 
is oriented in tensile loading direction (Figures 5 and 6). 

Furthermore, a graphical illustration of the tensile behav-
ior of C/C- SiC tested at room temperature as well as high 
temperature (1,300°C) versus fiber orientation is shown in 
Figure 13.

3.2 | Microstructure of C/C- SiC composite 
plates at room temperature

The microstructure of C/C- SiC composite plates obtained by 
wet filament winding and LSI- processing in dependence on 
the winding angle is shown in Figures 7– 9.

3.3 | Thermomechanical properties of 
C/C- SiC composite plates at high temperature 
(1300°C)

In Table 2, the thermomechanical properties of C/C- SiC 
composite plates are listed for various fiber orientations 
ranging from ±15° to ±75° (Figures 10– 12). Furthermore, 

F I G U R E  1 7  Fracture surface of C/C- 
SiC with fiber orientation ±60° resembling 
fiber pull- out and rather high matrix 
disintegration (magn. 100× [left] and 350× 
[right])

F I G U R E  1 8  Fracture surface of C/C- 
SiC with fiber orientation ±75° resembling 
high amount of matrix disintegration; almost 
no matrix is visible anymore (magn. 100× 
[left] and 350× [right])

F I G U R E  1 9  Fracture surface of C/C- SiC with fiber orientation ±15° after being tested at 1,300°C resembling a rather high fiber pull- out. But 
the amount of fiber pull- out seems to be slightly lower compared to the samples tested at room temperature (see Figure 14) (magn. 100× [left] and 
350× [right])
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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 

8 |   FRIEss Et al.

a graphical illustration of the tensile behavior of C/C- SiC 
tested at room temperature as well as high temperature 
(1300°C) versus fiber orientation is shown in Figure 13.

It is interesting to note that for a fiber orientation of ±15° 
tensile strength of filament wound C/C- SiC at high tempera-
ture (1300°C) is about 10% higher than at room tempera-
ture. This effect is more pronounced at a fiber orientation 
of ±30° (+28%) and even more at ±45° (+47%). Similar to 
this finding is the behavior of the C/C- SiC composite with 
respect to stiffness. If the fibers are predominately oriented 

in loading direction (±15° and ±30°), the stiffness is in-
creased with testing temperature since C- fibers are more 
and more stretched with temperature due to the alpha mis-
match with the SiC matrix with much higher thermal ex-
pansion. The fibers dominate the stiffness of the composite 
because the SiC matrix is permeated with small cracks. At 
a fiber orientation of ±45°, this effect is negligible since 
the stiffness of the C- fibers, due to the low contribution in 
loading direction, cannot contribute to the stiffness of the 
composite any more.

F I G U R E  2 0  Fracture surface of C/C- 
SiC with fiber orientation ±30° after being 
tested at 1,300°C resembling a rather low 
fiber pull- out (magn. 100× [left] and 350× 
[right])

F I G U R E  2 1  Fracture surface of C/C- 
SiC with fiber orientation ±45° after being 
tested at 1,300°C resembling a rather low 
fiber pull- out and matrix disintegration; 
almost no matrix is visible anymore (magn. 
100× [left] and 350× [right])

F I G U R E  2 2  Magnified fracture 
surface of C/C- SiC with fiber orientation 
±45° after being tested at 1,300°C 
resembling a rather low fiber pull- out and 
matrix disintegration; no coating is visible 
(magn. 1,000× [left] and 10,000× [right])

F I G U R E  2 3  Fracture surface of 
C/C- SiC with fiber orientation ±45° after 
being tested at 1,600°C resembling a rather 
low fiber pull- out and rather brittle failure 
(magn. 100× [left] and 350× [right])
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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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3.4 | Fracture surface images of C/C- SiC 
composite coupons at room temperature

The fractured surfaces were analyzed by SEM by tilting the 
fractured surfaces out of the xz plane for better visibility 
(Figures 14– 18). It seems that the lower the winding angle 
is, the more fiber pull- out and appearance of matrix can be 
observed.

3.5 | Fracture surface of C/C- SiC composite 
coupons at high temperature (1300°C)

In Figures 19– 22, the fractured surfaces of C/C- SiC compos-
ite specimens tested at 1,300°C are shown. It seems that the 
lower the winding angle is the more fiber pull- out and appear-
ance of matrix can be observed. In Figure 22, details of the ap-
plied C- fiber (T800) are shown: potato- shaped cross section 

F I G U R E  2 4  Magnified fracture surface of C/C- SiC with fiber orientation ±45° after being tested at 1,600°C resembling a rather low fiber 
pull- out and rather brittle failure. Note that C- fibers and C- matrix are covered with a thin structured coating, presumably SiC (magn. 1,000× [left] 
and 10,000× [right])

F I G U R E  2 5  XRD- diffractograms of C/C- SiC with fiber orientation ±45° after being tested at 1600°C (blue), 1300°C (red), and original 
C/C- SiC (green) with same fiber orientation. Peak heights of C and SiC were kept constant, since their main amounts are predetermined by LSI 
processing and only the small amount of Si (typically in the range of 1%– 2%) is sensitive to significant changes by gas phase processes
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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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with a fairly rough structured surface without visible coatings, 
whereas Figure 24 does not show these details since it is cov-
ered by a presumably SiC coating convoluting those details.

3.6 | Fracture surface of C/C- SiC composite 
coupons at high temperature (1600°C)

In Figures 23 and 24, the fractured surface of a C/C- SiC specimen 
tested at 1600°C is shown. Due to the fact that the marking color 
painted on C/C- SiC did not survive these harsh conditions (1600°C, 
1 mbar N2, C, and liquid Si as potential reactants), we were not 
able to determine the fracture strain and thus not the tensile modulus 
either. As a rough estimate for tensile strength, a value of 92 MPa 
could be obtained. However, further measurements with a superior 
marking color must be performed in the near future.

Furthermore, it should be noticed that the partial pressure of 
gaseous silicon at 1600°C is increased by a factor of more than 
100 compared to the case at 1300°C. In addition, the reaction rate 
of SiC- formation on the surface of carbon with gaseous silicon 

is also depending on the partial pressure of silicon resulting in a 
10 000- fold increase in the reactivity of excess silicon to form 
SiC on carbon surfaces (C- fibers and C- matrix, and not to forget 
C- susceptor). This finding could not be detected on the surface 
of the sample tested at 1300°C (Figure 22); however, it was ob-
served on the surface of the sample tested at 1600°C at a pressure 
of 1 mbar (Figure 24) and in XRD- investigations (Figures 25 
and 26), where the Si- peak at 2θ equals about 28.4°, typically as-
signed to 1– 2 wt% Si of the composite. Exactly that peak, clearly 
visible at neat samples and specimens tested at 1,300°C, dimin-
ishes rapidly to specimens tested at 1,600°C. This finding could 
explain a possible decrease in tensile strength with testing tem-
perature as well as the diminishing of the markings. Therefore, 
further high- temperature testing is mandatory.

In addition, the testing conditions should be adapted based 
on these findings:

• High- temperature testing (>1300°C) in Ar- atmosphere at 
ambient pressure (1 bar) in order to minimize Si gas for-
mation and reaction with carbon via gas phase reactions.

F I G U R E  2 6  Enlarged section of XRD- diffractograms of C/C- SiC with fiber orientation ±45° after being tested at 1600°C (blue), 1300°C 
(red), and original C/C- SiC (green) with same fiber orientation. Peak heights of C and SiC were kept constant, since their main amounts are 
predetermined by LSI processing and only the small amount of Si (typically in the range of 1%– 2%) is sensitive to significant changes by gas phase 
processes. Note that the Si peak of C/C- SiC tested at 1600°C (blue) is about one third in height compared to the other two 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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• High- temperature testing in N2- atmosphere should be 
avoided due to silicon nitride and possible whisker formation.

• High- temperature testing with suitable markings in order 
to be able to evaluate strain to failure via laser extensome-
ter and tensile modulus by suitable calculations.

4 |  CONCLUSION

It was shown in this paper that the manufacture of C/C- SiC com-
posite materials by wet filament winding of C- fibers with a water- 
based phenolic resin with subsequent curing via autoclave as well 
as pyrolysis and liquid siliconisation is feasible and reproducible. 
Almost dense C/C- SiC composite materials with different wind-
ing angles ranging from ±15° to ±75° could be obtained with 
porosities lower than 3% and densities in the range of 2 g/cm3. 
Thermomechanical characterization via tensile testing at room 
temperature and at 1300°C revealed higher tensile strength at 
elevated temperature than at room temperature. Crack patterns 
during pyrolysis, microstructure after siliconisation, and tensile 
strength strongly depend on the fiber/matrix interface strength and 
winding angle. Moreover, calculation tools for composites, such 
as classical laminate and inverse laminate theory, can be applied 
for structural evaluation, design, and prediction of mechanical 
performance of C/C- SiC structures. Thus, C/C- SiC material ob-
tained by wet filament winding and LSI- processing has excellent 
high temperature strength for high- temperature applications.
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