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Abstract
The main objective of this work is the evaluation of the mechanical shear properties of a short-carbon-fiber-rein-

forced ceramic, which shows strong non-homogeneity in its microstructure and anisotropy through different fiber
orientations. In this work, the shear modulus (G-modulus) and shear strength of this material were determined with
the Iosipescu shear test and the Asymmetric-Four-Point-Bend shear test (AFPB test) at room temperature. Both test
methods provide a nearly pure shear stress state in the shear plane and are therefore suitable for determination of the
mechanical properties under shear load. Different notch opening angles with h = 0° or h = 110° and sample sizes for both
methods are discussed. For strain measurement, strain gauge rosettes are applied on two sides of the test specimens.
Because of the limited size of basic material, for the Iosipescu test small specimens were bonded onto aluminum tabs,
which induced different failure mechanisms. Therefore the Iosipescu results are only valid for determination of shear
modulus but not for evaluation of shear strength.
Keywords: Short-carbon-fiber C/SiC, mechanical properties under shear load, Iosipescu shear test, Asymmetric-Four-Point-Bend shear
test, FEM

I. Introduction and Objective
Thanks to their excellent mechanical and thermal proper-

ties, carbon-fiber-reinforced silicon carbide (C/SiC) com-
posites have the potential to be used in aerospace technol-
ogy including in turbines, turbo pumps, nozzles, leading
edges, and thermal protection systems. They are also suit-
able choices for some other applications such as high-per-
formance braking systems 1 – 5. While continuous-fiber-
reinforced ceramics have been characterized and evaluat-
ed in a large number of studies, the use of short-carbon-
fiber-reinforced ceramics is in the early stages and only
few studies have been published discussing their mechani-
cal properties 6 – 8.

The determination of material parameters such as den-
sity, strength, elastic/shear modulus and others is essen-
tial for further application of new composites. Interlami-
nar shear strength is typically low in long-fiber-reinforced
composites and is determined with the short-beam test 9,
Iosipescu test 10, AFPB test 11, double-notch method 12,
etc. Since short-fiber-reinforced ceramic composites typ-
ically have no laminate structure, their shear behavior is
dominated by loading and short fiber orientation. Basic
requirement of the shear test is the generation of pure and
uniform shear stress distribution in the shear plane for ac-
curate determination of shear properties, which is real-
ized in torsion tests of thin tubular samples. For flat com-
posites, a number of test methods have been developed
to study both in-plane or interlaminar shear properties.

1) All experimental tests and FEM-Analysis in this study were
conducted at the Advanced Ceramics, University of Bremen.
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The most commonly used methods for in-plane testing are
the Iosipescu test 10, 13, the off-axis tension test 14, 15, the
Asymmetric-Four-Point-Bend shear test (AFPB test) 16

and torsion test 17. For the three-point-bending shear test,
the specimen is relatively simple but the shear stress is not
uniform through the thickness of the sample. One of the
main challenges for the use of the off-axis tension test is the
complicated gripping system, which has to ensure accu-
rate loading of the specimen 14, 15. Although several meth-
ods are available to measure both the in-plane and inter-
laminar shear properties of ceramic composites, there is
no well-established method available for short-fiber-rein-
forced ceramics. On the other hand, fatigue and breakage
behavior of short-fiber-reinforced ceramics is complicat-
ed. Fig. 1 shows the crack paths of a short-carbon-rein-
forced structural component (C/SiC with short fiber bun-
dle length of 10 mm and random fiber orientation), which
has been damaged as a result of multiple tensile and shear
loadings. A clear dependence between the cracks and lo-
cal fiber bundle orientation can be observed in Fig. 1 and
would be compared with the fatigue mechanism of the test
sample under shear loading.

This paper discusses the localized shear stiffness and
strength of short-carbon-fiber-reinforced ceramic com-
posites. In order to do this, small samples with strong non-
homogeneity and limited sample geometry have been ex-
tracted from component parts. Based on FEM analysis,
the appropriate notch angle for the experiment was deter-
mined. The mechanical properties as well as the fracture
mechanisms depended on the test methods and the sample
sizes were assessed and discussed.
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Fig. 1: Crack paths of a damaged short-carbon-fiber-reinforced
structural component (C/SiC with short fiber bundle length of
10 mm and random fiber orientation).

II. Experimental

(1) Material description

A short-carbon-fiber-reinforced C/SiC composite with
9 mm fiber length (Long Cut Fiber Composite, LCFC)
was tested, which was produced in a three-stage process:
hot-pressing, carbonization and liquid silicon infiltra-
tion. For microstructural analysis, the non-destructive x-
ray imaging technique of Micro-Computed-Tomography
(micro-CT) was applied at the University of Bayreuth. A
detailed description of the material manufacturing pro-
cess, the microstructural analysis of the sample and the
associated material parameters is given in 18. The fiber
content of the LCFC samples is approx. 45 vol%. The
material parameters are summarized in Table 1.

Table 1: Material parameters of the LCFC.

Compo-
site

Fiber
volume
content

[%]

Density
[g/cm3]

Open
poros-
ity [%]

Fiber
dia-

meter
[μm]

Fiber
length
[mm]

LCFC 45 2.11 3.40 7 9

Fig. 2 shows the polished cross-section of test materi-
al with the global coordinate system. With the non-de-
structive x-ray imaging technique of Micro-Computed-
Tomography (micro-CT), the fiber orientation within the
specimen could be determined. Analysis of the fiber orien-
tation in the z-direction (perpendicular to the xy-plane in
Fig. 2a) was done by analyzing the xz-plane, it was shown
that approximately 80 % fibers were located in the xy-
plane within an angle of ± 18°. Therefore the orientation of
the fiber bundles in z-direction can be negligible 18. Fig. 2b
shows the distribution of the azimuth angle’s orientation,
which refers to the orientation angle of the short fibers in
the xy-plane. It varies between 0° and 180°, whereas 0° or
180° corresponds to the y-direction (perpendicular) and
90° is parallel to the x-direction (longitudinal). In this case,
fiber bundles were mainly orientated in x-direction (90° ±
20°). In contrast to monolithic ceramics or many contin-
uous fiber-reinforced ceramics, a considerable inhomo-
geneity resulting from the fiber orientation and the rela-
tively long fiber length can be clearly observed in Fig. 2.

Fig. 2: a) Polished cross-section of test material with the global
coordinate system; gray: carbon fiber bundles, white: matrix; b)
Distribution of fiber orientation in the xy-plane 18.

(2) Sample preparation and test methods
For Iosipescu shear tests, normally samples with the the

dimensions of 80L x 20W x 10H mm3 19 are prepared by
means of sawing and polishing with a diamond saw and
diamond suspension. The manufacturing of such large
Iosipescu samples was not possible for LCFC because of
the limited size as the specimens were cut out of compo-
nent parts. Therefore small C/SiC samples with dimen-
sions 5L x 16W x 11H mm3 were bonded onto aluminum
tabs (see Fig. 3a) with a centrally positioned U-shaped
channel, and then the samples were notched on both sides.
In contrast to the Iosipescu test, the use of samples (40L x
8W x 5H mm3 20) without tabs makes the AFPB test very
attractive (AFPB C/SiC sample in Fig. 3b). All samples
were prepared with fiber bundles mainly orientated in the
x-axis (Fig. 2 and Fig. 3).

Fig. 3: a) Iosipescu sample (Dimensions 5 x 16/12 x 10 mm3) with
aluminum tabs (dimensions 80 x 20 x 10 mm3); b) AFPB sample
(dimensions 40 x 8/4 x 5 mm3).



September 2015 Short-Carbon-Fiber-Reinforced C/SiC Ceramic 185

Fig. 4: Influence of the notch angle on the shear stress distribution and concentration, a) Straight-notched with the notch angle h = 0°, b) V-
notched with the notch angle h = 110°, c) normalized shear stress-notch length diagram.

To induce a homogenous stress field in the loading zone,
the samples for both methods, Iosipescu and AFPB, were
notched to approx. 25 % depth of the sample’s width 19, 20.
While the dependence of the notch angle and material
anisotropy or fiber orientation on mechanical properties
for continuous-fiber-reinforced composite material has
been discussed in 21, 22, no publication was found dis-
cussing the relevance for short-fiber composites. In or-
der to determine the effect of different notch angles on
the stress distribution and stress concentration between
notches, linear-elastic finite-element-method (FEM) sim-
ulation was applied using MSC Marc 2010 with Intel ®
Visual Fortran Compiler with eight-node quadrilateral el-
ements (Fig. 4). The elastic constants of the LCFC were
determined by means of pretests under tension, compres-
sion in the x- and y-direction and shear load in the xy-
plane 8. The material showed a different Young’s Modu-
lus under tension and compression load. The material con-
stants shown in Table 2 were used for the FEM simulation
in a 2D model with coordinate system in the x- and y-di-
rection.

The distribution of shear stress in the loading direction
is shown in Fig. 4a and b with same color scale. The stress
concentration surrounding the straight notch in Fig. 4a is
locally higher compared to the V-notch in Fig. 4b. With
the angle of 110°, the width of the homogeneous shear
stress field expands (green double arrows in Fig. 4a and b),
which is very important for reliable strain measurement
using strain gauges. Furthermore, the shear stress curve
of the V-notch is much more homogeneous than straight-

notch (Fig. 4c). Therefore, samples for both the Iosipescu
and AFPB tests were notched with the same angle of 110°.

Table 2: Material properties of the LCFC for the FEM
elastic calculations.

Young’s
Modulus E
(Tension)

[GPa]

Young’s
Modulus E

(Compression)
[GPa]

G-
Modulus G

[GPa]

Poisson‘s
ratio

x-Direction 94 85

y-Direction 60 66

G12=21 m21=0.10

Fig. 5a shows the Iosipescu test fixture. The prepared
specimens were aligned in the test configuration with help
of the alignment device which can be moved into the notch
of the sample.

For the Iosipescu test, shear stress slosipescu within the
notched cross section is:

τlosipescu =
P

wt
(1)

where P is the applied load, w is the average specimen
height between the notches and t is the thickness of the
sample (here w = 12 mm and t = 10 mm (Fig. 3a)).

The AFPB test fixture had an outer and an inner span
with distances Lo = 36 mm and Li =12 mm (Fig. 5b). In
contrast to the Iosipescu test, the shear stress generated in
the AFPB test depends on the fixture dimensions:



186 Journal of Ceramic Science and Technology —Y. Shi et al. Vol. 6, No. 3

τAFPB =
P(L0 - Li)

wt(L0 + Li) (2)

Fig. 5: Test fixtures used in this study: a) Iosipescu fixture with
vertical axis for easy movement and alignment device; b) AFPB test
fixture with outer and inner span distances of Lo = 36 mm and Li =
12 mm, the rollers for load introduction had a diameter of 8 mm

The shear modulus G was determined from the initial lin-
ear range of shear stress-strain curves. For strain measure-
ment, two strain gauge rosettes were applied on both sides
in ± 45° to the applied loading direction. One important
reason for the measurement on front and back sides is that
undesired specimen deformation, e.g. twisting, can be reg-
istered if it occurs. The shear strain c was derived from the
measured strains e+45 (at an angle of + 45° to the longitu-
dinal axis) and e-45 (at an angle of - 45° to the longitudinal
axis) of the strain gauge rosettes:

γ = ε+45 - ε-45 (3)

With the resulting stress-strain diagram the shear module
can be calculated in the linear-elastic range:

G =
τ
γ (4)

All shear tests were performed up to failure with a uni-
versal testing machine (Zwick 005) in displacement con-
trol with a cross-head speed of 1 mm/min. For statistical
reasons, three to five samples were tested.

III. Results and Discussion
The fracture paths of the failed specimens as a result of the

Iosipescu and AFPB tests are shown in Fig. 6a and c. For a
detailed presentation of the fracture path, selected samples
were also examined with a scanning electron microscope
(SEM) (Fig. 6b and d). Different failure mechanisms be-
tween both methods are clearly recognized in Fig. 6a and c.
The fractured path of the Iosipescu sample is almost paral-
lel to the shear force direction and the bonding surface be-
tween the LCFC material and aluminum tabs. Along the
shear plane, which is the weakest part of the whole test
sample, there is no fiber bridging but only matrix, fiber-
matrix-interface or existing pores. The failure mechanism
is macroscopic shear. It should be noted that, based on the
analysis of SEM micrograph in Fig. 6b, the fracture path
does not lie in the hardened adhesive boundary layer.

Compared to the Iosipescu test, a different failure mech-
anism is observed in the AFPB samples (Fig. 6c), where
multiple cracks occurred along fiber bundles. Since most
of the short fibers are oriented in the longitudinal x-direc-
tion (in Section (1), the existing and new emerging cracks

spread mainly along matrix area, interfaces between fiber
and matrix or within fiber bundles, which represent weak
areas of LCFC.

Fig. 6: Sheared samples after the Iosipescu and AFPB tests: a)
Fracture path of the Iosipescu sample; b) SEM micrograph of the
fracture path of the Iosipescu sample; c) Fracture paths of the AFPB
sample from I to IV; d) SEM micrograph of the fracture path of the
AFPB sample

From the SEM micrograph of the fracture path for test
samples in Fig. 6b and d, no single fiber pull-out effect
can be observed. This means that the cracks always propa-
gate along the weak areas to spread further and show high
dependence on fiber orientation. The inhomogeneity of
the investigated LCFC causes a complicated macroscopic
multiple cracking, which ultimately leads to a final failure
of the AFPB samples.

In order to understand the shear failure mechanisms in
detail, linear-elastic FEM simulation was performed with
the same settings and material parameters as mentioned in
Section (2). Fig. 7a shows the Von Mises equivalent stress
distribution of V-notch with 110°. In addition to the peak
value in the area between notches, another two peak val-
ues, which are in the same stress level, occur near the notch
edges. The possible reason lies in the superimposed bend-
ing moment in this area. Fig. 7b and c show the normal-
stress in x- and y-direction with the peak values. These
stress concentration areas, the short fiber orientation and
the weak spots in the material lead together effectively to
the macroscopic multiple cracking, which was in agree-
ment with the real fracture paths of the AFPB sample
shown in Fig. 6c. The fracture path from I to III is attribut-
ed to the stress concentrations near the notch edges and
the area between notches leads to final fracture at path IV.
The stress state within the microstructure results from the
strong inhomogeneity and is therefore very complex: ten-
sion, compression and bending stresses are induced during
loading.

Fig. 8 shows the schematic representations of the fiber
bundles orientation and crack paths for both tests. In the
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case of the Iosipescu sample, the fractured path changed
the direction and spread further along the weak spots.

Fig. 7: Stress distribution of V-notch with angle 110°: a) Von Mises
equivalent stress with color scale 0 to 200 MPa; b) Normal stress in
x-direction with color scale 0 to 150 MPa; and c) Normal stress in
y-direction with color scale 0 to 150 MPa.

Fig. 8: Schematic representation of the short fiber bundles orien-
tation and crack paths of a shear sample within the notch area: a)
Iosipescu sample with aluminum tabs, the dotted line shows possi-
ble course of the crack; b) AFPB sample.

Fig. 9: Typical shear stress-strain curves of the Iosipescu and AFPB
samples.

Typical shear stress-strain curves out of three to five
results obtained from LCFC specimens by both shear
tests are shown in Fig. 9. The AFPB test shows an ini-
tial elastic behavior below stresses of approx. 10 MPa, fol-
lowed by nonlinear behavior with continuously decreas-
ing shear modulus. Also shown in Fig. 9 is the curve of
tested Iosipescu sample with similar initial elastic behavior
below approx. 10 MPa. Compared to the AFPB samples,
the observed shear strength and reached strain to failure of
Iosipescu samples are significantly smaller.

The measured values including standard deviation for
Iosipescu and AFPB samples are shown graphically in
Fig. 10. The difference of the average shear strength for
both test methods is clearly marked in Fig. 10a. Howev-
er, the shear modulus is not largely influenced by almost
same standard deviation for both test methods (Fig. 10b).

Fig. 10: a) Shear strength and b) shear modulus with standard
deviation of the material LCFC determined in the Iosipescu test
and the AFPB test.

Owing to the different failure mechanisms observed in
Fig. 6, Iosipescu samples with the macroscopic shear fail-
ure showed clearly lower shear strength and relative small-
er standard deviation than AFPB samples. The shear yield
strength values (approx. 10 MPa) were found to be simi-
lar for both test methods (Fig. 9) and the determined elas-
tic shear moduli are almost same (Fig. 10b). However, be-
yond the proportional limit, the two tests present differ-
ent results (Fig. 10a), which is attributed to the different
failure mechanisms (Fig. 6). We can assume that the results
from the measurement for shear strength with the two
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methods should be similar by approx. 60 MPa (Fig. 10a),
if the Iosipescu tests could be performed with large sam-
ples and without aluminum tabs. However, owing to the
limited size of given material, the manufacturing of such
large Iosipescu samples was not possible for LCFC mate-
rial.

According to the DIN EN 12289 for the determination
of the in-plane shear properties of advanced technical ce-
ramics, the test results presented in this work would not be
considered to be valid because of the type of rupture. Con-
sidering the fracture path of the short-fiber-reinforced
structure component (C/SiC) shown in Fig. 1, it cannot
be expected that an ideal fracture path will emerge in the
predefined area between the notches for both test meth-
ods. The cracks and fracture paths show an obvious de-
pendence on local fiber orientation and may always spread
across the matrix area, the interface between fiber and ma-
trix or within the fiber bundle. Therefore, not only the
shear modulus through both methods indicated in Fig. 10b
but also the determined shear strength using the AFPB
method with the whole shear sample (approx. 60 MPa)
could be reliably documented as the characteristic values
of the investigated non-homogenized short-carbon-fiber-
reinforced ceramic.

IV. Conclusions
For the characterization of the shear properties of a

short-carbon-fiber-reinforced ceramic with strong non-
homogeneity, two different test methods, the Iosipescu
and AFPB methods, both providing a nearly pure shear
stress state at the shear plane, were applied at room tem-
perature. Based on the FEM calculations of stress analysis,
an acceptable stress concentration around the V-notch
could be achieved with an angle of 110° and the width of
the homogeneous stress field in the shear range has been
expanded. Therefore, the samples for both the Iosipescu
and AFPB tests were notched with same angle.

Because of the limited size of basic material, the man-
ufacturing of a complete Iosipescu sample from LCFC
was not possible. Instead, an alternative method was ap-
plied using small samples that are bonded onto aluminum
tabs and then notched on both sides, which leads to differ-
ent failure mechanisms of the two methods. Without fiber
bridging but only matrix, fiber-matrix-interface or exist-
ing pores and cracks, the area parallel to the shear force
and the bonding surface between LCFC material and alu-
minum tabs become the weakest part of the whole Iosipes-
cu test sample. In contrast to these results, local failure
owing to multiple macro-cracking has been observed in
AFPB samples, which is induced by the interaction be-
tween fiber orientation and loading direction. The cracks
always propagate along the weak areas to spread further
and show high dependence on fiber orientation. On the
other hand, the varying local fiber orientation of the in-
vestigated material leads to macroscopic multiple crack-
ing, and final shear failure of the samples. The results of
stress distribution with peak values from numerical sim-
ulation showed agreement with the real fracture paths of
the AFPB sample.

Both the Iosipescu and AFPB test methods provided a
good possibility for the determination of the shear modu-

lus. The shear yield stresses and G-modulus were found to
be similar for the LCFC material, which implies that there
is no significant difference between the two methods for
the measurement of shear property in initial elastic areas.
The determined shear strength using the AFPB method
with complete sample could be reliably documented as the
characteristic values of the investigated composite material
because of the conformed fracture mechanism compared
with the damaged structure component.
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