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Abstract

For mechanical characterization of interfacial properties in fiber-reinforced ceramic matrix composites by single-fiber push-out tests, a determination
of the relevant crack area is required. In established evaluation methods, the relevant crack area is approximated by the total cylindrical fiber surface
of the pushed fiber. This concept disregards that stable crack propagation, which is relevant for prediction of macromechanical behavior, may occur
on just part of the fiber-matrix interface area. In the present publication, a new approach to quantify the relevant crack area is presented, enabling
a more reliable determination of the interfacial fracture toughness of ceramic matrix composites.

The new concept is applied to SiC-fiber reinforced SiC-matrix composites with pyrocarbon fiber coatings (SiC/PyC/SiC) produced via chemical
vapor infiltration technique. The occurrence of stable and unstable crack growth, as predicted in literature, can be verified experimentally. A strong
correlation between PyC fiber coating thickness and interfacial fracture toughness is found.
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1. Introduction

Ceramic matrix composites (CMC) have found their way as
structural materials into a wide field of applications in harsh
environments, involving high temperatures, high stress levels
and corrosive atmospheres. The fields of application include
the areas of aerospace, ground transportation, power generation
and chemical industries. It is widely accepted that the mechani-
cal properties of fiber-reinforced ceramic matrix composites are
closely related to the fiber-matrix interfacial properties [1,2].
In particular, the interfacial fracture toughness is considered to
be one of the most relevant quantities to characterize the mate-
rial behavior at the fiber-matrix interface of a composite sample
under mechanical load [3]. In silicon carbide fiber-reinforced
silicon carbide matrix composites (SiC/SiC), fiber-matrix
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interfacial properties are modified by fiber coatings which facil-
itate fiber-matrix debonding and thus micro-crack deflection
at the fiber-matrix interface. Today, pyrolytic carbon (PyC)
coatings applied by a chemical vapor deposition process are
predominantly used in technical applications.

The single-fiber push-out test plays a major role in the
micromechanical characterization of the interfacial properties
since its introduction by Marshall [4,5] in 1984 [6—14]. Recently,
a modification of the single-fiber push-out test was published by
our group [15], enabling a quantification of the energy dissi-
pated by stable crack propagation during debonding of fiber and
matrix.

However, the corresponding crack area is usually simply esti-
mated by the total cylindrical fiber surface area of the pushed
fiber. Since the occurrence of both, stable and unstable crack
propagation is expected [3], the existing approximations repre-
sent an upper limit of the actual relevant area of stable crack
growth.

In the present publication, a new approach to quantify the
relevant crack area is presented. It is based on a quantification
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of the crack energy dissipated during crack growth as a func-
tion of the total sample thickness. The enhanced quantification
of the crack area leads to a more reliable determination of the
interfacial fracture toughness of the samples.

In previous push-out studies [8,10], it has been shown that the
PyC coating thickness is a parameter to influence fiber-matrix
interfacial properties, e.g. the interfacial shear strength. In the
current publication, a correlation between the PyC fiber coating
thickness and the interfacial fracture toughness of SiC/PyC/SiC
composites is investigated for the first time. To this end, the
new push-out evaluation method presented here is applied to
SiC/PyC/SiC composites with PyC fiber coatings of three dif-
ferent thicknesses and the effect on the interfacial fracture
toughness is discussed.

2. Experimental
2.1. Material and sample preparation

The samples investigated in the present study are SiC-fiber
(Tyranno Grade S, Ube Industries, Ltd.) reinforced SiC-matrix
composites with PyC fiber coatings. The samples were pro-
duced from plain-woven SiC-fiber fabrics via chemical vapor
infiltration (CVI) method by a two-step procedure to deposit a
PyC coating on the fibers and, subsequently, to form the SiC-
matrix. In the present study, three types of CMC samples are
investigated, which differ from each other in their fiber coat-
ing thickness. The coating thickness of the three samples was
measured via scanning electron microscopy (SEM) on pol-
ished cross sections. The measurement was performed on 15
fibers per sample type with 2 positions per fiber. The coat-
ing thickness was taken as the distance of two parallel straight
lines, which were aligned tangentially to the fiber-coating and
coating-matrix interface, respectively. The thickness and stan-
dard deviation turned out to be (754 5)nm, (40 & 3)nm and
(20 £ 5) nm, respectively (see Fig. 1). In the following sections,
they are referred to as PyC-A, PyC-B and PyC-C. The samples
were provided by MT Aerospace AG.

For the push-out tests, the samples need to be thinned
to an appropriate thickness (typical below 150 wm) with
plane-parallel surfaces orientated perpendicular to the fiber
axis direction. This was done by a multi-stage thinning pro-
cess, including a precision low speed cutting process (Isomet,
Buehler), a lapping process (Precision Lapping and Polishing
System PM5, Logitech Ltd.) with boron carbide particles (grain
size 9 wm) and a final polishing step with a colloidal silica
sol.

From each sample type (PyC-A, PyC-B, PyC-C) push-out
samples of different thicknesses were prepared: Sample PyC-A
was thinned to obtain four push-out samples having a thickness
of 68 wm, 76 wm, 94 um and 128 pm, respectively. From sam-
ple type PyC-B, push-out samples with a thickness of 60 pm and
85 wm were prepared. Sample PyC-C was thinned to obtain an
86 wm and an 102 wm thick push-out sample. The thickness of
the samples has been measured by a height gauge and by optical
microscopy. The deviations in thickness resulting from multi-
ple measurements with both methods turned out to be less than
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Fig. 1. SEM analysis of the PyC fiber coating on polished cross sections of the
SiC/PyC/SiC samples (magnification 100,000 ). (a) Sample PyC-A, (b) sample
PyC-B and (c) sample PyC-C.

1 wm. An overview of the samples is given in Table 1. The sam-
ples cover a maximum range of feasible sample thicknesses for
the push-out tests, being limited by the mechanical stability of
the composite samples on the one hand and the fiber compressive
strength on the other hand.

For carrying out the push-out tests, the specimens were then
placed on a glass substrate with a groove of 60 pm in width,
and fixed by quartz wax ensuring close and stiff contact to the
substrate.



Table 1

Overview of SiC/PyC/SiC samples investigated by single-fiber push-out testing.

Sample Coating thickness Sample thickness
68 pm
PyC- 76 pm
A (75 £ 5)nm 94 um
128 pm
PyC- 60 pm
B (40 + 3)nm 85 jum
PyC- 86 pm
c 20+ 5)nm 102 pm

2.2. Single-fiber push-out test with unloading-reloading
cycle

The single-fiber push-out tests were performed using an Uni-
versal Nanomechanical Tester system (Asmec GmbH), enabling
displacement-controlled experiments with a force measurement
resolution of 0.01 mN and a resolution of normal displacement
of 1 nm. The lateral positioning accuracy of the indenter tip
was about 1 um. In the current study, a flat-end indenter tip
was used. The tip had the shape of a truncated four-sided pyra-
mid with an edge length of 4.0 um and a total included angle
of 38.3° (Microstar Technologies). In previous studies of our
group [15,16] it was shown that this tip geometry allows to per-
form single-fiber push-out tests without the indenter touching
the matrix throughout the process.

In the current study, the single-fiber push-out tests were per-
formed following the approach of Refs. [15,16]. This procedure
requires the implementation of an unloading-reloading cycle
within the loading schedule for quantification of the energy dis-
sipated by stable crack growth during the test. The procedure
is applicable in the case that there is a distinct signature in the
load-displacement curve which can be associated with crack ini-
tiation and, additionally, that plastic deformation of the matrix
can be neglected. This behavior is typical for ceramic matrix
composites. Recently, this approach was expanded to samples
with a more ductile matrix, e.g. for carbon-fiber reinforced poly-
mers, leading to substantial plastic matrix deformation during
the test and to crack initiation without a distinct signature in the
load—displacement curve [17—-19].

The push-out tests were performed under displacement-
controlled mode. The loading schedule (Fig. 2) consists of one
unloading-reloading cycle and a maximum indenter displace-
ment of 3.0 wm. The position of the start of the unloading cycle
was adapted to the failure behavior of the samples and was varied
between an indenter displacement of 1.0 and 1.8 wm. The load-
ing segments were performed at a displacement rate of 50 nm/s,
whereas the unloading segments were performed at a rate of
100 nm/s. At maximum indenter displacement, a dwell time of
10s was set.

The tested fibers were selected randomly in a sample area
of several mm?, comprising fibers with different configura-
tions with respect to the number of nearest neighboring fibers
(Fig. 4 and 5).
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Fig. 2. Typical loading schedule for push-out testing of the SiC/PyC/SiC sam-
ples, including an unloading-reloading cycle at an indenter displacement of
1.6 pm for the evaluation of the dissipated energy [15,16].

3. Results and discussion
3.1. Load—displacement curve

In Fig. 3, a typical load—displacement curve of a single-fiber
push-out test is shown. It was performed on a sample of type
PyC-B with a thickness of 85 wm. The load—displacement graph
exhibits the characteristics that have been previously described
for displacement-controlled measurements performed with flat-
end indenter tips [ 15]. The initial rise of the curve (up to 175 mN)
is attributed to elastic deformation of fiber and matrix, and plastic
deformation of the fiber top surface. At an indenter displacement
of 430 nm (load: 175 mN), there is a distinct change in slope of
the curve which is attributed to crack initiation at the fiber-matrix
interface. This is followed by an extended linear segment of the
load signal which is dominated by stable crack propagation [ 15].
At an indenter displacement of 1.6 um, an unloading-reloading
cycle is inserted to evaluate the different energy contributions.
At maximum load of 415 mN, stable crack propagation turns to
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Fig. 3. Load—displacement curve of a single-fiber push-out test performed on a
sample of type PyC-B (sample thickness 85 pwm).
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unstable propagation, which almost instantly results in complete
fiber-matrix debonding and a fiber displacement relative to the
sample surface on front and back side (‘fiber push-out’). The
abrupt fiber displacement is accompanied by a decrease in load
and results in a narrow loop caused by the displacement control
unit (indenter displacement: 2.5 wm). The final unloading seg-
ment of the curve was set before the indenter could affect the
matrix, at a maximum indenter displacement of 3.0 pm.

3.2. Scanning electron microscopy analysis

A SEM analysis on polished cross sections of the front and
back side of the samples has been conducted. In Fig. 4, the results
of the front side analysis are shown.

Performing a comparison between different fibers of the same
sample by SEM confirms that the thickness of the PyC fiber coat-
ings applied via the CVD technique is homogeneous (Fig. 4(a)).
Moreover, the coating thickness of a single fiber along its circum-
ference also appears highly homogeneous based on micrographs
taken at moderate magnifications that represent the entire fiber
cross section (Fig. 4(a)). For high magnifications (i.e. on a scale
on which the fiber surface roughness appears), however, a sub-
stantial variation in coating thickness (Fig. 1(a)) is visible, which
can be attributed to the effects of fiber surface topography. Since
for the evaluation of the interfacial fracture toughness the behav-
ior of stress field and crack propagation are not considered down
to the scale of the fiber roughness, the effect of the coating thick-
ness variation is assumed to be of minor influence for the results
presented.

After carrying out the single-fiber push-out tests, the tested
fibers appear in dark color on the SEM images of the sample
front side which indicates that they are displaced relative to the
sample surface (Fig. 4(a)). Apart from an almost rectangular
imprint of the flat-end indenter tip, no further damage on the fiber
surface is found. In a previous publication of our group concern-
ing the energy contributions at push-out testing [15], the energy
attributed to the formation of the fiber imprints was investigated
by a combination of indentation testing, scanning electron and
atomic force microscopy on the same grade of SiC-fibers as
used here (Tyranno Grade S). The investigation has revealed
that the energy contribution for plastic deformation of the fiber
top surface is negligible compared to the other energy contri-
butions involved. There is no evidence of any contact between
the indenter tip and the surrounding matrix or of plastic matrix
deformation from the micrographs.

SEM micrographs of the back side of the samples taken after
the tests at an angle of 45° to the sample surface, are shown in
Fig. 5.

The pushed fibers are clearly protruding from the sample sur-
faces. The debonded fiber-matrix interfaces appear to be smooth
according to the SEM images. The micrographs are in total
agreement with the microscopic analysis presented in [15,16].

3.3. Crack areas of stable and unstable crack propagation

During single-fiber push-out testing, the loaded fiber is
debonded by the propagation of a crack. The propagation of
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Fig. 4. SEM analysis of the front sides of the SiC/PyC/SiC samples after single-
fiber push-out testing (different magnifications). (a) Sample PyC-A, (b) sample
PyC-B and (c) sample PyC-C.

a crack may proceed either by stable or unstable crack propaga-
tion. Stable crack growth requires externally supplied energy
for a gradual progression of the crack. In contrast, unstable
crack propagation is associated with a release of energy and
usually proceeds much faster, potentially reaching acoustic
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Fig. 5. SEM analysis of the back sides of the SiC/PyC/SiC samples after single-
fiber push-out testing (different magnifications). (a) Sample PyC-A, (b) sample
PyC-B and (c¢) sample PyC-C.

propagation velocities [20,21]. According to stress-based mod-
els of the single-fiber push-out test, e.g. the approach of Kerans
and Parthasarathy [3], a sequence of stable und unstable crack
growth is expected during debonding of the fiber.
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At the beginning of the experiment, a crack between fiber
and matrix is initiated at the front side of the sample by loading
the fiber with an increasing force [ 15]. After crack initiation, the
crack propagates along the interface due to the further increasing
load. As the main intensity of the stress field is located close
to the crack tip, the crack propagation is not affected by an
interaction of the stress field with the sample back surface at
an early stage of the experiment and the debonding process is
dominated by stable crack propagation [22].

As the crack tip approaches the back surface of the sample, the
stress field is increasingly affected by the geometric constraints,
i.e. the sample back surface, which eventually leads to a transi-
tion from stable to unstable crack propagation [22]. During the
unstable crack growth, the energy which has been stored elasti-
cally in the sample during loading, is released. The length of the
unstable crack growth L, s depends on the actual stress distribu-
tion and, therefore, is not easy to predict accurately. According
to the considerations of Kerans and Parthasarathy [3], the unsta-
ble crack length is expected to be independent of the sample
thickness and to be in the range of several fiber diameters.

As the stable debonding process is dominated by interfacial
properties and is much less affected by geometric effects than
the unstable one, the characterization of the stable process is
most relevant for the prediction of macroscopic failure behavior.
The debonding behavior is characterized using the interfacial
fracture toughness (G), which is related to the strain energy
release rate G. The strain energy release rate G is defined as the
strain energy U dissipated during infinitesimal crack growth
per unit of newly created fracture surface area dA [22]

G=—— ey

The interfacial fracture toughness (G) is taken as the energy
release rate G averaged over the area of stable crack growth
Acrack st» in accordance with Refs. [15,17]. Then, the averaged
energy release rate (G) is equal to the ratio of the total energy
AE rack st dissipated during the stable crack growth and the cor-
responding crack surface Acpack st created in this process:

ou _ AEcrack,st

(G) = _<8_A)AC““°‘“S‘ = (2)

Acrack,st

The energy contribution AErack st can be determined by the
modified push-out procedure presented in Refs. [15,16]. The
corresponding crack area Acrack st, however, so far is taken as
the total cylindrical fiber surface area A, of the pushed fiber
(with radius rr and sample thickness L) in established evaluation
concepts:

Acrack,st = Avotal = 27r¢L 3)

Since the total cylindrical crack area Ay, consists of the sum
of the area of stable crack growth Acrack s¢ and the area of unstable
crack growth Acrack unst, this approximation actually represents
an upper limit of the relevant crack area. Thus, for a more precise
determination of the crack area, Eq. (3) modifies to

Acrack,st = Avotal — Acrack,unst = 27re(L — Lynst) “

Here Ly denotes the length of unstable crack growth.
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Fig. 6. Schematic illustration of the areas of stable and unstable crack growth
during single-fiber push-out test in a symmetric and an asymmetric fiber configu-
ration. (a) Symmetric fiber configuration and (b) asymmetric fiber configuration.

This approach was originally published for ceramic matrix
composites in Ref. [16]. Recently, Greisel et al. [ 17] successfully
applied this approach to carbon fiber-reinforced thermoplastic
composites.

Fig. 6(a) shows a schematic illustration of the areas of sta-
ble and unstable crack growth on the fiber-matrix interface in
case of one isolated fiber surrounded homogeneously by matrix
material. As the stress field is symmetric with respect to the fiber
axis in this configuration, the crack propagates symmetrically,
leading to cylindrical shaped areas of stable and unstable crack
growth. In Fig. 6(a), stable and unstable crack propagation is rep-
resented by small and large zigzag lines, respectively. In case of
a symmetrical configuration, the definition of the length of sta-
ble and unstable crack propagation (Lg and Lypg) is, therefore,
straightforward.

Fig. 6(b) illustrates the more general case with a neighbor-
ing fiber breaking the cylindrical symmetry of the arrangement
with respect to the loaded fiber. This configuration results in a
higher stress concentration in the narrow region between the
fibers and, consequently, leads to stable crack growth along
the interface in that region at an early stage of the experiment
[19]. With increased loading, the crack propagates in fiber axis
direction until it reaches the back surface of the sample. At this
point of the experiment, the crack has not yet fully developed
in circumferential direction [19]. With further increase of load,
the remaining unaffected part of the fiber-matrix interface is
debonded by stable and unstable crack growth (Fig. 6(b)). In the
case of non-symmetric crack propagation, the length of stable

and unstable crack propagation Lg and Ly are no longer iden-
tified with the actual contour of the crack areas, but still are a
measure of Acrack,st and Acrack,unst- In that case, Lg and Lypg can
be regarded as virtual crack lengths satisfying the conditions

_ Acrack, st

Ly = 5
st 27'U’f ( )
and
A
Lunst = —c;;l;;nst (6)

respectively. For the following approach, there is no difference
whether the crack length is regarded as a physical or a virtual
quantity. It should be mentioned that the crack areas are approx-
imated by idealized surfaces here, neglecting any surface area
contributions due to the roughness of the interfaces [23,24].
Since the crack surfaces have been found to be quite smooth
(see Fig. 5), this approximation seems to be appropriate.

From an energy-based point of view, the crack growth turns
from stable to unstable propagation at that moment when the
energy stored elastically in the fiber exceeds the energy required
to overcome the remaining fiber-matrix bonding. The required
energy is a function of the total amount of the remaining fiber-
matrix interfacial area (i.e. the area of unstable crack growth
Acrackunst), but independent of its shape.

The local fiber configuration has an influence on the local
stiffness of the sample which is effective during push-out testing.
As aresult, at same indenter displacement more elastic energy is
stored in the sample when performing a push-out test in a sample
area with higher local fiber volume content compared to an area
with lower local fiber volume content. Although this behavior
is reflected by a larger slope in the load—displacement curve, it
does not change the dissipative energy contribution required for
fiber-matrix debonding.

In summary, the local fiber configuration does influence the
local stress distribution, the shapes of stable and unstable crack
areas at the fiber-matrix interface, and the load—displacement
curve, but does not influence the total amount of the crack areas
Acrack st and Acrack unst, and the energy required for fiber-matrix
debonding AEcrack st

With Egs. (4) and (2), the interfacial fracture toughness is
equal to

AEcrack,st

277 (L — Lungt) @

(G) =

This equation includes two unknown parameters, (G) and
Lynst- Assuming Ly is independent of sample thickness, Eq. (7)
can be regarded as a linear equation for AE¢,ck ¢ as a function
of L:

_ A Ecrack,st

2 =(G) - (L = Lunst) ®)
Tre

This linear relationship is illustrated in Fig. 7. In this dia-
gram, the straight line describes the expected relation between
the total energy dissipated by stable crack growth during fiber-
matrix debonding and the sample thickness. The slope of the
straight line corresponds to the interfacial fracture toughness
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Fig. 7. Schematic illustration: The straight line describes the expected rela-
tion between the energy dissipated by stable crack growth during fiber-matrix
debonding and the sample thickness L.

(G), while the L-axis intercept corresponds to the length of unsta-
ble crack propagation L. In case only stable crack growth
occurs in the debonding process of the fiber, Lyyst is equal
to zero, and the straight line passes through the origin of the
diagram.

This expected behavior was examined experimentally by per-
forming single-fiber push-out tests on four samples of the same
type (sample PyC-A), which have been thinned to a thickness of
68 wm, 76 wm, 94 pwm and 128 pwm, respectively (see Table 1).
On each sample a minimum of 20 single-fiber push-out tests
have been performed. The fiber radii varied from 4.3 to 5.0 wm.
The results are shown in Fig. 8.

It can be seen that the data points can be approximated by
a linear regression, with an L-axis intercept larger than zero.
The error bars represent the standard deviation of the dissipated
energy. The error in sample thickness (less than 1 pum) does
not appear in the diagram as it is smaller than the size of the
data points. The diagram is in total agreement with the expected
behavior shown in Fig. 7. The push-out measurements confirm
that there is stable and unstable crack propagation involved in
the debonding process. The fact that there is a linear relationship
between the crack energy and the sample thickness confirms that
the length of unstable crack propagation is independent of the
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Fig. 8. Diagram of the energy dissipated by stable crack growth (normalized to
the individual fiber circumference 27r¢) during push-out testing as a function
of sample thickness L. From the linear regression of the data points, the length
of unstable crack growth Lyng and the interfacial fracture toughness (G) are
determined.
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sample thickness. With the values determined from experiment,
the crack energy is given by

_ A Ecrack,st

J
— 85— (L — 51 um) )
2mre m?

By comparing Eq. (9) to Eq. (8), it can be seen that the inter-
facial fracture toughness (G) of the sample PyC-A is equal
to (854 12) J/m? and the length of unstable crack propagation
amounts to 51 wm. Hence, the length of unstable crack growth
turns out to be in good agreement with the predictions of Kerans
and Parthasarathy [3].

In conclusion, the occurrence of stable and unstable crack
growth during fiber-matrix debonding in CMC samples has been
verified experimentally, and the areas of stable and unstable
crack growth have been evaluated.

3.4. Correlation between PyC fiber coating thickness and
interfacial fracture toughness

The thickness of the PyC fiber coating is known to influence
interfacial properties of SiC/SiC composites, e.g. the interfacial
shear strength [8,10]. In the present study, a correlation between
the fiber coating thickness and the interfacial fracture toughness
is investigated for the first time. To that purpose, the samples
PyC-A, PyC-B and PyC-C are investigated by push-out. The
composites have been manufactured using the same type of SiC-
fiber and similar CVI parameters for the deposition of the PyC
coatings and SiC-matrices (see Section 2.1). Apart from the PyC
layer thickness, the SEM analysis revealed no differences in
microstructure.

Single-fiber push-out tests were performed on two samples
of type PyC-B (thickness 60 pum and 85 pwm) and on two samples
of type PyC-C (thickness 86 wm and 102 wm), in addition to the
four samples of PyC-A discussed in Section 3.3. For an overview
of the samples investigated, see Table 1.

In Fig. 9, the energy dissipated by stable crack growth (nor-
malized to the individual fiber circumference 27 r¢) is shown as
a function of the sample thickness for the sample types PyC-B
(red triangles) and PyC-C (green diamonds), together with the
samples of type PyC-A (blue dots).

As the intercepts of the linear extrapolations on the L-axis of
sample types PyC-B and PyC-C are larger than zero, the diagram
confirms that there is stable and unstable crack propagation in
these samples, as also observed for sample type PyC-A. The
length of unstable crack propagation turns out to be approxi-
mately 40 wm for sample PyC-B and 63 pm for sample PyC-C,
which again is in agreement with the prediction resulting from
stress-based models [3].

The interfacial fracture toughness (G) of these samples (cor-
responding to the slope of the linear extrapolations) amounts
to (208 4 53) J/m? for PyC-B and (308 4 48) J/m? for PyC-C.
Macromechanical measurements for comparison could not be
performed due to a lack of material to prepare samples of the
necessary dimension. However, as end-notched flexure tests on
other CVI-SiC/PyC/SiC material published by Choi and Kowa-
lik [25] resulted in a macromechanical fracture toughness in the



2988

E
=
:,
=
=
53
o
ol W
N
Hl ~y=0.085x-43 |
O 1 1 S 1 1
0 20 40 60 80 100 120 140

Sample Thickness L [um]

Fig. 9. Diagram of the energy dissipated by stable crack growth (normalized to
the individual fiber circumference 2mr¢) during push-out testing as a function of
sample thickness L for the samples PyC-A, PyC-B and PyC-C. The interfacial
fracture toughness (G) and the length of unstable crack growth Lyns of each
type of sample is given by the slope and the intercept on the L-axis of the linear
extrapolations.

range of 200500 J/m?, the micromechanical values determined
here seem to be of plausible magnitude.

In Fig. 10, the interfacial fracture toughness is plotted versus
the PyC coating layer thickness for the three sample types.

An increase of the coating layer thickness by a factor of
almost four results in a strong decrease of the interfacial frac-
ture toughness (by almost a factor of four) within the considered
range of PyC layer thicknesses. As the data base in the current
investigation is limited to three different layer thicknesses, a
formal relationship can not be specified. The measured correla-
tion is in good qualitative agreement with the results of Hinoki
et al. [8] and Yang et al. [10], which reported a strong decrease
in micromechanical interfacial properties with increasing PyC
fiber coating thickness. However, in those studies it is the inter-
facial shear strength which has been evaluated by single-fiber
push-out tests.
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Fig. 10. Effects of the PyC coating layer thickness on the interfacial fracture
toughness of SiC/SiC samples.

The decrease of the interfacial fracture toughness with
increasing PyC coating thickness may be caused by a higher
density of defects in thicker PyC layers as compared to thinner
ones. The higher density of defects may lead to a decrease of
crack resistance within the PyC layer and thus to a decrease of
interfacial fracture toughness. However, the origin of this effect
has not been investigated within the current study, and should
be analyzed in future works.

4. Conclusions

In the present publication, a new approach to quantify the
crack area of stable and unstable crack propagation during
single-fiber push-out testing of fiber-reinforced composites is
presented. It is applied to SiC-fiber reinforced SiC-matrix com-
posites with PyC fiber coating. By push-out testing of samples
with different thicknesses, the occurrence of stable and unstable
crack growth during fiber-matrix debonding, which had been
predicted, has been verified. The areas of stable and unstable
crack growth have been evaluated. The length of unstable crack
propagation turned out to be independent of sample thickness.

The more precise quantification of the crack area in single-
fiber push-out tests will contribute to a more reliable evaluation
of interfacial properties, such as the interfacial fracture tough-
ness.

In the second part of this study, the new approach was
applied to investigate a correlation between the PyC fiber coating
thickness and the interfacial fracture toughness of SiC/PyC/SiC
samples made via CVI technique. It has been found that there is a
strong decrease in interfacial fracture toughness with increasing
PyC layer thickness within the considered range.

The result underlines that the coating thickness needs to be
controlled precisely during manufacturing of the composites and
opens up a well-directed and technically easy way to modify the
interfacial fracture toughness of SiC/PyC/SiC composites.
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