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Abstract
The paper presents experimental characterization and theoretical predictions of elastic
and failure properties of continuous carbon fiber reinforced silicon carbide (C/C-SiC)
composite fabricated by Liquid Silicon Infiltration (LSI). Its mechanical properties
were determined under uniaxial tensile, compression, and pure shear loads in two
sets of principal coordinate systems, 0°–90° and ±45°, respectively. The properties
measured in the 0°–90° coordinate system were employed as the input data to predict
their counterparts in the ±45° coordinate system. Through coordinate transformations
of stress and strain tensors, the elastic constants and stress-strain behaviors were predicted and found to be in good agreement with the experimental results. In the same
way, three different failure criteria, maximum stress, Tsai-Wu, and maximum strain,
have been selected for the evaluation of the failure of C/C-SiC as a type of genuinely
orthotropic material. Based on the comparisons with experimental results, supported
by necessary practical justifications, the Tsai-Wu criterion was found to offer a reasonable prediction of the strengths, which can be assisted by the maximum stress
criterion to obtain an indicative prediction of the respective failure modes.
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1 | IN T RO D U C T IO N A N D
O BJ EC T IV E
Due to its excellent mechanical properties, favorable damage tolerance and comparatively low density, continuous
carbon fiber reinforced carbon silicon carbide (C/C-SiC)
composite fabricated by Liquid Silicon Infiltration (LSI)
process has been successfully used in aerospace, energy,
and transport technology.1-8 The preliminary investigation
of siliconization in German Aerospace Center Stuttgart
started in the late 1980s and the manufacturing process
of LSI-based C/C-SiC was developed in the beginning

of 2000s.9 Since then, material properties of the composite have been characterized intensively. The in-plane and
out-of-plane mechanical properties under different loads,
thermal properties and the effect of high temperature were
investigated and summarized in Ref. [10] The strength
ratio between bending and tensile load was approx. 1.7–
2.0 depending on the different loading directions.11 The
acoustic emission (AE) technique has been used for the
determining the relationship between its tensile strength
and damage-related AE energy.12 Based on the statistical
analysis, strength values under tensile, compression and
bending loads can be described using normal or Weibull
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sufficiently uniaxial or pure shear, and failure mechanisms
being interfered by structural behaviors, such as edge effects,
delamination, buckling, etc. where the actual failure is dominated by the highly localized stresses/strains.
A typical criticism of the Tsai-Wu criterion in the literature is its lack of representation of the failure modes in the
criterion, for example, tensile, compressive, and shear. In
other words, all failure modes are predicted by a single failure function reaching its critical value and some researchers
find this unacceptable.
The failure analyses as presented in this paper, while
being compared with available experimental data, will serve
as some verifications from a specific perspective.
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Material C/C-SiC

The material to be investigated is C/C-SiC, a continuous
carbon fiber reinforced ceramic composite with carbon and
silicon carbide matrix. The so-called green plate was prepared by stacking several layers of 2/2 twill weave fabric of
carbon fibers pre-infiltrated with phenolic resin as precursor (prepreg with 3 K HTA fibers of Teijin Carbon Europe
GmbH, phenolic resin with about 60 mass% carbon and
can provide a dimensionally stable structure after pyrolytic
processes). In order to obtain overall orthotropy in the coordinate system defined by the fiber tow directions in the
plane, the alternating layers of fabric were rotated by 90°
during the ply stacking (Figure 1). The green plate was
subsequently used to manufacture the C/C-SiC material
through Liquid Silicon Infiltration (LSI) technology, and the
LSI process can be subdivided in three main process steps:
greenbody, pyrolysis, and siliconization. First, Carbon Fiber
Reinforced Polymers (CFRP) preform was manufactured via
warm pressing (Tmax = 240°C, Pmax = 5.8 kPa) using green
plate. Next, the CFRP plate was pyrolyzed at a temperature
above 1500°C under inert gas atmosphere (nitrogen) and
the polymer matrix was transformed to an amorphous and
porous carbon matrix (carbonization). The carbon fibers are
densely embedded in the carbon matrix and a crack pattern

|
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of continuous HTA carbon fibers with
2/2 twill woven for the manufacturing of
C/C-SiC
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The effect of some impurities like CaO and Fe2O3 containing
clayey materials on theirStandard
thermal and firing behaviorSpecimen
was in- geometries, dimensions, and loading direction
Test
vestigated with the attitude to follow the mineralogical trans2.2 | Methods of characterization
Uniaxial Tensile
DIN EN 658-1: 1999
formations and the development of crystalline phases, which
control densification of ceramic bodies and subsequently inX-ray diffraction (XRD) of raw and fired clays was recorded
fluence their physical and mechanical properties.
using a PANalytical X'Pert Pro powder diffractometer type
Iosipescu-shear
DIN EN 12289: 2005
Philips equipment with Cu Kα radiation. The analyses were
performed on bulk sample (powder) from 5° to 70° on a 2θ
scale and on clay fraction (<2 μm) from 5° to 30° on a 2θ
2 | M AT E R IA L S A N D ME T HODS
scale. The identification of clay minerals was made according to the oriented clay aggregates method (air drying, eth2.1 | Raw materials
ylene glycol saturation and heating at 550°C for 2 h). The
Uniaxial Compression
DIN EN ISO 20504:2020-01
relative content of clay minerals in the clay fraction was
The raw materials used in this study were argillites, obtained
conducted using a semi-quantitative estimation. The error
from Zouza member in far north of Tunisia. These raw materials were all recognized as rich in kaolinite with illite
made on this percentage is about 5%–10%.The mineral phase
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F I G U R E 3 Typical stress-strain behaviors of C/C-SiC material
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aims to chara
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the
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one
of
characwith fiber orientation of 0° & 90° and +45° & −45° under uniaxial
als
collected
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the
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teristics
of
tensile
fracture
of
brittle
materials
in
general.
tensile, compression, and pure shear loading
Tunisia. The starting clayey materi
ical, chemical, and mineralogical
investigation of their thermal and f
T A B L E 2 Summary of elastic constants and fracture properties of material C/C-SiC with fiber orientation 0° & 90° and +45° & −45° obtained
mechanical and physical propertie
from tensile, compression, and Iosipescu-shear tests
ramic bodies were characterized in
Elastic constants
tential suitability as raw materials f
The effect of some impurities like
T
T
C
C
T
Ex = Ey
Ex = Ey
𝝂 xy
Gxy
clayey materials on their thermal
[GPa]
[GPa]
[−]
[GPa]
vestigated with the attitude to follo
0° & 90°
72.8 ± 2.1
74.4 ± 10.6
0.02 ± 0.01
9.5 ± 1.7
formations and the development o
G12
𝜈 T12
ET1 = ET2
EC1 = EC2
control densification of ceramic b
[GPa]
[-]
[GPa]
[GPa]
fluence their physical and mechan

Figure 3, because dominating stresses in this case are tension in
one family of fibers whilst compression in the other family and
there is hardly any in-plane shear along fibers involved.
The mean value and standard deviation of C/C-SiC mechanical properties for both orientations under different loadings
are summarized in Table 2. The determination of the Young's
and shear moduli was conducted using a linear fit of the initial linear region of the stress-strain curves. E is the Young's
modulus, 𝜈 is the Poisson's ratio and G the shear modulus. The
indices x, y and 1, 2 correspond to the indications in Figure 2
and 𝜃 equals 45° for the fiber orientation +45° & −45°. The
index T denotes the tensile test and C to the compression. Due
to the symmetry of fiber orientation (Figure 1) the Young's
modulus Ex is equal to Ey, and the values of E1 and E2 are
theoretically identical, respectively. The failure stress was calculated from the maximum load according to the associated
standards. The determined tensile and compression strengths 𝜎

+45° & −45°

25.4 ± 1.3

26.8 ± 2.5

0.64 ± 0.02

42.7 ± 2.2

𝝈 Tx = 𝝈 Ty
[MPa]

𝜺Tx = 𝜺Ty
[%]

𝝈 Cx = 𝝈 Cy
[MPa]

𝜺Cx = 𝜺Cy
[%]

𝝉 xy
[MPa]

125.7 ± 13.1

0.25 ± 0.03

329.9 ± 15.4

—

71.7 ± 0.9

𝜎 T1 = 𝜎 T2
[MPa]

𝜀T1 = 𝜀T2
[%]

𝜎 C1 = 𝜎 C2
[MPa]

𝜀C1 = 𝜀C2
[%]

𝜏 12
[MPa]

95.0 ± 1.4

1.15 ± 0.04

135.7 ± 4.1

1.29 ± 0.16

Failure properties
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behavior and the ceramic properties of these clays particuand quartz. It consists of a thick clayey formation of Upper
(A)
(B)
(C)
(D)
larly in the Sejnène region, northwest Tunisia. According to
Oligocene-Lower Miocene age affiliated with the Numidian
the chemical composition, these clayey materials are characFlysch1 and exposed over large areas (Figure 1). It is charterized by high iron contents whose the effect on the color
acterized by its large outcrops of argillites and shales, loof the ceramic materials is well known, and the attendance
cally encrusted with fine sediments, interspersed with sand
of fluxing agents as alkali and alkaline earth elements which
and sandstone levels. This series extends for about 20 km
are necessary for low temperatures firing. Mineralogically,
from west to east and is well represented in Zouza region
considered materials consist entirely of kaolinite rich clays
with an average thickness of 200 m. This clayey formation
containing impurities, mostly illite, calcite, feldspar, and
is organized into four large sequences. The lower clays (Sa1)
iron, which serve as fluxing agents to improve densification
are gray, low-plastic clays, rich in kaolinite, admitting some
at low temperature3-6 and appeared helpful in improving the
sandstone levels, identified in Sèjnene locality and known as
physical and mechanical properties of the manufactured cepotters' clays. The overlying clays (Sa2), recognized as silty
ramic materials.
gray-green, moderately plastic clays, formed by a kaoliniteThese materials can be used for ceramic production that
illite association. The middle clays (Sa3) are silty, green plasthey have appropriate
chemical and mineralogical compositic clays, rich (G)
in kaolinite and illite as(H)majors clay minerals.
(F)
(E)
tions composed of kaolinite and illite often contain various
The upper clays (Sa4) identified in Nefza locality and known
impurities including SiO2, CaO, Fe2O3, and alkali, certainly
as hardened clays and are green low-plastic clays with illite
that are advantageous for its workability, moulding, drying
abundance in addition to kaolinite. All of these clays often
behavior, firing behavior, and quality of the ceramic prodcontain various impurities including iron, earth alkali primaructs like mechanical strength and porosity.3 Thus, study of
ily CaO, and alkali mainly K2O, which have great effect on
the suitability of these clayey materials to produce ceramic
the firing properties of the ceramic materials. A representaproducts with low porosity and high mechanical performance
tive sampling throughout the clay formation was carried out
intended for applications for stoneware production is fundausing a manual shovel at 0.5 m deep in order to extract an
mentally important for the development of the ceramic secunaltered sample and collected samples were listed as Sa1,
tor in Tunisia and the raw material supply for building and
Sa2, Sa3, and Sa4. This sampling consists of taking a sufconstruction. Depending on their mechanical and physical
ficient quantity of clays (about 10 kg) whose properties corproperties, utilization of the manufactured ceramic materirespond as closely as possible to the average properties of
als is suggested for various applications and they are mainly
the whole clay series. Sufficient quantity (about 5 kg) of clay
F I G U R E 4 Failure paths (red arrows) of tested C/C-SiC samples with fiber orientation 0° & 90° (with x–y axis and z-axis is for thickness
designed as building materials such as fired bricks, roof tiles,
for each batch of samples were prepared after crushing and
direction) and +45° & −45° (with 1–2 axis and 3-axis is for thickness direction), A) 0° & 90° uniaxial tension; B) and C) 0° & 90° uniaxial
pavements, wall, and floor tiles.
sieved over a 1000 μm sieve and kept in Kraft's bags prior to
compression; D) 0° & 90° Iosipescu-shear; E) +45° & −45° uniaxial tension; F) and G) +45° & −45° uniaxial compression; H) +45° & −45°
The present study aims to characterize some clayey materitheir use for ceramic pastes preparation. About 100 g of each
Iosipescu-shear
als collected from the Zouza member, located in the far north,
sample was taken to undergo chemical, mineralogical, and
Tunisia.
Thespecimen
starting clayey
materials
were compression
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analyzes.
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behaviorofand
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materials
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The Iosipescu-shear failure mode of a +45° & −45° specimen is shown in Figure 4H. The fracture is not within the
zone where pure shear was expected and it probably would
never be contained within this zone, given the specimen set
up. The fracture initiated at the notch and propagated along
the direction of array fiber tows perpendicular to the local
tensile stress. The fracture bears similarity to the tensile fracture in the 0° & 90° specimen as shown in Figure 4A. It did
not seem to have been influenced by the presence of the compressive stress in the direction parallel to the fracture surface.
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behavior and the ceramic properties of these clays particularly in the Sejnène region, northwest Tunisia. According to
the chemical composition, these clayey materials are characterized 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 temperature3-6 and appeared helpful in improving the
physical and mechanical properties of the manufactured ceramic materials.
These materials can be used for ceramic production that
they have appropriate chemical and mineralogical compositions composed of kaolinite and illite often contain various
impurities including SiO2, CaO, Fe2O3, and alkali, certainly
that are advantageous for its workability, moulding, drying
behavior, firing behavior, and quality of the ceramic products 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 fundamentally important for the development of the ceramic sector in Tunisia and the raw material supply for building and
F I Gconstruction.
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one can relate the strains in 1–2 system to the stresses in the
same coordinate system as follows, given that Ey = Ex,
(
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16
( 4 )
2 1 + 𝜈 xy
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Under uniaxial stress (tension or compression) in
1-direction and pure shear in 1–2 system as special cases,
the strains in the 1–2 coordinate system can be found respectively as follows:
( (
)
)
𝜎 1 2 1 − 𝜈 xy
1 2 1 4
𝜀1 =
+ a + b𝜎 1 + c𝜎 1
4
E
4
16
)
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𝛾 12 =

𝜀1 = 0
𝜀2 = 0
)
(
2 1 + 𝜈 xy
Ex
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𝜏 12

Using the above, the stress-strain curves in the 1–2 system
can be predicted as shown in Figure 6, where uniaxial tension
and compression coincide with each other because the tensile
Young's modulus was employed for both tension and compression as was explained earlier.
The four independent elastic constants (ET , EC , G, and
𝛾 ) of C/C-SiC for fiber orientation +45° & −45° were
evaluated based on the input from 0°&90° tests. The calculated results are compared with the experimental values
(Table 2) in Figure 7 and a relatively good agreement can
be observed.
Since the Young's modulus employed as the input was
from the tensile test obtained in the x–y system (0°–90°), one
might expect the predicted stress-strain curve to be closer to
the tensile one in the 1–2 system (±45°), as opposed to what
is shown in Figure 6A. The disparity there is because of the
slight nonlinearity present in the tensile stress-strain curve
in the x–y system as shown in Figure 5A, which has been
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employed, undermining the predictiveness of these models.
The Tsai-Wu criterion is a relatively more established theory,
although one outstanding issue of it did not get resolved until
fairly recently after some rational considerations made to it.27
The composite is a genuinely orthotropic material as its macroscopic scale, but the rationalization made to the Tsai-Wu
criterion in Ref. [27] was limited to transversely isotropic materials. There has been no rational way to determine some of
the coefficients involved in the criterion for genuinely orthotropic materials. The authors are intrigued to put the criterion
to test against a material which is genuinely orthotropic whilst
the basic strength properties are available, so that an objective
assessment of the criterion can be made. This would motivate
further attempt to rationalize the Tsai-Wu criterion for genuinely orthotropic materials, although this is obviously beyond
the scope of the present paper.
Their suitability of the criteria as expressed in Equations
7–11 will be tested by applying them to the material concerned here (C/C-SiC), for which a reasonably complete set
of strength properties are available, and verifications can be
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behavior and the ceramic properties of these clays particularly in the Sejnène region, northwest Tunisia. According to
the chemical composition, these clayey materials are characterized 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 temperature3-6 and appeared helpful in improving the
physical and mechanical properties of the manufactured ceramic materials.
These materials can be used for ceramic production that
they have appropriate chemical and mineralogical compositions composed of kaolinite and illite often contain various
impurities including SiO2, CaO, Fe2O3, and alkali, certainly
that are advantageous for its workability, moulding, drying
behavior, firing behavior, and quality of the ceramic products 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
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the maximum stress criterion to obtain an indicative prediction
of the failure mode for the composite concerned. However, it
should be pointed out that the prediction of failure mode is
only meaningful when there is a clear dominance of a particular stress component. Otherwise, the failure mode may not be
as obvious as one would wish. This might also undermine the
justifications for any mode dependent failure criterion.
Purely from the perspective of the orthotropy, the coordinate systems x–y and 1–2 are equally useful, as both
are principal systems. Practically, the differences should not
be overlooked. In the discussion of stress-strain curves as
in the previous subsection 0, predictions can be made one
way but not the other, based on the existing development
of nonlinear elasticity. For strength predictions, there is no
restriction on the direction of the process, that is, predicting
the strengths in the 1–2 system (±45°) based on those in the
x–y system (0°–90°), as has been carried out in the top half
of Table 4 and also discussed above, or predicting strength
in the x–y system based on those in the 1–2 system. The reverse process has been carried out with the results included
in the second half of Table 4. It can be seen that none of the
failure modes predicted from this reversed process according to both the maximum stress and maximum strain criteria
is relevant because one would expect the fracture surfaces
aligned with 1 or 2 axis, that is, 45° from the fibers in the
x–y plane. The predicted strengths are just as inaccurate as
the failure modes predicted. One should be able to draw a
clear conclusion here on the applicability of these two failure criteria. The maximum strain criterion is deemed to be
inapplicable to genuine orthotropic materials and the maximum stress criterion is relevant in failure mode predictions,
but predicted strengths could contain significant errors and
the predictions are relevant only if the principal axes of the
coordinate system happen to coincide with the directions of
fibers. This has never been revealed previously.
Following the reversed process as described above, the
Tsai-Wu criterion outperformed the other two. The predicted
tensile and shear strengths are in fact a little too close to the
experimental values to be true. These are of course accompanied by an excessively underestimated compressive strength.
In absence of better failure criterion applicable to genuine
orthotropic materials, the Tsai-Wu criterion might serve as
an interim solution, if due care has been exercised with its
accuracy justified with respect to that of its input data. It can
be misleading if it is used as a black box. The state-of-the-art
on composite failure criteria is simply not mature enough for
any attempts of this kind.
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In this work, the mechanical behaviors, especially the failure properties, of LSI-based C/C-SiC were investigated and
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