Notch sensitivity of C/C-SiC composite evaluated by flexural tests™
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The notch effects on the mechanical behavior of Liquid Silicon Infiltration (LSI) based continuous carbon fiber
reinforced silicon carbide (C/C-SiC) was studied. The in-plane (IP) and out-of-plane (OP) flexural properties of
notched and unnotched samples with fiber orientations (0°, 45° and 60°) were determined through 3-point-
bending (3PB) and single notched beam (SENB) tests. Despite the significant difference in bending modulus,
the strength depends only slightly on the fiber orientation and loading direction, which could be explained

through the uneven distribution of SiC-matrix within the block-like structure of C/C-SiC. This unique micro-
structure also leads to a relatively constant value of notch sensitivity in the IP direction, and the sensitivity to
the notch is relatively low for all tested C/C-SiC specimen configurations. Furthermore, due to the large dif-
ferences of fracture mechanism, the work of fracture (WOF) in the IP direction is significantly smaller than in the
OP direction for all fiber orientations.

1. Introduction and objective

Ceramic matrix composites (CMCs) possess exceptional high-
temperature capabilities, enhanced mechanical properties, and excel-
lent corrosion resistance, making CMCs highly desirable for applications
in the aerospace, energy, and automotive sectors [1-3]. The develop-
ment of CMCs has focused on improving their processing techniques,
enhancing the performance of reinforcing fibers, optimizing the matrix
composition, and tailoring the interface between the matrix and fibers.
Recently, the liquid silicon infiltration (LSI) process has emerged as a
cost-effective method for producing continuous carbon fiber-reinforced
silicon carbide (C/C-SiC) composites with desirable dense microstruc-
tures, oxidation resistance, and high-temperature strengths [4-6].

However, the presence of defects (e.g., holes, scratches, and cracks)
can significantly affect the mechanical behavior of CMCs, influencing
their fracture toughness and fatigue performance. The effects of notches
and holes were studied intensively in the last decade of the 20th century
[7-9]. It has been reported that reinforcement fibers could prevent crack

propagation through the brittle ceramic matrix and enhance the crack
resistance [10,11]. Experimental data showed that investigated CMCs
are either insensitive or have limited sensitivity to the presence of notch
[12,13]. The stress-redistribution and damage mechanisms around
notches, such as multiple matrix cracking and shear bands damage, were
extensively discussed, for example in [13-16].

In the past decades, numerous efforts have been dedicated to eval-
uate the fracture properties of notched CMCs in terms of tensile strength
and flexural toughness [17,18]. For the tensile strength, an inelastic
fracture mechanism with stress concentration/redistribution and the
notch sensitivity factors have been investigated by various experimental
and computational approaches [19-21]. Besides, three- and four-point
bending tests are typical techniques to investigate the flexural charac-
teristics of CMCs. In the work of Hofmann et al. [22] the ratio of bending
to tensile strength and the work of fracture (WOF) of a LSI based C/C-SiC
has been investigated through bending, tensile and single notched beam
(SENB) tests, respectively, and the WOF was further used for a finite
element analysis. The fracture behavior and fracture toughness of 2D
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and 3D woven C/SiC composites, produced by LSI process, have been
investigated using SENB specimens [23]. The study showed that the
fracture toughness is mainly controlled by the nature of fracture, which
is dictated by the differences in the fiber/matrix interface characteristics
and by the weave conditions. SENB tests have been also used in the study
of Yaghobizadeh et al. [24], focused on the evaluation of the effects of
the phase composition on the mechanical properties of MAX
phase-reinforced C/C-SiC composite, fabricated by LSI. The fracture
properties of SiC/SiC composites have been investigated by Delage et al.
[25] by means of tensile and flexural tests on notched specimens.
Toughness mechanisms were identified and it was found that fracture
toughness, expressed as stress intensity factor, is sensitive to displace-
ment rate and fiber orientation (in-plane or out-of-plane).

Mao et al. [26] studied the fracture properties of C/SiC materials by
SENB with a three-point bending (3PB) test, in which a full/local strain
evolution and cracking growth during bending tests were thoroughly
examined with the help of a digital image correlation (DIC) technique.
Srivastava et al. [18] analyzed the critical stress intensity factors (SIFs)
of the C/C-SiC composite under different loading conditions by split
Hopkinson pressure bar (SHPB) and four-point bending tests. Never-
theless, the aforementioned flexural tests were mainly focused on the
translaminar fracture, and very few of them placed emphasis on the
interlaminar failure of CMCs.

Along with double-edge-notched tensile and SENB tests, some recent
studies focus on single-edge-notched tensile tests (SENT) [27-29]. The
standardized methods for evaluating fracture toughness do not consider
the SENT specimen geometry, but it allows the use of digital image
correlation (DIC) to study specimen failure originated from the notch.

To date, the fracture properties of CMC’s have been studied mainly in
the in-plane direction, using 0/90 specimens with notches perpendic-
ular, respectively parallel to the fibers and loaded in the direction of the
fiber reinforcement. Considering the multi-axial stress state occurring in
many CMC-components, it is of great interest to understand the fracture
mechanisms in out-of-plane direction and also as a function of fiber
orientation.

In this work, a continuous carbon fiber reinforced C/C-SiC composite
with carbon and silicon carbide matrix was fabricated by the liquid
silicon infiltration (LSI) method. The fracture characteristics of these
samples were investigated by three-point bending (3PB) tests associated
with SENB methods. We further studied the notch sensitivity and frac-
ture mechanisms in relation to loading directions as well as fiber ori-
entations, which could be considered as extended research compared to
the former work of Hofmann et al. [22] from same institute. The findings
of this study will provide valuable insights into the notch effects on the
mechanical behavior of C/C-SiC composites produced through LSI pro-
cess. This knowledge will contribute to the continued development and
advancement of CMCs, expanding their potential applications in various
industries.

2. Experimental
2.1. Material C/C-SiC

In this work, a continuous carbon fiber reinforced C/C-SiC composite
with carbon and silicon carbide matrix was tested, which was produced
through Liquid Silicon Infiltration (LSI) technology at the Institute of
Structures and Design of German Aerospace Center (DLR), Stuttgart,
Germany.

In the first step, CFRP (Carbon Fiber Reinforced Polymers) preform
was manufactured via warm pressing (Tpax=240 °C, Ppax=5.8 kPa)
using prepregs based on a 2D carbon fiber fabric (woven plies of 3 K HTA
fibers of Teijin Carbon Europe GmbH) and phenolic resin with approx.
60 mass % of carbon. To get a symmetrical structure, each single woven
carbon fabric pre-infiltrated with phenolic resin was rotated by 90°
during the ply stacking. Then, the CFRP plate was pyrolyzed at a tem-
perature above 900 °C under an inert gas atmosphere, and the polymer

matrix was transformed to a porous carbon matrix (C/C). During the
pyrolysis process, the volatile components (such as ethanol, etc.) of the
phenolic resin evaporate, and the matrix is converted in an amorphous
and porous carbon matrix. Due to the mass loss of the matrix, this pro-
cess is accompanied by approx. 10% shrinkage of the material in the
thickness direction. Furthermore, due to the substantial shrinkage of the
matrix, the carbon fibers are densely packed and embedded in the car-
bon matrix, a crack pattern (so-called “block structure” in Fig. 1b)
evolves in a C/C body, which is essential for the silicon melt infiltration
and prevents the reaction of the carbon fibers in C/C block with the
liquid silicon. On the other hand, the block-wise structure provides local
regions with agglomerations of silicon carbide (SiC) matrix without fiber
reinforcement after siliconization (Fig. 1c), which could influence the
failure path during mechanical tests. In the last step, liquid silicon was
infiltrated into the porous C/C structure at Ty of approx. 1650 °C,
which reacted with the carbon matrix to form SiC (Fig. 1c). The final C/
C-SiC contains load-bearing carbon fiber bundles and a dense SiC matrix
with a small amount of residual Si and C. The fiber volume content
(FVQ), porosity and density of the studied C/C-SiC plates are approx.
57.0%, 2.1% and 2.0 g/cm?® , respectively. More details of the C/C-SiC
manufacturing process can be found in previous publication [30].

2.2. Mechanical tests

The flexural properties of C/C-SiC samples with and without notches
were determined and evaluated in different loading directions. All
samples were cut from a C/C-SiC plate with fiber orientation 0/90° by
using a diamond saw. The sample plan and the geometry of the different
samples are shown in Fig. 2a and Fig. 2b, respectively. Samples without
a notch submitted to flexural loading can be considered as standard 3-
Point-Bending samples (3PB) and they were tested in In-Plane (IP) and
Out-of-Plane (OP) directions with three different fiber orientations with
regard to the longitudinal axis of the coupons: 0/90° (0°), + 45° (45°)
and + 60/ 30° (60°). The size of the 3PB sample (3PB-IP and 3PB-OP)
is shown in Fig. 2b; the 3PB test was performed according to the DIN EN
658-3: 2002 [31]. Furthermore, Single-Edge Notched Bending (SENB)
test according to the standard ASTM C1421-10b [32] has been used to
obtain the notch sensitivity of C/C-SiC material, the notch having been
prepared with a diamond saw with a width of 0.5 mm. It should be noted
that ASTM C1421-10b is a standard for monolithic ceramics since no
such standard exists for CMCs. Similar as 3PB, SENB coupons with 0°,
45° and 60° fiber orientations were also tested in IP and OP directions.
The depth of the notch (a in Fig. 2b) was defined as half of the SENB
sample thickness: 5 mm for the S-IP sample with a thickness of 10 mm;
3 mm for the S-OP sample with 6 mm thickness. In this way and due to
the same specimen width, the cross-section of 3PB specimens is identical
to the effective load-bearing area (the area above the notch) of SENB
specimens in the same loading direction: 6 * 5 mm? (w*t) in IP direction
and 4.8 * 3 mm? (w*t) in OP direction.

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 at room temperature. The measured force and displacement values
are recorded simultaneously. For the 3PB tests, the longitudinal strains
were measured with strain gauges on the tensile site of bending speci-
mens. For statistical confirmation, four samples per series were tested.

3. Results of the mechanical tests

Typical force-displacement curves obtained in 3PB and SENB tests
are shown in Fig. 3. It should be noted that the deflection of the bending
specimens having not been measured directly, this is thus the cross-head
displacement which is shown in the graphs. Furthermore, it should be
pointed out that due to the different specimen geometry, both the
maximum load and the slope of the curves for the in-plane and out-of-
plane specimens are not directly comparable. Nevertheless, the force-
displacement curves provide important details about the deformation
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Fig. 1. Microstructure of C/C-SiC sample with 0/90° fiber orientation at different process steps: a) CFRP state, b) C/C state after pyrolysis with “block structure” and

¢) C/C-SiC after siliconization.
Reprinted with permission from ref. [30] Copyright © 2020 Elsevier Ltd.
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Fig. 2. (a) sample plan and (b) geometry of 3PB and SENB coupons with following acronyms: 3PB for 3-Point-Bending test, S for SENB test, IP for in-plane, OP for

out-of-plan, 0° for 0/90°, 45° for + 45° and 60° for + 60/— 30°.
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Fig. 3. Typical load-displacement-diagram of (a) 3PB and (b) SENB test with different fiber orientation in IP and OP directions.

processes as a function of the fiber orientation.

In both IP and OP directions, the 3PB specimens with 0° fiber
orientation show nearly linear load-displacement behavior (Fig. 3a). In
contrast, nonlinearities and therefore more significant deformation at
maximum force are observed for samples with 45° and 60° fiber orien-
tations. An almost sudden drop in force after reaching a maximum is
besides observed in all samples.

A similar deformation behavior is also found for the SENB specimens
(Fig. 3b). However, after the maximum force is reached, the notched
specimens do not show a sudden drop but rather a continuous decrease
in force and larger post-failure displacement. It should also be noted that
the fiber orientation has a small effect on the material behavior in the IP
direction, which can be seen from the minor difference between the
load-displacement curves.

In addition to the force-displacement relationships, the strain on the
tensile side of the 3PB specimens was recorded with strain gauges. It
should be noted that because of the notch, no strain gauges were
attached to the SENB specimens. Fig. 4 shows typical 3PB stress-strain
curves of samples with fiber orientations at 0°, 45° and 60° in IP and
OP directions. The C/C-SiC composite shows an almost linear behavior
with high stiffness in both IP and OP directions, as seen in Fig. 4, when
the tensile and compressive stresses acting under bending loading are
aligned with one of the arrays of fiber tows (0° fiber orientation). In
contrast, samples with 45° and 60° fiber orientation show clearly non-
linear behavior and considerably lower initial stiffness. Similar
behavior of the investigated C/C-SiC has been observed under uniaxial
tension and compression loadings [33]. It should be noted that the strain
gauges usually failed as the maximum force was achieved during the
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Fig. 4. Typical stress-strain-diagram of 3PB tests on samples with 0°, 45°, and
60° fiber orientation in IP and OP directions.

test. Therefore, no valuable data could be shown in the stress-strain
curves in Fig. 4 beyond the failure of 3PB samples, compared to Fig. 3b.

The mean value and standard deviation of the flexural strength and
bending modulus under 3PB loading for different fiber orientations in IP
and OP directions are shown in polar plots (Fig. 5). Due to the sym-
metrical material configuration, it was assumed that the mechanical
properties of 0° fiber orientation are equal to 90°, 180°, 270°, and 360°.
The properties of 45° and 60° fiber orientations are plotted in Fig. 5 in
the same manner as 135°, 225°, 315° and 30°, 120°, 150°, 210°, 240°,
300°, 330° respectively. The determination of the bending moduli was
conducted using a linear fit of the initial linear region of the stress-strain
curves displayed in Fig. 4 and the failure stress was calculated from the
maximum load according to the associated standards. For the investi-
gated three fiber orientations 0°, 45° and 60°, the 3PB flexural strength
(Fig. 5a) and bending moduli (Fig. 5b) are almost equal in both IP and
OP directions. Moreover, the flexural strength depends only slightly on
the fiber orientation, so that an isotropy of the strength is almost present.
In contrast, there is a strong anisotropy of the stiffness, with a bending
modulus in the fiber direction (0°) being at least 2 times larger than in
45° and 60° fiber orientations.

It should be noted that, due to the limited size of the manufactured
C/C-SiC plate, the bending properties with 0° fiber orientation in the OP
direction were determined in this work by the 3PB test with a span-to-
thickness (L/t) ratio of 10. In comparison, the flexural properties of
identical composite were investigated previously with a L/t ratio of 20
[30] and both results are summarized in Table 1. According to this
comparison (Table 1), the influence of different L/t ratios for C/C-SiC
can be neglected.

—=— [n-plane
90° —e— Qut-of-plane

120°

3PB Strength [MPa]

330°

270°

Table 1

Comparison of the 3PB strength, bending modulus and fracture strain of iden-
tical C/C-SiC material with 0° fiber orientation under 3PB loading in OP di-
rection through two different span-to thickness ratios (L/t).

Strength Bending Fracture
[MPa] modulus strain
[GPa] [%]
C/C-SiC with L/t = 20[30] 209.1 69.3 + 2.2 0.41 + 0.04
+13.8
C/C-SiC with L/t = 10 209.8 + 5.9 67.4 + 3.5 0.36 + 0.04

[current]

4. Discussion
4.1. Mechanical properties under 3PB loading

The C/C-SiC composite investigated here is characterized by carbon
fiber bundles embedded in a SiC-matrix with a small amount of residual
Siand C [30]. The block-like structure formed after the pyrolysis process
and silicon infiltration [30] is essential for the material properties. As
observed in previous studies [33], the C/C-SiC composite is character-
ized by load-sharing carbon fibers and behaves almost linearly in both
pure tension and compression when the load is applied parallel to the
fibers. As expected, the composite exhibits linear behavior under
bending loads in the fiber orientation, both in-plane and out-of-plane
(Fig. 4). In this case, due to the stiffer fibers and the highly inhomoge-
neous matrix, it can be assumed that the carbon fibers carry most of the
load. For bending of samples with 45° and 60° orientations (Fig. 4),
when the fibers are not directly loaded, the non-linearity of the
stress-strain curves can also be explained by the matrix properties. Early
microcrack formation and further crack growth in the inhomogeneous
matrix could lead to a decrease in stiffness and a nonlinear stress-strain
behavior. For bending in 45° and 60° orientations, high shear stresses
also act parallel to the fibers, so the lower stiffness and the higher
deformation of the composite are in good agreement with previous
studies. In [33], it was found that the composite is relatively weak and
deforms significantly at low stresses under shearing load applied in the
fiber direction.

Despite the significant difference in bending modulus (Fig. 5b), all
specimens fail at approximately the same stress, regardless of the fiber
orientation (Fig. 5a), which could be explained through the block-like
structure (Fig. 1b) that resulted from the manufacturing process. As
presented in Section 2.1, the carbon fiber bundles are embedded within
quasi-rectangular C/C blocks and the C/C structures are surrounded by
SiC-matrix after siliconization (Fig. 1¢). The porous pyrolytic C-matrix
could be the key reason for the lower bending modulus for 45° and 60°
fiber orientations. The similar strength of samples with different fiber
orientations in IP direction may be explained by the distribution of the
SiC-matrix, which fulfilled the crack pattern between the C/C blocks.
According to the crack path of the tested 3PB samples, see Fig. 6a-c, the

(b)

204
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40+
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o
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80-

Fig. 5. Polar plot of (a) 3PB strength and (b) bending modulus of C/C-SiC with different fiber orientation in IP and OP direction.
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Fig. 6. Side view of crack path location of tested 3PB samples a) 3PB-IP-0; b) 3PB-IP-45; c) 3PB-IP-60; d) 3PB-OP-0; e) 3PB-OP-45; f) 3PB-OP-60.

failure always follows the fiber orientation and the cracks are almost
straight with few deflections between the fiber bundles, which indicates
that the crack path of C/C-SiC sample under bending load takes place in
the SiC-rich region without fiber bundles. This kind of behavior is visible
in all coupons, regardless of fiber orientations.

We have also hypothesized that in OP direction, the failure arises in
the matrix-rich regions and the further crack propagation follows these
areas. However, because the strength of the composite finally depends
on the strength of the crack-bridging fiber bundles, the significantly
longer crack path for 45° and 60° fiber orientations (see Fig. 6d-f) seems
to affect only the dissipated mechanical energy and not the ultimate
failure of the composite (see also section 4.3).

5. Notch sensitivity

Regarding the component’s reliable design, the notch effects on the
mechanical strength are of crucial interest. Defects on the surface of the
material, such as scratches, cracks, etc., could reduce the strength of the
material considerably and can cause it to be very different from that
measured on specimens with a smooth surface. In this work, due to the
identical effective bearing area of the 3PB and SENB samples, the notch
sensitivity of the composite was evaluated by directly comparing the
maximum force for unnotched and notched specimens. It should be
noted that not only the effective bending thickness and the specimen
width, but also the span of the 3PB and SENB specimens were identical.
Thus, the maximum force of the SENB samples (with notch) was eval-
uated at different fiber orientations in IP and OP directions and subse-
quently normalized by the corresponding maximum force evaluated in
the 3PB test (Fig. 7). According to the results displayed in Fig. 7, the
notch sensitivity of the investigated C/C-SiC is relatively low for all
tested specimen configurations. Similar to the 3PB results, the SENB
strength in the IP direction is little influenced by the fiber orientation.
Consequently, the notch sensitivity is rather constant, with mean values
varying around 0.7. In contrast, the influence of the fiber orientation is
much more pronounced in the OP direction. The notch sensitivity is in
general lower and there was some indication of notch “strengthening” in
0° orientation.

When comparing the fracture of 3PB and SENB specimens, similar

SENB test

o o o =
EN e} ® o

Normalized max. force
o
o

o
o

IP-0 OP-0 IP-45 OP-45 [P-60 OP-60

Fig. 7. Normalized maximum force of SENB tests at different fiber orientations
in IP and OP directions.

failure patterns can be seen at the corresponding fiber orientations
(Fig. 6 and Fig. 8). In the IP direction a main crack develops, which
usually follows the fiber orientation. The comparable notch sensitivity of
all IP samples could be explained by the unique block-wise micro-
structure of C/C-SiC, the failure paths are located in the SiC-rich area
and between fiber bundle (Fig. 8a-c). In this way, the maximum force of
SENB tests from IP direction is independent on the fiber orientation.
In contrast, the crack in the OP direction does not proceed in a
straight line, but “jumps” between the neighboring layers. As can be
seen in Fig. 8d, in the 0° samples in the OP direction, a main crack ex-
tends almost straight and perpendicular to the fibers oriented in the
longitudinal direction of the sample. This indicates that the crack-
bridging fibers determine the ultimate failure and the strength of the
specimens, regardless of whether the main cracks originate from inter-
nal microcracks and defects in the matrix (3PB samples) or from artifi-
cially applied notches (SENB samples). This hypothesis may explain why
the composite is evaluated as notch insensitive in 0° fiber orientation. In
comparison, the main crack in the 45° and 60° OP-specimens propagates
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Fig. 8. Side view of crack path location of tested SENB samples a) S-IP-0; b) S-IP-45; c) S-IP-60; d) S-OP-0; e) S-OP-45; f) S-OP-60.

to a significantly higher extent in the matrix-rich region between the
layers and thus follows the layer orientation (Fig. 8e and f). The crack
extending into the specimen thickness is associated with failure of the
overloaded fiber bundles, allowing the crack to propagate into the next
matrix-rich regions. As already mentioned, the fracture spreads in this
way over a large area of the specimen and, to a large extend, concerns
the matrix, we have hypothesized that the applied notches in the SENB-
specimens with 45° and 60° fiber orientation (S-OP-45 and S-OP-60),
which cause local stress concentration, lead to earlier crack growth, and
thus lower strength of the pre-notched specimens (SENB) compared to
the unnotched ones (3PB). The slightly higher notch sensitivity of the
specimens with 60° orientation can probably be explained by the more
difficult fiber-bundle-pullout, due to the non-symmetrical fiber orien-
tation relatively to the longitudinal axis of the specimen.

6. Fracture toughness and work of fracture

The fracture toughness in terms of the stress intensity factor Kjc was
evaluated according to the standard ASTM C1421-10, using the results
of the SENB tests. The calculated K¢ for the C/C-SiC composite at
different orientation in IP and OP directions is shown in Fig. 9. For the IP
direction, there is almost no dependence on the fiber orientation; the
values obtained vary around 6 MPa m” or a slightly higher. A small
dependence on the fiber orientation was found for the OP direction as
the maximum and minimum values are 7.5 MPa m” at 0° orientation
and 5.3 MPa m”. at 45° orientation, respectively. It is worth mentioning
that certain similarities can be seen in the notch sensitivity and the
fracture toughness trends. As previously mentioned, the notch sensi-
tivity in IP direction is rather independent on the fiber orientation,
which also corresponds to a constant fracture toughness. Similarly, in
the OP direction and 0° fiber orientation, the composite is notch
insensitive, and consequently the fracture toughness reaches a higher
value. It should be noticed that the K;c measured in the former work of
Hofmann et al. [22] are slightly lower, which can be explained by the
fact that the manufacturing parameter of LSI based C/C-SiC has been
optimized during the last decade at Institute of Structures and Design,
German Aerospace Center Stuttgart [5,34].

—=— In-plane
0% —e— Out-of-plane

K,c [MPa-m'?]

270°

Fig. 9. Fracture toughness K;c of C/C-SiC at different fiber orientations in IP
and OP direction.

According to the ASTM C1421-10 the stress intensity factor Kjc was
calculated using the maximum force and the initial notch length. In
order to take the post failure behavior of the composites (Fig. 3) into
account, the fracture energy release rate or work of fracture (WOF) was
also evaluated in addition to the fracture toughness. The WOF was
calculated for all the SENB specimens as the area under the load-
deflection curves (which corresponds to the fracture energy). Fig. 10
shows the WOF calculated up to maximum force Fmax (Fig. 10 a) and
after fracture up to a force decrease of 30% Fmax (Fig. 10 b) and illus-
trates the dependence of the WOF on the fiber orientation for IP and OP
directions.

Since the deflection of the SENB specimens was not measured
directly, the compliance of the testing machine and bending device was
determined by comparing the cross-head displacement to the measured
strain on the tensile side of the 3PB specimens. The compliance deter-
mined in this way was used for correcting the cross-head displacement of
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Fig. 10. Work of fracture of SENB tests: (a) up to Fmax and (b) up to decrease of 30% Fmax.

the SENB specimens and determining their actual deflection.

First of all, it should be mentioned that the WOF for IP direction is
significantly smaller than in OP direction for all fiber orientations. A
possible explanation for the large differences in WOF could be found
when analyzing the fracture surfaces of the SENB samples. As can be
seen in Fig. 8, the fracture surfaces reveal significant differences in the
failure mode of the SENB specimens in IP and OP direction. In the IP
direction, there is usually a main crack that extends parallel to the fibers.
Consequently, the crack goes almost straight to the edge of the specimen
and is relatively short. However, the samples with 45° and 60° orien-
tation have a slightly longer failure path and therefore dissipate a
slightly higher energy compared to the samples with 0° orientation. This
difference is more obvious when the fracture energy is evaluated up to
30% of Fmax (Fig. 10 b). In general, completely different failure is
observed in the OP direction Fig. 8d-f). The crack is strongly deflected
between the layers, which also leads to the fiber bundle pull-out. With
the 45° and 60° fiber orientations, the fracture zone especially includes a
large area in front of the notch tip, which leads to considerably higher
energy dissipation. Consequently, a significantly higher WOF was
calculated.

7. Conclusions

In this work, the effect of the notch on the mechanical behavior of LSI
based C/C-SiC composite was investigated. The flexural behavior of
notched and unnotched specimens was analyzed and compared in terms
of maximum load, fracture toughness, and work of fracture. Particular
attention was paid to understanding in-plane and out-of-plane fracture
mechanisms as a function of fiber orientation (on-axis and off-axis). The
calculated Kjc, WOF up to Fmax and up to decrease of 30% Fmax for
different fiber orientation and loading direction are summarized in

Table 2
Summary of calculated K;c, WOF up to Fmax and up to decrease of 30% Fmax for
different fiber orientation and loading direction.

Fiber Loading Kic WOF WOF
orientation direction [MPa up to up to decrease of
m”] Fmax 30% Fmax
ki/m?  [ki/m?]
0/90° (0°) In-plane 6.61 0.36 1.76 + 0.20
+0.27 +0.05
Out-of-plane 7.46 0.90 2.49 + 0.56
+0.27 +0.08
+45° (45°) In-plane 6.01 0.37 2.75 £ 0.05
+0.15 +0.06
Out-of-plane 5.29 3.45 7.42 £ 0.63
+0.11 +0.17
+60/ 30° In-plane 5.87 0.39 2.62 +0.29
(60°) +0.21 +0.03
Out-of-plane 5.45 2.03 6.08 + 0.41
+0.27 +0.37

Table 2. The main conclusions of this work are:

e The flexural properties of C/C-SiC with three different fiber orien-
tations (0°, 45°, and 60°) were determined in IP and OP directions
through the 3PB test. Although the bending moduli are almost the
same in both IP and OP directions, the value in the fiber direction
0° is approx. 2 times higher than in 45° and 60° directions. However,
an isotropy of the flexural strength can be observed regardless of
orientation and loading direction, which could be explained through
the distribution of SiC-matrix within the unique block-like structure
of C/C-SiC: the failure cracks are near the SiC-rich region and always
follow the fiber bundle orientation with few deflections.

e The notch sensitivity of C/C-SiC was evaluated by directly

comparing the maximum forces for unnotched (3PB) and notched

(SENB) specimens. The composite is notch insensitive for all tested

specimen configurations: the mean value varies around 0.7 in the IP

direction for all three fiber orientations; a more pronounced influ-
ence of orientation can be observed in the OP direction, and the
minimum value is approx. 0.8 at 60°. This different notch sensitivity
could also be explained through failure patterns resulting from the
block-wise structure. Since the failure paths follow the fiber orien-
tation and locate in the SiC-rich area, the maximum force of SENB
tests in the IP direction is independent on the fiber orientation. In
contrast, the crack in the OP direction propagates between the
neighboring layers and thus follows the layer orientation, in which
the fracture spreads over a large area of the specimen and concerns to

a large extent the matrix.

The fracture toughness in terms of stress intensity factor shows a

slight dependence on the fiber orientation and loading direction and

varies between 5.3 MPa m'; and 7.5 MPa m'%. The WOF was calcu-
lated for all the SENB specimens as the area under the load-deflection
curves (corresponding to the fracture energy). The value of WOF and
the dependence of orientation for OP are significantly higher than in
the IP direction. In the IP direction, the crack goes almost straight to

the edge of the specimen and is relatively short. However, a

completely different failure is observed in the OP direction and the

crack is strongly deflected between the layers. This also leads to the
fiber bundle pull-out, especially in the 45° fiber orientation, which
leads to considerably higher energy dissipation.

The results in this work show that C/C-SiC material has excellent
notch insensitivity properties. The flexural strength is almost isotropic
and the WOF of 45° fiber orientation in the OP direction is relatively
high. These results may help to design and develop C/C-SiC structures to
meet stiffness, strength, notch sensitivity, fracture toughness, and frac-
ture energy requirements.
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