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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 pre-
dicted 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 rea-

sonable prediction of the strengths, which can be assisted by the maximum stress
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1 | INTRODUCTION AND
OBJECTIVE

Due to its excellent mechanical properties, favorable dam-
age 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.'® 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

criterion to obtain an indicative prediction of the respective failure modes.

C/C-SiC, ceramic matrix composites, failure, mechanical properties, modeling/model

of 2000s.” Since then, material properties of the compos-
ite 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.'' 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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distribution for each of the various failure mechanisms.'?

Hofmann'* has developed a finite element approach based
on the cohesive-zone-elements for the modelling of me-
chanical behaviors of C/C-SiC with interlaminar defects,
which is validated by comparing the numerical and three-
point bending results of delaminated samples. The elastic
properties of wound C/C-SiC with different winding angles
can be calculated through the input data of equivalent UD-
ply, which was computed by Inverse Laminate Thc:aory.15
The damage-based failure criteria were proposed for the
modelling of inelastic behavior of similar composites.'®!’
Furthermore, according to the in situ X-ray tomography
characterization of LSI C/C-SiC, significant strain oriented
in through-thickness direction and their localizations were
observed at small applied stress.'® However, some import-
ant mechanical properties of C/C-SiC, especially in +45°
direction, have still not been investigated in detail, and the
appropriateness of various failure criteria for the prediction
of strength under different loadings should be explored.
The objective of material characterization as described
above was to prepare this type of materials so that they will
become ready to be adopted in engineering structures. In
practical applications, materials are usually expected to sus-
tain loading conditions which will surely go beyond the stress
states as employed to characterize the material, viz. uniaxial
tension and compression and pure shear in materials principal
axes. Almost inevitably, materials will be exposed to stress
states where multiple components are present with their mag-
nitude being comparable to their respective strengths. As the
number of such stress states is inexhaustible, it is impossible
to determine the strength experimentally for each stress state
encountered. It is therefore essential to have some suitable
failure criteria which would be capable of incorporating the
effects of each individual stress component in assessing the
safety of the material under a general combined stress state.
Failure criteria for composites have been a field which has
attracted extensive attention from the composites’ community
since the emergence of modern high-performance compos-
ites. There have been dozens, if not more, of failure criteria
of various kinds. Some of them have been reviewed and as-
sessed in a series of well-organized world-wide round-robin
exercises.'”*! It is therefore not the intention of the present
paper to re-present the findings out of these exercises. A fair
observation is that most criteria available were proposed for
unidirectionally (UD) fiber-reinforced composites, which can
be reasonably assumed to be transversely isotropic. The C/C-
SiC composite as is the interest of the present paper can be
best described as laminates of a woven fabric reinforced com-
posite (section 0) while each lamina involved is effectively a
genuine orthotropic material. None of the criteria proposed
specifically for UD composites is expected to be applica-
ble to such a material. Among those applicable to genuine
orthotropic materials are the maximum stress criterion, the

maximum strain criterion and the Tsai-Wu criterion. The first
two are the most primitive ones extended from their respec-
tive counterparts for isotropic materials. According to, 2%
the maximum strain criterion is logically less consistent than
the maximum stress criterion, although some practitioners
seemed to prefer the latter, likely due to historical reasons.”*
It has been demonstrated in Ref. [23] that, after a number
of rational considerations based on the concept of ‘effective
strains’ instead of ‘apparent strains’, the maximum strain
criterion reproduces the outcomes of the maximum stress
criterion and therefore is unified with the maximum stress
criterion under the assumption of linear elasticity up to the
failure. The accuracy of the maximum stress/strain criterion
relies on the stress states being primarily uniaxial stress or
pure shear in materials principal axes, in which case, their
predictions are more or less a straightforward re-presentation
of the input strengths or failure strains. Beyond these stress
states, the accuracy of the predictions cannot be taken for
granted.

The Tsai-Wu criterion”> >’

was one of the earlier attempts
of incorporating the contributions of all stress components
to the failure of the material and it was proposed within a
framework applicable to genuine orthotropic materials, at
least initially. However, its systematic applications as demon-
strated in Ref [19,20] and rationalized in Ref [27] have been
mostly limited to transversely isotropic materials. There have
not been many completely sets of elastic and strength proper-
ties of genuinely orthotropic materials in the open literature,
let alone their systematic applications in failure predictions.
One of the objectives of this paper was to offer a complete set
of material properties and their systematic applications.
Another attractive feature of this criterion was that it had
covered a significant number of other failure criteria in this
category such that they could be considered as special cases
of it, for example, the Hoffmann criterion.”® The criterion
has been subject to a lot of admiring endorsements on one
extreme and dismissive criticisms one the other. However,
most of its appraisals, whether positive or negative, are sub-
jective, and the common and seemingly compelling argument
has been the agreement with experimental data. In fact, most
of the experimental data in the open literature are incomplete
and hence insufficient to support proper predictions using
the Tsai-Wu criterion. Among the limited available number
of complete sets of data, good and bad comparisons almost
break even. The objectiveness of such comparisons is often
questionable, as a careful and responsible experimentalist
would agree that in the experimentally measured data, such
as strengths or failure strains employed as the input for a fail-
ure criterion, the inaccuracies involved in experiments, even
those devised following established industrial standards, can
be as significant as the scatter present in some of the theoret-
ical predictions. Typical sources of errors are the stress states
in the specimen not being sufficiently uniform, or not being
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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 domi-
nated by the highly localized stresses/strains.

A typical criticism of the Tsai-Wu criterion in the liter-
ature 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 fail-
ure 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.

2 | MATERIAL AND EXPERIMENTAL

2.1 | 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 pre-
pared by stacking several layers of 2/2 twill weave fabric of
carbon fibers pre-infiltrated with phenolic resin as precur-
sor (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 co-
ordinate 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 (7, = 240°C, P, = 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

FIGURE 1
of continuous HTA carbon fibers with

Preform and lamination

2/2 twill woven for the manufacturing of
C/C-SiC

1st layer
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evolves in the C/C body. Finally, during the siliconization
step silicon with a purity of 99.9% is melted at T,,,, of ap-
prox. 1650°C and the liquid silicon was infiltrated into the
porous C/C structure by capillary forces and reacted with
the carbon matrix to form silicon carbide. Because of the
LSI method, the final C/C-SiC contains load bearing carbon
fiber bundles which are embedded in a dense SiC matrix
with a small amount of residual Si and C. The fiber volume
content of C/C-SiC was calculated by the measurement of
the initial weight of the carbon fibers and the total volume
of the finished component. The density and open porosity
of the manufactured plate material were measured using
the Archimedes method.” The fiber volume content, open
porosity and density of the C/C-SiC plates concerned are
~57.0%, 2.0%, and 2.0 g/cm®, respectively.

The finished C/C-SiC material is shown in Figure 2 and
the directions of x- and y-axis represent the fiber reinforce-
ment orientations denoted as 0° & 90° instead of 0°/90°
where the notation 0° & 90° refers to a block of paired lay-
ers of the woven fabrics as shown in Figure 1, whereas the
0°/90° notation as conventionally adopted in laminates made
from UD plies often has a strong implication on the layer se-
quence. Since such a sequence is irrelevant for the composite
concerned, the 0°/90° notation will be avoided in the present
paper. Similarly, notation +45° & —45° is employed to refer
to the 0° & 90° block but rotated by 45° in the plane of the
composite. Use has also been made of notation 0°-90° and
it is employed to refer to the principal axes of the material
in these two directions of axes x—y. Similarly, notation +45°
is to refer to the directions of 1-2 coordinate axes as shown
in Figure 2, which are 45° from axes x—y in the plane of the
composite.

Assuming macroscopic homogeneity of the obtained
ceramic matrix composite, it can be considered as a mate-
rial instead of composite laminate. It is orthotropic in both
sets of coordinate systems, 0°-90° (x- and y-axis) and +45°
(1- and 2-axis). Without the alternating layup arrangement
(Figure 1), a twill weave is orthotropic only in the +45°
coordinate system, while there is nothing that supports its
orthotropy categorization in the 0°-90° coordinate system
as one's intuitive choice. Detailed argument can be found
in Ref [30].

2n-1 layer

2nd layer 2n layer
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2.2 | Mechanical tests

The mechanical properties, including elastic and shear moduli
(E and G), Poisson's ratio (v), strength (o), and failure strain (g),
of the investigated C/C-SiC material with different fiber orien-
tations 0° & 90° and +45° & —45° were measured under uniax-
ial tensile, Tosipescu-shear, and uniaxial compression loading.
The coupons for the tests were cut from flat plate with thick-
nesses of 3 mm. Table 1 gives an overview of the performed
mechanical tests with the associated standards, specimen size
and the loading direction relative to the specimen geometries.

y

FIGURE 2 C/C-SiC material with fiber orientation of 0° &

90°, coordinate system (x and y-direction) in accordance with the
mechanical loading directions and rotated to another coordinate system
(1 and 2-direction) with rotation angle of 45°

All the experiments were performed up to failure on a universal
testing machine (Zwick 1494) at a controlled cross head speed
of 1 mm/min. For the displacement measurement the testing
machine is equipped with extension measurement devices and
the force and distance measured values are recorded synchro-
nously. For the uniaxial tensile and compression tests, the longi-
tudinal and transverse strains were measured with strain gauges.
During losipescu-shear tests, the strains were evaluated using
strain gauges in the +45° and —45° directions relative to the
shear loading direction. For statistical confirmation at least three
samples per series were tested.

3 | EXPERIMENTAL RESULTS

Figure 3 shows typical tensile, compressive, and shear stress-
strain curves of the investigated C/C-SiC with fiber tow orien-
tations 0° & 90° and +45° & —45°. The stress-strain response
strongly depends on the loading direction. With 0° & 90° orien-
tation and under uniaxial tensile and compression loading, the
composite shows an almost linear behavior with higher stiffness
and strength as seen in Figure 3, since the loading direction is
aligned with one of the arrays of fiber tows. In contrast, under
uniaxial tensile and compression loadings the composite with
orientation of +45° & —45° shows non-linear behavior and
stiffness and the strength values are considerably lower. This
is so because the material is subject to a significant amount in-
plane shear along the fibers, that is, in 0°-90° directions. As
is well-known, in-plane shear behavior along fibers shows sig-
nificant nonlinearity.’' By contrast, a clear non-linear response
in the losipescu-shear behavior of 0°&90° specimens with low
shear modulus can be observed in Figure 3 as this is a prob-
lem dominated by the in-plane shear along fibers, which fea-
tures nonlinearity as explained above. The losipescu-shear of
the +45° & —45° specimens is rather linear, as is also shown in

TABLE 1 Specimen geometry with dimensions (thickness of 3 mm), loading direction for different mechanical tests and the associated

standards
Test Standard Specimen geometries, dimensions, and loading direction
Uniaxial Tensile DIN EN 658-1: 1999 < 160 mm >
4-*— 8 mm 10 mm —'—b
Tosipescu-shear DIN EN 12289: 2005 < 80 mm >
£
12 mm I £
o
t 4
Uniaxial Compression DIN EN ISO 20504:2020-01 25 mm
A
=] 10 mm [
v
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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 mechan-
ical 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 ini-
tial linear region of the stress-strain curves. E is the Young's
modulus, v 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 0 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 E, is equal to E, and the values of E, and E, are
theoretically identical, respectively. The failure stress was cal-
culated from the maximum load according to the associated
standards. The determined tensile and compression strengths o

250

——0°&90° uniaxial tension
——0°&90° uniaxial compression
200 ——0°&90° shear

— — +45°&-45° uniaxial tension
- = +45°&-45° uniaxial compression
= = +45°&-45° shear

-
[8)]
o

Stress [MPal]

0.0 1.0 2.0 3.0 4.0
Strain [%]

FIGURE 3 Typical stress-strain behaviors of C/C-SiC material
with fiber orientation of 0° & 90° and +45°
tensile, compression, and pure shear loading

& —45° under uniaxial

TECHNOLOGY

and shear strengths 7 are listed in Table 2. The fracture strain
€ under tensile or compression loading and y of shear test was
defined as the strain value at the related maximum strength,
which are listed in Table 2 too. Similar to elastic values, the
strength o, is equal to 6, 0, to 6, and ultimate strain €, to €,
, €1 t0 &,, respectively. It should be noted that the mechanical
properties of C/C-SiC with orientation 0°&90° have been pub-
1032 and they are included in Table
2 for completeness and ease of reference.

lished in the previous works

4 | DISCUSSION

4.1 | Failure modes

Figure 4 shows the typical failure modes of C/C-SiC speci-
mens under investigation with fiber orientation 0° & 90°
(Figure 4A-D) and +45° & —45° (Figure 4E-H). The indices
x, y and 1, 2 correspond to the indications in Figure 2; z-
(Figure 4C) and 3-axis (Figure 4G) denote the thickness di-
rection of the samples with orientation of 0° & 90° and +45°
& —45°, respectively. Just like their stress-strain behaviors,
the failure modes depend strongly on the loading direction
and fiber orientation.

Figure 4A shows the typical fracture mode due to uniaxial
tension along the direction of one array of fiber tows whilst
transverse to the direction of the other array of fiber tows.
Clear fiber breakage is observed for the tows in the loading
direction accompanied by matrix crack in or between the
tows in the other direction. There is no obvious out-of-plane
deformation over the fracture area and this is one of charac-
teristics of tensile fracture of brittle materials in general.

TABLE 2 Summary of elastic constants and fracture properties of material C/C-SiC with fiber orientation 0° & 90° and +45° & —45° obtained

from tensile, compression, and losipescu-shear tests

Elastic constants

T _ T C _ oC
El=E, EC=E VI G,
[GPa] [GPa] [-] [GPa]
0° & 90° 72.8 £2.1 74.4 + 10.6 0.02 + 0.01 95+ 1.7
ET=ET E€ =ES Vi G
[GPa] [GPa] [-] [GPa]
+45° & —45° 254+ 1.3 26.8 +£2.5 0.64 +0.02 427 £22
Failure properties
ol = o-yT el =gl Gf = ayC ef = eyc Tyy Ve
[MPa] [%] [MPa] [%] [MPa] [%]
0° & 90° 125.7 + 13.1 0.25 +0.03 3299+ 154 — 71.7+0.9 3.09 +£0.13
0'1T=0'§ e{:eg O'f=6§ 81C=82C T2 Y12
[MPa] [%] [MPa] [%] [MPa] [%]
+45° & —45° 95.0+1.4 1.15 +0.04 1357+ 4.1 1.29 +0.16 126.5+59 0.33 +0.02
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FIGURE 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
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
compression; D) 0° & 90° losipescu-shear; E) +45° & —45° uniaxial tension; F) and G) +45° & —45° uniaxial compression; H) +45° & —45°

losipescu-shear

A 0° & 90° specimen failed under uniaxial compression is
shown in Figure 4B. Over the fracture area, it can be observed
that a lot of fiber bundles are sticking out of the plane, leaving
a rather rough and uneven appearance on the specimen sur-
face, which is typical in compressive failure due to the typical
kink band failure mechanism for fibers lying in the loading
direction and transverse crushing for the tows perpendicular
to the loading direction. The observed out-of-plane deforma-
tion in this case was exacerbated by the undulations in the
fabric preform and the delaminations initiated from the edges
of the specimen prior to the catastrophic fracture as shown in
Figure 4C.

The losipescu-shear failure mode of a 0° & 90° specimen is
shown in Figure 4D. The fracture is right across the specimen
over the cross-section where reasonably pure shear was ex-
pected. It runs along the direction of one of the arrays of fibers
and perpendicular to the other array. The failure was due to the
relative sliding of the opposite halves of the specimen along the
fracture. As a result, the fracture area is not as neat as that due
to tension but much tidier than that due to compression.

The failure modes of the +45° & —45° specimens due to
uniaxial tension and compression are shown in Figure 4E and
Figure 4F, respectively. Both exhibit a 45° characteristic, that
is, the fracture is along the fiber direction of one of the ar-
rays of the fiber tows and perpendicular to the other array.
A clear difference can be identified in terms of the neatness
of the fracture, the former is clean leaving a smooth speci-
men surface behind, while the latter tends to leave a slightly
rougher fracture area due to the sliding tendency. Another
subtle difference is the fracture in the former case shows a de-
gree of zig-zag appearance whilst the latter tends to show as
a straight line. The presence of tension along with the dom-
inating shear over the fracture surface allows the fracture to
take place wherever the critical condition was met. However,
when the dominating shear is accompanied with compression
across the fracture surface, the sliding tendency would be re-
tarded if the fracture surface had not been lined up properly.
The surface roughness of the specimen failed under compres-
sion is more pronounced around the edge of the specimen due
to the premature delaminations as shown in Figure 4G.
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The Iosipescu-shear failure mode of a +45° & —45° spec-
imen 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 frac-
ture in the 0° & 90° specimen as shown in Figure 4A. It did
not seem to have been influenced by the presence of the com-
pressive stress in the direction parallel to the fracture surface.

4.2 | Theoretical predictions of elastic
properties and failure

The C/C-SiC laminates produced according to the process as
described in Section 0 will be considered as an orthotropic
material without involving any microscopic details. It is as-
sumed that any effects of the microscopic details have been
reflected through the effective elastic and strength properties
of the composite. There are two sets of independent principal
axes, 45° apart as shown in Figure 2. The elastic and strength
properties of the material have been measured independently
in these two sets of principal coordinate systems. The prop-
erties measured in x—y coordinate system (0°-90°) will be

lled
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employed as the input data for the predictions of the deforma-
tion and failure of the material when it is loaded in uniaxial
tension and compression and pure shear in the 1-2 coordinate
system (+45°), which are all combined stress states in the x—
y coordinate system. The experimental data measured in the
1-2 system (Table 2) maintain their complete independence
from the predictions. The predicted deformation and failure
will be compared with the experimental data as valid means
of verifications of the analysis.

42.1 | Prediction of stress-strain relationships

Stresses between the two sets of principal coordinate systems
are interrelated through the conventional coordinate transfor-
mation as listed in Table 3, where ¢* and 7* are the magni-
tudes of loading in uniaxial and pure shear cases, €* and y *
are the magnitudes of the applied strains in uniaxial and pure
shear stress states, and v, is the Poisson’ ratio of the material
in the x—y axes. While the stress states in the loading coordi-
nate system are either uniaxial or pure shear, they correspond
to a combined stress state in the other coordinate system in
which the material also remains orthotropic. It should be
pointed out that under a uniaxial stress state, the correspond-
ing strain state is not at all uniaxial due to the Poisson's effect,

TABLE 3 Stresses and strains under testing conditions (black) and their transformations to the other principal coordinate systems (red)

Stresses
Coordinate system xX-y 1-2
Uniaxial tension along o, = o, = o / 2
Xx-axis 0,=0 o, = o /2
Ty = T ——O'*/Z
Uniaxial compression o, = o o, = —-o / 2
along x-axis o, = 0,=—0"/2
T, = 7,=0"/2
Pure shear in x—y-axes o, = o, = T
o, = 0,=-7T
7,=7 7,=0
Uniaxial tension along o.=0 / %) o, =0
1-axis o, = 6*/2 0,=0
7,=-0/2 %2 =0
Uniaxial compression o, =—0 / 2 o,=-0
along 1-axis o, =—o'/2 o, =
7,=0/2 2=
Pure shear in 1-2-axes o, = T 0,=0
0,=-T 0,=0
7.,=0 T =T

Strains
xX-y 1-2
=€ £ (1-v,)
£,=—V € f=6= 5
7., =0 ro=—¢(1+v,)

£,=V, E 2
7, =0 7/12—8*(1+VU)
):0 gl: */2
y_O 52277/*/2
Vo =7 Vi =
gv=gr= (1—1/12) Elzg* *

’ 2 & =—V,E
Yy (1+v,,) %, =0

1— £ =—¢

£ =g =— ( Vlz) 1 .

’ 2 & =V,E
Yy (1+V12) Vo=
e=y/2 £=0
g" =_7/*/2 8220
Vi =0 Yo=Y
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(A)
200 -+ —0°890° uniaxial tension
—0°&90° uniaxial compression
150 —Linear (based on initial tensile modulus)
©
o
=3
«» 100
7]
g
n
50
0
0.00 0.05 0.10 0.15 0.20 0.25
Strain [%]
(B)
80
60
g
2 40
n
a —0°&90° shear
L20
5 —Fitted curve y=c®+brP+ar

0
0.0 05 1.0 1.5 2.0 25 3.0
Strain [%]

FIGURE 5 Stress-strain curves in x—y axes and their
approximations: (A) uniaxial tension and compression and linear
approximation based on the tensile modulus; (B) shear stress-
strain curve and its polynomial fit

although a pure shear stress state results in a pure shear strain
state. The combined stresses and strains in the other coor-
dinate system as shown in Table 3 are obtained exclusively
through coordinate transformations as a consequence of the
fact that stresses and strains are all components of tensors.
They are always applicable whether the material behaves lin-
early or nonlinearly in terms of its stress-strain relationship,
understanding that the Poisson's ratio v,,, may not necessarily
be a constant in a generally nonlinear case.

There has not been a systematic and practical theoretical
framework to describe the nonlinear stress-strain relation-
ship fully in general, let alone for ceramic matrix composites
(CMCs) as a relatively new type of composites. However, if
the stress-strain relationship under uniaxial tension and uniaxial
compression in the 0° and 90° directions can be approximated
as linear with the common Young's modulus as obtained under
tension, and the nonlinearity is only present in the in-plane
shear in the x—y axes, then the uniaxial tension and compression
and pure shear in the 1-2 axes can be obtained theoretically.’'
This is one for the areas where a novel contribution has been
made in this paper for the composite concerned.

A marginal difference was reported in Ref [10] between
the tensile and compressive Young's moduli. If there was

a genuine disparity, the material would have to be consid-
ered bimodulus, which would be a significant source of
nonlinearity. However, the difference reported in Ref [10]
as quoted in Table 2 is believed to be caused by the lack
of waisted gauge length in the samples employed for the
compression tests, therefore, the uniaxial stress state was
not observed during the test. This has been validated by the
authors through conducting independent compression tests
using C/C-SiC specimens of a dumbbell shape, same as
was employed in tensile tests (tensile sample in Table 1),
while keeping the load level sufficiently low to avoid undue
buckling. The measured Young's modulus under compres-
sion was then hardly any different from that obtained under
tension (Table 2). This justifies the use of tensile Young's
modulus (ET) for both tension and compression. Such a lin-
ear approximation is compared with the experimentally ob-
tained stress-strain curves in tension and compression for
orientation 0° & 90° (absolute values) in Figure 5A. The
linear approximation will be employed in the subsequent
analyses as the input data.

A rational account on the nonlinearity in in-plane shear
can be found in Ref [31] although it was formulated for
transversely isotropic materials under 3D stress states. The
outcome is applied to the current problem of an orthotropic
material but under a plane stress condition. The fitted polyno-
mial to the 5™ order as shown in Figure 5B can be used as a
reasonable approximating whilst maintaining the consistency
in the theoretical framework for the analysis.

Transforming stresses from 1-2 coordinate system to x—y
system, one obtains

o, = (0'1 +0'2) —Tip

X

Gy=

= =

(61+O'2)+T12 (1)
1

To=5 (01-0,)

In the x—y coordinate system, strains are related to stresses
as follows:

V.0

_0x Yo%
“TE T E
X X
VyOyx O
g, =———+— 2
=5 YL @)

- 3 5
Yy =0aTy+ brxy +et

where from the curve-fitting as shown in Figure 5B,
a=0.013MPa™",h=3.0x 10" °MPa~>andc=3.0x10"'"MPa™
with the shear strain being in percentage.

Making use of the stress transformation above, strains in
the x—y system can be expressed in terms of stresses in the
1-2 system. Substituting the obtained relationship into the
following strain transformation formulae:
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£ = 5 (£X+£y) + nyy
1 1
&=5 (£x+£y)—§yxy (3)
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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 =K,

f=1 (o Gﬁ<£ﬂl J+at i (o, —0,)’ 16qalag4>
a1 (orma) (2 (1=v)=a=Jp (01-02)* = e (1=22)* ) (@)
2(1""’;9)
Y12 = E 12

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 respec-
tively as follows:

o 2(1-v
61:71 (E—Xy)+a+%b62+%ca‘l‘
2(1—v &)
52:ﬂ (—xy)—a—lba%—icofl‘
4 E, 4 16
r12=0
and
&=
&,=0
2(1+v,) ©
Y12= E T12

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 com-
pression as was explained earlier.

The four independent elastic constants (E7, E, G, and
y) of C/C-SiC for fiber orientation +45° & —45° were
evaluated based on the input from 0°&90° tests. The cal-
culated 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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FIGURE 6 Predicted stress-strain curves in the 1-2 coordinate
system and compared with experimental data: (A) uniaxial tension
and compression; (B) pure shear

Elastic properties of C/C-SiC +45°&-45°
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FIGURE 7 Comparison of calculated elastic properties to test
results of C/C-SiC with fiber orientation of +45° & —45° under
uniaxial tensile, compression, and pure shear loads

neglected in the above prediction as explained above, render-
ing an overestimation of the stiffness at increased strain lev-
els. Apart from this, the predicted stress-strain curves in the
1-2 coordinate system as shown in Figure 6 are reasonably
accurate, allowing unavoidable experimental errors.

One might imagine that the process could be reversed,
that is, the stress-strain curves under uniaxial tension and
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compression and pure shear in the x—y coordinate system
(0°-90°) could be predicted from those in the 1-2 system
(£45°). However, this is not possible as there has not been
a practical and rational theoretical framework to support the
characterization of a generally nonlinear material, as men-
tioned before. There is not a rational formulation of nonlinear
stress-strain relationship under direct stresses, such as that
exhibited by for the +45° & —45° specimens as shown in
Figure 3. As an illustration, the first two equations in (2) are
formulated based on the superposition law which does not
applied in nonlinear problems in general. A practical consid-
eration is that there has been no explicit guideline specifying
the exact number of elastic constants required and the exper-
imental means to measure them.

42.2 | Predictions of failure

Material testing has been conducted under uniaxial tension
and compression and pure shear in each of the two principal
coordinate systems (section 0). The set of elastic and strength
properties from each coordinate system (Table 2) will be
employed to facilitate the failure predictions under arbitrary
stress states in the respective coordinate system. Once the
uniaxial tension, compression and pure shear states in the
1-2 coordinate system are expressed in the x—y system, they
are combined stress states. Failure criteria can be applied to
these combined stress states and predictions of failure can be
made based on the strength properties measured in the x—y
coordinate system (0°-90°). These predictions can then be
compared with experimentally measured strengths in the 1-2
system (+45°), which will serve as independent verifications
for the failure predictions.

It should be emphasized that the measured strengths in
the 1-2 system are valid materials properties because the
material in the 1-2 coordinate system is orthotropic, the
testing and measurement methods are therefore properly
supported by available industrial standards (Table 1). In any
coordinate system other than x—y and 1-2, the material will
not demonstrate its orthotropy. There is no industrial stan-
dard supporting tests conducted in such a coordinate system
yet. Therefore, the validity of experimental data measured in
off-axis directions other than +45°, such as +30°/—60° or
+15°/=75° as presented in Ref [11] should be not be taken
for granted, because such directions are not in material's
principal axes and direct stresses tend to induce shear strains
whilst the testing fixture does not allow free shear deforma-
tion. As a result, a degree of shear force is applied which
causes sideways bending, compromising the uniformity of
applied uniaxial stress condition.

The failure of the material under uniaxial tension and
compression and pure shear in the 1-2 coordinate system
will be predicted. The problem however will be formulated

in the x—y coordinate system in which the strength proper-
ties are measured. In the x—y coordinate system, the uni-
axial tension and compression and pure shear in the 1-2
system will be combined stress states as given in Table 3
already. As the material is not transversely isotropic, those
failure criteria only applicable to transversely isotropic ma-
terials will not be relevant here. In this work, three different
failure criteria, which are not explicitly restricted to trans-
versely isotropic materials, have been selected. They are the
maximum stress criterion and Tsai-Wu criterion, which are
stress-based composite failure criteria, and the maximum
strain criterion which is a strain-based criterion, expressed
as follows.
The maximum stress criterion:

o; . |6i| . .
—TSIIfO'iZOOI'—CSIIfO'i<0, (i=xy) (D
O, 0.

Ty,

MSL ®)

F

xy

The Tsai-Wu criterion:

The maximum strain criterion:

. £
6—'T§1 if >0 or @51 if <0 (@(=xy), (10)
el £§
o]
s (1n
Viy

All above criteria are based on macroscopic behavior of
the composite. Micro-mechanical models are available in the
literature, for example,33‘35 from which more extensive list of
publications in this filed can be found, but for failure predic-
tions they are some distance from maturity. A typical diffi-
culty associated with micro-mechanical models is the lack of
required material properties and other parameters at the corre-
sponding length scale. There is no standard testing method to
measure them, either. The composite concerned in this paper is
made from woven fabric the geometry of which at meso-scale
is complicated where an accurate description is not available
in general. To facilitate such models, assumed values are often
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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.?’
The composite is a genuinely orthotropic material as its mac-
roscopic scale, but the rationalization made to the Tsai-Wu
criterion in Ref. [27] was limited to transversely isotropic ma-
terials. There has been no rational way to determine some of
the coefficients involved in the criterion for genuinely ortho-
tropic 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 genu-
inely 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 con-
cerned here (C/C-SiC), for which a reasonably complete set
of strength properties are available, and verifications can be
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made against tests conducted under the respective uniaxial
tension, compression and pure shear. Furthermore, the fail-
ure modes are predicted through the maximum stress and
maximum strain criterion, and the outcomes are presented
in Table 4.

Due to the fact that several strain gauges on the 0° & 90°
specimens for the uniaxial compression tests had failed be-
fore the failure of samples, the ultimate strain was not spec-
ified in Tables 2 and 4. However, on the assumption that the
stress-strain behavior of fiber orientation 0°&90° is linear
under compression loading (Figure 3), the maximum strain
value is calculated from compression strength and modulus
to be approximately 0.45%. The predicted strength (through
maximum stress and Tsai-Wu criterion) and failure strain
values (through maximum strain criterion) from Table 4 are
compared with the test results in Table 2 and are shown in
Figure 8A,B for fiber orientation +45° & —45° and 0° & 90°,
respectively.

The following observations can be made on the predicted
strength and failure modes.

TABLE 4 Predicted and experimental strengths, strains and failure modes of C/C-SiC material with fibers orientated at +45° & —45° and 0°
& 90°. The data in brackets are the absolute value of difference between experimental and predicted result. Generic failure modes obtained under

uniaxial or pure shear stress states in the directions of fiber tows are highlighted in red

Predicted failure of +45°&—45° specimens loaded in 1- and 2-axes using the strengths in 0° & 90° directions in x- and y-axes

Max stress criterion
Uniaxial tension 143.4 MPa (48.4 MPa)

Shear mode in 0°-90° directions —

Uniaxial compression  143.4 MPa (7.7 MPa)

Shear mode in 0°—90° directions —

Pure shear 125.7 MPa (0.8 MPa)

Tensile mode in 0° or 90° —
direction

Tsai-Wu criterion

97.5 MPa (2.5 MPa)

187.6 MPa (51.9 MPa)

117.6 MPa (8.9 MPa)

Experiment

Max strain criterion Strength / failure strain
0.51% (0.64%)

Tensile mode in 0°—=90°

95 MPa /1.15%

Shear mode in 0°-90°
directions

135.7 MPa /1.29%

Shear mode in 0° or 90°

direction

126.5 MPa /0.33%

directions
0.93% (0.36%)

Compressive mode in
0°—90° directions

0.50% (0.17%)

Tensile mode in 0°—=90°

directions

Tensile mode in 0° or 90°
direction

Predicted failure of 0° & 90° specimens loaded in x- and y-axes using the strengths in +45° & —45° directions in 1- and 2-axes

Max stress criterion

Uniaxial tension 190.0 MPa (64.3 MPa)

Tensile mode in +45° directions —

Uniaxial compression  253.0 MPa (76.9 MPa)

Shear mode in +45° directions —

Pure shear 95.0 MPa (23.3 MPa)

Tensile mode in +£45° directions —

Tsai-Wu criterion

129.8 MPa (4.1 MPa)

220.0 MPa (109.9 MPa)

65.6 MPa (6.1 MPa)

Experiment

Max strain criterion Strength / failure strain

0.21% (0.04%) 125.7 MPa /0.25%

Shear mode in +45° Tensile mode in 0°—90°
directions directions

0.21% 329.9 MPa /-

Shear mode in +45° Compressive mode in
directions 0°=90° directions

2.30% (0.79%) 71.7 MPa /3.09%

Shear mode in 0°—=90°
directions

Tensile mode in +45°
directions

The data in brackets are the absolute value of difference between experimental and predicted result. Generic failure modes obtained under uniaxial or pure shear stress

states in the directions of fiber tows are highlighted in red.
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FIGURE 8 Comparison of calculated failure properties to test
results of C/C-SiC under tensile, compression, and shear loads with
fiber orientation of (A) +45° & —45° and (B) 0° & 90°

The maximum stress criterion:

1. Under uniaxial tension in the 1-2 system (+45°), the
maximum stress criterion overestimates the strength signifi-
cantly (Figure 8A). However, given the dominance of the
predicted stress ratios corresponding to the tensile mode
and shear mode, a reasonably high level of confidence
can be placed on the predicted failure mode which is
shear along the direction of one of the arrays of fibers
while perpendicular to the other array, which agrees with
the failure mode as observed in the tested C/C-SiC with
orientation of +45° & —45° in Figure 4E.

2. A rather close prediction of the compression strength (Figure
8A) has been achieved and the failure mode should be along
the direction of one of the arrays of fibers whilst perpendic-
ular to the other array, but in the presence of compression
transverse to the fibers, which again agree well with the fail-
ure mode as shown in Figure 4F. However, the agreement in
the strength should not be taken literally and the predicted
failure here might not be what was actually observed in
experiments. In the actual experiment, substantial delami-
nations took place around the edges of the specimen under
loading (Figure 4G). The observed failure was likely the
consequence of post-buckling deformation of delaminated
plies, which was definitely a mode of premature failure,
rather than the expected failure of the material under uniaxial

compression in the direction 1 or 2. A simple argument can
be presented as follows. As the critical compressive stress
level in directions along and transverse to fibers is so much
higher than that for shear, the failure mode should be in shear
beyond any doubt. The strength along fibers under pure shear
is 71.7 MPa as measured in the x—y system. The shear com-
ponent in the uniaxial compression in the 1-2 system is half
of the magnitude of the applied load and therefore the load
level corresponding to shear failure should be twice of the
along fibers shear strength, that is, 143.4 MPa. The presence
of transverse compression should enhance the shear strength,
if it makes any difference. The theoretical compressive fail-
ure load level should be at least 143.4 MPa. However, the
actual strength measured is only 135.7 MPa. Readers are
further reminded that the uniaxial stress state can never be
well-maintained in a compression test, given the testing con-
ditions as defined in the standard, where the standard merely
represents a compromise between ideal testing requirements
and practicality. There is a good reason to challenge the truth-
fulness of the experimentally measured strength and the ob-
served failure mode under this particular loading condition.

. The shear strength has been accurately predicted. Again,

the close agreement should not be taken for granted, as
there is a noticeable margin between the ideal uniformity
of the pure shear stress state and what could be achieved
in the losipescu-shear test. The failure mode should al-
most certainly be tensile in direction of one of the arrays
of fibers, with the other array of fibers in the perpendicular
direction being under compression (Figure 4H).

The maximum strain criterion:

. Predictions are generally unreliable and often in wrong

failure modes. It should not be recommended for ap-
plications to genuine orthotropic materials, no matter
how much one prefers strain-based criteria.

The Tsai-Wu criterion:

. It tends to predict failure reasonably well with the larg-

est discrepancy found for compressive failure prediction.
However, as argued above, the measured compressive
strength was significantly underestimated due to the
limitations in experimentation, therefore, the applicability
of the Tsai-Wu criterion to the compressive failure pre-
diction should not be dismissed based on lack of close
agreement with the experiment this case. No failure
modes are predicted in the Tsai-Wu criterion.

Summarizing the above discussion, for genuine orthotro-

pic materials, such as C/C-SiC considered in this paper, under
the plane stress condition, the Tsai-Wu criterion seems to offer
a reasonable prediction for the strengths. It can be assisted by
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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 particu-
lar 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 co-
ordinate 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 re-
verse 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 accord-
ing 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 fail-
ure criteria. The maximum strain criterion is deemed to be
inapplicable to genuine orthotropic materials and the maxi-
mum 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 accompa-
nied 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.

5 | CONCLUSIONS

In this work, the mechanical behaviors, especially the fail-
ure properties, of LSI-based C/C-SiC were investigated and
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theoretical predictions of the elastic properties and failure

were compared with the experimental data. The main conclu-
sions of this work are as follows.

1. According to the lamination process of preform, the
composite under investigation can be considered as an
orthotropic material with two sets of independent principal
axes, 0°-90° and +45°. The mechanical characteristics,
including elastic constants, stress-strain behaviors, and
failure properties were investigated independently in these
two principal coordinate systems under uniaxial tension,
compression, and pure shear loads. The different failure
modes of tested samples were analyzed and served as
indication to evaluate the accuracy of predicted results.

2. The properties measured in x—y coordinate system (0°—
90°) were employed as the input data for the modeling
of the elastic constants and deformations in the 1-2 co-
ordinate system (+45°) under uniaxial tension, compres-
sion, and pure shear loadings, in which the stress states
are combined whilst the material remains orthotropic. The
stresses between the two sets of principal coordinate sys-
tems are interrelated through the conventional coordinate
transformation. The predicted four independent elastic
constants (ET, EC€, G, and y) and stress-strain curves with
fiber orientations at +45° & —45° show good agreement
to the experimental results. However, a reversed process
for the prediction of same values in the x—y coordinate
system (0°-90°) from the data obtained in the 1-2 system
(+45°) as the input is not possible, because no practical
or rational theoretical framework can support the charac-
terization of a generally nonlinear material, as is the case
fiber orientations at +45° & —45° under uniaxial tension
and compression.

3. Based on the strength properties measured in the x—y co-
ordinate system (0°-90°), the maximum stress, Tsai-Wu
and maximum strain criteria have been applied for the pre-
diction of failure properties in the 1-2 direction (£45°).
In comparison with the other two criteria, the calculated
strengths through Tsai-Wu criterion are in good agree-
ment with experimental values except the case under uni-
axial compression load, where the experimental strength
corresponded to a premature failure mode. Furthermore,
though the predicted strengths are not accurate, the maxi-
mum stress criterion could offer indicative prediction of
the failure mode, if there is a significant dominance of
a stress component. The predictions of failure strains as
well as associated failure modes through maximum strain
criterion were found to be generally unreliable and this
criterion is therefore not be recommended for applications
to genuine orthotropic CMCs.

The failure properties of the C/C-SiC composite have
been measured in two sets of principal coordinate systems
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and applied to three different failure criteria for the evaluation
of the applicability of each of them. The same approach can
be extended into other CMCs of genuine orthotropic charac-
teristics. This will be of a significant value in the design and
development of CMC structures to meet stiffness, strength
and failure strain requirements in new application fields.
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