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Abstract

Single-fiber push-out tests performed with a Berkovich and a flat-end indenter tip were conducted on the same SiC/PyC/SiC ceramic matrix
composite sample for comparison. Push-out measurements were stopped at different stages during the experiment for a detailed microscopic
analysis of the front and back side of the sample, to investigate the progression of failure during push-out process. The microscopic analyses reveal
differences from the established interpretations which are crucial for quantitative evaluation of interface properties. Based on the microscopic
findings, a modified loading schedule comprising unloading-reloading cycles is proposed, which provides access to the dissipative and non-
dissipative energy contributions during push-out test. A new energy-based approach is presented which allows for the determination of the
interfacial fracture toughness, without assumptions regarding the stress distribution along the interface to be made. Presuming stable crack growth
along the complete debonding length, the interfacial fracture toughness of the sample investigated amounts to 44 4 9 J/m?.
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1. Introduction

Ceramic matrix composites (CMC) are considered to be
attractive candidates for long term applications in harsh envi-
ronments, comprising high temperatures, high stress levels
and corrosive atmospheres, e.g., in future transportation and
energetic systems. It is well recognized that the mechanical per-
formance of fiber-reinforced ceramic matrix composites under
load, especially the intended damage-tolerant fracture behavior,
is strongly related to the fiber—matrix interfacial properties.!-?
In silicon carbide fiber-reinforced silicon carbide matrix com-
posites (SiC/SiC), single- or multi-layered fiber coatings (e.g.,
pyrolytic carbon (PyC) coatings) are applied to enable micro
crack deflection and fiber—matrix debonding.

The single-fiber push-out test, introduced by Marshall® in
1984, is a powerful testing method to evaluate the interfacial
properties of CMC samples. For this purpose, a thin and plane-
parallel composite sample (typically below 100 pwm in thickness)
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is mounted on a sample holder with a groove located below the
fibers to be tested. During single-fiber push-out test, an individ-
ual fiber is loaded by a diamond indenter tip with an increasing
load resulting in fiber—matrix debonding and fiber push-out.
Both pyramidal indenter tips*~7 and flat-end indenter tips®? are
used for push-out tests. The interfacial parameters are extracted
from load—displacement curves recorded during the experiment.
There are different methods for evaluation described in litera-
ture, among these the evaluation of interfacial shear strength
7is which is based on a simple force balance at the moment of
push-out
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where P is the load at push-out, r¢ is the fiber radius and L
the fiber length.>*1%!1 Other evaluation methods depend on
adjusting interfacial parameters, such as the stress for initial
debonding, the radial stress at the interface, the residual axial
stress in the fiber and the coefficient of friction, to fit the exper-
imental curves according to the push-out models discussed in
literature. ' >~15.7-16.8
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For an interpretation of the push-out test and evaluation of
interfacial properties, a detailed understanding of the micro-
scopic process taking place during the experiment is absolutely
essential. Microscopic imagery of the push-out sample prior and
subsequent to the test, as published in relevant literature, can not
sufficiently clarify the progression of failure.

For that reason, a detailed microscopic analysis of the front
and back side of a SiC/PyC/SiC composite sample is presented
in this study, from measurements that were stopped at differ-
ent stages during the push-out test. The microscopic analysis
was executed on push-out tests performed with both a pyrami-
dal indenter tip and a flat-end indenter tip. The use of a flat-end
indenter tip increases the contact area between the indenter and
the fiber and therefore reduces the indenter penetration. This
leads to less fiber deformation and a reduction of radial Poisson’s
expansion compared to the pyramidal tip. Moreover, the smaller
included angle of the flat-end tip allows a larger fiber displace-
ment without the indenter touching the matrix. The experiments
with both tips were performed on the same sample in order
to enable a direct comparison of load—displacement curves and
demonstrate the different values obtained for the interfacial shear
strength 7jg.

Crack propagation at the interface is one of the dissipa-
tive processes during fiber—matrix debonding, contributing to
a damage-tolerant fracture behavior. Therefore, the interfa-
cial fracture toughness is a crucial quantity to characterize
the mechanical properties of CMC samples.'>!7!3 In this
study, a modified push-out testing method comprising
unloading-reloading cycles for a quantitative evaluation of the
interfacial fracture toughness is presented.

2. Experimental
2.1. Material and sample preparation

The specimen investigated in this study consists of SiC
fiber (Tyranno Grade S, UBE Industries, Ltd.)-reinforced SiC
matrix composites and are provided by MT Aerospace AG. Two-
dimensional plain-woven SiC fiber fabrics were coated with a
PyC layer by chemical vapor infiltration (CVI) method, and sub-
sequently infiltrated via CVI process to form the SiC matrix.
The samples have to be thinned precautiously to a final thick-
ness typically below 100 wm. For that purpose, a slice of about
9mm x 2mm x 0.5 mm was cut by a precision low speed dia-
mond saw (Isomet, Buehler) and thinned by a lapping process
(Precision Lapping and Polishing System PMS5, Logitech Ltd.)
to generate plane-parallel sample surfaces perpendicular to the
fiber orientation. During this procedure, the sample experienced
minimal damage. The lapping suspension consisted of boron car-
bide particles with a grain size of 9 pm. Material of a minimum
thickness of 200 wm was removed from each side of the sample.
Final surface preparation consisted of polishing the specimen
with a colloidal silica sol (mean particle size 32 nm) on both
sides. The specimen then was placed on a glass substrate with
a groove of 60 pm in width, and fixed by quartz wax ensuring
close contact to the substrate. All the push-out measurements
discussed in this study were carried out on the same sample

with a thickness of 94 pm. In addition, some push-in tests were
performed on a thicker sample of 400 wm to conclude whether
there is an influence of the flexural stiffness on the shape of the
load—displacement curve.

2.2. Single-fiber push-out test

Single-fiber push-out tests were performed using an Uni-
versal Nanomechanical Tester system (Asmec GmbH), which
enables both load- and displacement-controlled experiments in
normal direction with a resolution of 0.01 mN and 1 nm, respec-
tively. The indenter tip is exchangeable and can be positioned
with a lateral accuracy of about 1 wm. In this study, push-out
experiments were carried out with diamond indenter tips of two
different geometries: a Berkovich tip (three-sided pyramid with
a total included angle of 142.3°) and a custom-made flat-end
indenter tip (truncated four-sided pyramid with an edge length of
4.0 wm and a total included angle of 38.3°, Micro Star Technolo-
gies). The maximum indenter displacement without touching the
matrix depends on the tip geometry and the fiber radius. In order
to estimate the maximum indenter displacement, we assume the
indenter tip is positioned centered on the fiber, the surrounding
matrix does not deform and the fiber radius is varying between
4.0 pm and 5.0 wm. Then the maximum allowed indenter dis-
placement is between 0.9 um and 1.2 pm for the Berkovich tip
and between 3.4 wm and 6.3 pm for the flat-end tip.

Fibers surrounded by various numbers of neighbouring fibers
were selected randomly for push-out to represent fiber—matrix
interaction in domains of different local fiber volume contents.

The push-out tests were performed under displacement-
controlled mode to enable the measurement of load drops. Two
different experimental procedures were used, a standard load-
ing schedule and a schedule with several unloading—reloading
cycles. In case of standard push-out experiments, a final dis-
placement of 5000 nm was chosen with a displacement rate of
20 nm/s, in case of experiments with unloading—reloading cycles
the displacement rate was set to 50 nm/s with unloadings at
500 nm, 1000 nm, 1500 nm, 2000 nm, 2500 nm and at 6000 nm.
Each unloading segment was performed at 100 nm/s. In addi-
tion, a series of load—displacement measurements was stopped at
different stages during loading for a microscopic analysis of the
push-out progress. Those samples were unloaded, removed from
the substrate and examined by Scanning Electron Microscopy
(SEM) and Atomic Force Microscopy (AFM) on both front and
back side.

2.3. Scanning Electron Microscopy and Atomic Force
Microscopy

The sample surfaces were investigated by means of Field
Emission Scanning Electron Microscopy (DSM 982 Gemini,
Zeiss) with respect to accurate position of indent, contact area
and damage on fiber, PyC coating and matrix after unloading.
Atomic Force Microscopy (Dimension Icon, Bruker) was done
to check the residual depth of indentation imprint and the extent
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Fig. 1. Representative load—displacement diagram of a single-fiber push-out test
performed with a Berkovich indenter tip. The stages at which measurements were
stopped for microscopic analysis are indicated by arrows (1-4).

of residual displacement of fiber on front and back side after the
experiment.

3. Results and discussion
3.1. Single-fiber push-out tests with Berkovich indenter tip

A typical load—displacement curve of a single-fiber push-out
test performed with a diamond indenter tip of Berkovich geom-
etry is shown in Fig. 1. Initial indenter displacement leads to
an increase in load which is followed by a plateau-like behav-
ior at 230 mN, a second increase in load until another plateau
is reached at 390 mN, and a final rise until peak load. The
retraction of the indenter tip then results in a decrease in load,
reaching zero load at a displacement of 1.53 pm. The shape of
the curve corresponds to Berkovich push-out curves described
in literature,*® except for the fact that in the measurements
of the present study, the first plateau is considerably more
pronounced.

For a detailed microscopic analysis of the progression of fail-
ure during push-out testing procedure, push-out measurements
were stopped and unloaded at several different stages, four of
which are marked in Fig. 1.

When interrupting the experiment at the end of the first rise in
the load—displacement curve (Fig. 1, point 1), SEM micrographs
of the front side of the sample (Fig. 2(a)) show a centered imprint
of the pyramidal indenter tip on the fiber. The imprint is con-
fined to the fiber cross-sectional area so that contact between
indenter tip and the adjacent SiC matrix can be excluded. The
depth of pyramidal imprint determined by AFM measurements
amounts to 150 nm. There is no residual push-in of the fiber
relative to the surrounding sample surface. On the back side of
the sample, no indication of a push-out is found by AFM and
SEM investigations. In addition to the pyramidal deformation of
the fiber detected, elastic deformation must have occurred during
the initial indenter displacement, as the indenter displacement of
1.0 wm (Fig. 1) exceeds the depth of imprint (150 nm) by far. As
the fiber is mechanically coupled to the surrounding matrix via
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PyC interphase, elastic deformation takes place on both fiber and
matrix. The upward curvature of the load—displacement curve
is due to the pyramidal shape of the tip, i.e., due to the increase
of the projected contact area between indenter tip and sample
during loading.'”

By increasing the load, stress at the fiber—matrix interface
rises. When the local stress at the interface exceeds a criti-
cal value, an initial debonding crack is formed. In most of the
experiments using a Berkovich tip, the crack initiation can not
be assigned to a certain point in the load—displacement graph.
The crack initiation causes partial debonding and mechanical
decoupling of fiber and matrix. Consequently, there is a sudden
decrease of elastic modulus of the fiber—matrix system which
leads to an imbalance of forces and therefore to an abrupt dis-
placement of the indenter tip. In the load—displacement curve,
this results in a plateau-like behavior (between points 1 and 2 in
Fig. 1, at 230 mN). The displacement control is not able to pre-
vent this rapid movement, but subsequently retracts the tip which
leads to a loop marked in Fig. 1. SEM micrographs of samples
from push-out tests that were interrupted during the first plateau
confirm that the indenter tip has solely contacted the fiber but
not the surrounding matrix area.

In case the push-out test was interrupted right after the first
plateau (Fig. 1, point 2), SEM analysis reveals plastic deforma-
tion on the fiber and on the adjacent matrix (marked in Fig. 2(b))
resulting from the Berkovich indenter tip. This finding proves
that starting from the first plateau, both fiber and matrix are
loaded directly by the indenter tip. On the back side of the sam-
ple, no deviations from the original state are observed by SEM
(Fig.2(c)) and AFM.

Further displacement of the indenter tip leads to another
increase of load in the load—displacement diagram (Fig. 1, points
2 and 3), which is caused by increasing plastic and elastic defor-
mations of fiber and matrix (Fig.2(d)). Push-out tests that are
interrupted and unloaded at the end of this regime (Fig. 1, point 3)
show that the fiber surface was pushed-in a distance of 25 nm, in
addition to the pyramidal imprint of 170 nm in depth, as detected
from the AFM measurements (AFM image Fig. 3(a) and AFM
cross section diagram Fig. 3(c)). On the back side of the sam-
ple, no indication of a push-out is found by SEM and AFM
measurements.

The displacements of the fiber surface are illustrated in the
schematic of Fig. 4. During loading, the fiber is pushed-in due
to plastic and elastic deformations of fiber and surrounding
matrix (dashed line). This corresponds to the indenter displace-
ment shown in the load—displacement diagram (Fig. 1, point 3:
1680 nm). In this state of displacement, the crack has already
propagated along the interface, but has not yet reached the back
side of the sample (Fig. 4, zigzag line). After unloading of the
sample, the elastic deformations relax and the residual push-in
depth (Fig. 3(c), 25 nm) and the depth of the imprint (Fig. 3(c),
170 nm) are measured by AFM. These measurements imply an
elastic deformation of 1485 nm under load.

Push-out tests that are aborted at this stage (Fig. 1,
point 3) correspond to so-called push-in tests, which are
usually performed on thick samples and are described in
literature,3-18-13.20-22
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Fig. 2. SEM analysis of sample surfaces after interruption at different stages during single-fiber push-out tests performed with Berkovich indenter. The numbering
of the stages refers to Fig. 1. (a) SEM micrograph of sample front side, loading stopped at point 1. The imprint of the Berkovich indenter tip is limited to the fiber
cross section. (b) SEM micrograph of sample front side, loading stopped at point 2. The traces of contact between pyramidal indenter tip and matrix are marked. (c)
SEM micrograph of sample back side, loading stopped at point 2. No deviations from the initial state are found. (d) SEM micrograph of sample front side, loading
stopped at point 3. Plastic deformations of fiber and adjacent matrix are clearly visible. (¢) SEM micrograph of sample front side, loading stopped at point 4. The
dark color of the fiber indicates the push-out. Except for the pyramidal imprint, no further damage on fiber is observed. (f) SEM micrograph of sample back side,
loading stopped at point 4. The fiber protrudes from the surface (push-out). The fact that the coating is pushed together with the fiber is specially evident (marked

by arrows).

When the crack reaches the back side, fiber and matrix are
completely debonded and the compressed fiber may expand
to the back side towards the groove. The elimination of the
fiber—matrix bonding together with a partial relaxation of the
fiber leads to an imbalance of forces and therefore to a sudden
displacement of the indenter tip, which causes the second plateau
in the load—displacement diagram, at 390 mN (Fig. 1, between
points 3 and 4).

Experiments that were stopped right after the second plateau
(Fig. 1, point 4) reveal that the fiber is pushed-in a distance of
about 790 nm with a pyramidal imprint of 260 nm (AFM image
Fig.3(b) and AFM cross section diagram Fig.3(c)). Except
for the pyramidal imprint, no further damage on the fiber is
observed (Fig.2(e)). On the back side of the sample, the fiber
protrudes clearly from the surface (Fig.2(f)) giving proof to
the fact that a push-out takes place at the second plateau in the
load—displacement diagram.

This process is illustrated in Fig.5. The schematic points
out that the indenter displacement (Fig. 1, point 4: 1870 nm) is
equal to the sum of push-in depth (Fig. 3(c), 790 nm), the depth
of the imprint (Fig. 3(c), 260 nm) and the elastic deformations
of fiber and matrix (calculated 820 nm). The comparison of the
190 nm indenter displacement between point 3 and point 4 and
the increase in plastic deformations (push-in depth and depth of
imprint) of 855 nm seems to be in contradiction. This mismatch
is explained by the relaxation of the compressed fiber: Before
the crack reaches the back side of the sample (point 3), the fiber

decompresses elastically towards the front side of the sample
during unloading. After the crack has reached the back side of
the sample, the fiber is debonded along the whole interface (point
4). At the moment push-out is initiated the fiber decompresses
partially towards the back side, while contact to the indenter on
the front side is still retained.

Debonding turns out to occur between PyC coating and
matrix. The fact that the coating is pushed together with the
fiber is specially evident at locations where the coating of the
protruding fiber touches the one of a neighbouring fiber (marked
in Fig. 2(f)).

After this plateau, another increase of load occurs (Fig. 1,
point 4 up to peak load) with a slope similar to the slope between
points 2 and 3. Experiments confirm that the push-out depth
as well as the imprint on matrix grow when the loading is
continued.

Complete unloading of the sample results in relaxation of
the elastic deformation predominantly due to the matrix, reach-
ing zero load at 1.53 wm (Fig. 1). This is in agreement with
AFM measurements on the front side of the sample that show
a residual fiber displacement of 1.5 pm relative to the sample
surface.

In summary, load—displacement curves of single-fiber push-
out tests carried out with a Berkovich indenter tip showed two
pronounced plateaus: The first one can be attributed to the fiber
push-in and the second one to the fiber push-out. It was found
that the pyramidal indenter tip contacts the matrix starting at
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Fig. 3. AFM analysis of sample surfaces after interruption at different stages during single-fiber push-out tests performed with Berkovich indenter. The numbering
of the stages refers to Fig. 1. (a) AFM image of sample front side, loading stopped at point 3. The section line marked corresponds to the profile diagram (Fig. 3(c)).
(b) AFM image of sample front side, loading stopped at point 4. The section line marked corresponds to the profile diagram (Fig. 3(c)). (c) Profile sections from
AFM measurements of sample front side. Loading was stopped at point 3 and point 4, respectively.

push-in. Accordingly, during crack propagation and push-out not
only the fiber but also the surrounding matrix is directly loaded
by the pyramidal indenter tip. This causes an overestimation of
fiber—matrix interaction and, therefore, the test should be inval-
idated. In literature, contact between indenter tip and matrix is
assumed not to occur before push-out,*> although there is no
proof whether this is the case. However, for a valid evaluation
of the interfacial shear strength 7;5 (Eq. (1)), it is necessary to
verify that the tip contacts the fiber only.

3.2. Single-fiber push-out tests with flat-end indenter tip

Due to the fact that contact was observed between the
Berkovich indenter tip and the SiC matrix before push-out,
the single-fiber push-out tests and microscopic analyses were
repeated using a flat-end indenter tip with a total included angle
significantly smaller than in Berkovich geometry (see Section
2.2).

3.2.1. Push-out tests with standard loading schedule
In Fig. 6, the load—displacement curve of a flat-end indenter
push-out test is shown in comparison to the Berkovich indenter

experiment discussed in Section 3.1 (Fig. 1). The shape of the
flat-end indenter curve is comparable to those known from
literature, using a flat-end indenter,12-16:10

At the beginning of the experiment, the contact area between
tip and fiber is formed. In the load—displacement curve (Fig. 6),
this results in an increasing slope throughout the first 100 nm.
The slope of the following part of the curve (Fig. 6, up to point A)
is steeper and shows a smaller curvature than in the Berkovich

after unloading

~push-in depth
_ depth of imprint

_____ i

indenter displacement
elastic deformation

Matrix Fiber

Fig. 4. Schematic illustration of plastic and elastic deformations of push-out
sample at point 3 (point C, respectively). The dashed line marks the position of
the fiber surface under load, the solid line shows it after unloading.



446

after unloading 8 push-in depth

indenter displacement )

_____ [$ depth of imprint

g = FTTTET, % i
S M elastic deformation
—_— R — — _\L’_ —_— — T —
under load

™ Crack

Matrix Matrix

Fiber

Fig. 5. Schematic illustration of plastic and elastic deformations of push-out
sample at point 4 (point D, respectively). The dashed line marks the position of
the fiber surface under load, the solid line shows it after unloading.

case. In analogy to the Berkovich case, plastic deformation of
fiber together with elastic deformation of fiber and matrix occurs
in this part of the experiment. The steeper slope and the smaller
curvature are attributed to the geometry of the tip. At 145 mN,
there is a change in gradient (marked in Fig. 6), which is ascribed
to crack initiation between fiber and matrix. This feature was
found to appear at the same load in push-in tests for a much
thicker sample of 400 wm thickness. This confirms that crack
initiation is caused by a local stress field at the sample surface
and therefore is independent of sample thickness.'?> Microscopic
analyses of samples from push-out tests interrupted at point A
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Fig. 6. Representative load—displacement diagram of a single-fiber push-out
test performed with a flat-end indenter tip (black). The stages at which measure-
ments were stopped for microscopic analysis are indicated with arrows (A-D).
Load—displacement curve from push-out test with Berkovich indenter tip on
same sample (Fig. 1) is added for comparison (gray).

show a centered imprint of the flat-end indenter tip on fiber
(Fig. 7(a)) of 75 nm in depth. The expected debonding crack is
not detectable by electron microscopy.

As soon as the crack encloses the fiber in the surface region,
fiber and matrix are partially decoupled, which leads to an
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Fig. 7. SEM analysis of sample surfaces after interruption at different stages during single-fiber push-out tests performed with flat-end indenter. The numbering of
the stages refers to Fig. 6. (a) SEM micrograph of sample front side, loading stopped at point A. Parts of the imprint of the flat-end indenter (truncated four-sided
pyramid) are visible. (b) SEM micrograph of sample front side, loading stopped at point B. The imprint of the flat-end indenter tip is limited to the fiber cross section.
(c) SEM micrograph of sample back side, loading stopped at point B. No deviations from the initial state are found. (d) SEM micrograph of sample front side,
loading stopped at point C. There is almost no increase in the depth of imprint on fiber compared to the test interrupted at point B (Fig. 7(b)). (¢) SEM micrograph of
sample front side, loading stopped at point D. The fiber is pushed-out. There is no trace of any damage on the adjacent matrix caused by the flat-end indenter tip. (f)
SEM micrograph of sample back side, loading stopped at point D. The fiber protrudes from the surface (push-out). Parts of the adjacent PyC coating are pushed-out
together with the fiber (marked) indicating that debonding occurs between coating and matrix.
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Fig. 8. AFM analysis of sample surfaces after interruption at different stages during single-fiber push-out tests performed with flat-end indenter. The numbering of
the stages refers to Fig. 6. (a) AFM image of sample front side, loading stopped at point C. The section line marked corresponds to the profile diagram (Fig. 8(c)). (b)
AFM image of sample front side, loading stopped at point D. The section line marked corresponds to the profile diagram (Fig. 8(c)). (c) Profile sections from AFM
measurements of sample front side. Loading was stopped at point C and point D, respectively.

imbalance of forces and a first sudden crack growth. In the
load—displacement curve, this behavior is reflected by a plateau
at 170mN (Fig. 6, between points A and B). SEM and AFM
analyses of samples that have been unloaded right after the first
plateau (Fig. 6, point B) confirm that there is no contact between
the indenter tip and the matrix at this stage (Fig. 7(b)) and that
there is aresidual compression of the fiber of 20 nm after unload-
ing. On the back side of the sample, no indication of a push-out
is found by SEM (Fig. 7(c)) and AFM investigations.

After the first plateau, a long linear rise with a smaller
slope than in the Berkovich case follows (Fig.6, from point
B to C). In contrast to the experiments using a Berkovich tip,
SEM (Fig. 7(d)) and AFM analyses (Fig. 8(a)) of push-out tests
that were interrupted at point C prove that there was no con-
tact between tip and matrix during that stage, resulting in a
more moderate slope. AFM and SEM measurements reveal
that the depth of imprint (about 100 nm) stays almost constant
between point B and point C (Fig. 7(b) and Fig. 7(d)). The resid-
ual push-in depth after unloading at point C amounts to 35 nm

(Fig. 8(c)). Analysis of the reverse side of the sample demon-
strates no deviations from the initial state. Loading experiments
that are interrupted at the end of this linear regime correspond
to the push-in testing procedure, usually performed on thick
samples.>181320-22 The dominating mechanisms in this regime
are progressive, stable crack growth under shear loading as well
as elastic deformation of fiber and matrix.

To illustrate the displacements at point C, we refer to the same
schematic as for the Berkovich case (Fig. 4). Before the inter-
facial debonding (zigzag line) is complete, the fiber is solely
pushed-in and not pushed-out on the sample back side. The
indenter displacement at point C (1860 nm) is equal to the sum
of the push-in depth (35 nm), the depth of imprint (100 nm) and
the elastic deformation of fiber and matrix under load (calculated
1725 nm).

Since the surrounding matrix is not loaded directly by the tip,
a lower force (295 mN) than in the Berkovich case (390 mN) is
required to propagate the crack throughout the sample. Once
debonding is completed (Fig. 6, beyond point C), elimination
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of the fiber—matrix bonding and a partial relaxation of fiber
compression lead to a sudden decrease in opposing forces. The
imbalance of forces causes a rapid displacement of the inden-
ter, resulting in displacement control loops (marked in Fig. 6).
Interlocking between fiber and CVI-matrix as well as potentially
existing residual radial thermal stresses prevent an abrupt drop
of opposing forces and result in an average slow, continuous
decrease in load over a distance of 1.6 um. SEM micrographs
(Fig.7(e)) confirm that there is still no contact between the
indenter tip and the matrix in this region (Fig.6, point D).
Micrographs of the back side surface (Fig. 7(e)) show the fiber
protruding. The debonding takes place between PyC coating and
matrix (as it does in Berkovich experiments). After unloading
the sample at point D, AFM measurements on the sample front
side reveal a residual push-in depth of about 1920 nm (AFM
image Fig. 8(b) and AFM cross section diagram Fig. 8(c)) and a
depth of imprint equal to that before push-out (100 nm).

As for the Berkovich case, Fig.5 is used to schematically
show the plastic and elastic deformations after push-out (point
D). The indenter displacement of 3050 nm and residual defor-
mations of 2020 nm (push-in and imprint) as measured by AFM
result in a calculated elastic deformation of 1030 nm. Analogous
to the Berkovich case, the mismatch between indenter displace-
ment (point C to D) and push-in depth can be explained by
a partial fiber relaxation towards the sample back side at the
initiation of the push-out.

In the load—displacement diagram (Fig. 6), at an indenter dis-
placement of about 3.6 wm, the force increases again, which is
ascribed to an indenter-matrix contact. This is in good agree-
ment with the geometrical calculation taking into account the
geometry of the tip and the fiber diameter. Further displacement
results predominantly in plastic and elastic deformation of the
surrounding matrix. Total unloading causes a relaxation of elas-
tic deformations and the load reaches zero at 4.0 um (Fig. 6),
which agrees to AFM measurements of the sample front side.

The load—displacement curves of push-in tests on a 400 um
thick sample do not show any systematic deviations from curves
of the 94 pm thick sample up to point 3 (Fig. 1, Berkovich tip)
and point C (Fig. 6, flat-end tip), respectively. This demonstrated
that the flexural stiffness of the 94 pm thin sample does not
affect the result of the measurement. Further indentation on thick
samples did not cause push-out, but fiber cracking, so the loading
was stopped.

In summary, using a custom-made flat-end indenter tip with a
total included angle of 38.3°, the drawbacks of the Berkovich tip
can be overcome. Microscopic analyses of samples after push-
out tests confirm that in this case, no loading of the adjacent
matrix takes place before push-out. The differences between
the push-out curves of the two tip geometries considered can
be explained consistently by the geometry of the respective tip.
For the evaluation of the interfacial shear strength according
to Marshall,? the load at push-out, i.e., the peak load in the
flat-end indenter case, is normalized to the crack surface. The
quantitative evaluation was performed based on a series of 32
push-out tests on the same sample of 94 wm thickness. The fibers
varied from 7.4 pm to 10.4 pm in diameter and were spread
across a sample area of several mm?. The evaluation gives an

interfacial shear strength of 105MPa at a standard deviation
of 11 MPa. We observed no difference resulting from different
local fiber volume contents within the range of scatter.

In addition to the interfacial shear strength, the push-out curve
allows the determination of the crack initiation force, although in
most of our measurements this force is not distinguishable from
the push-in plateau. In this cases, crack initiation was assumed
to occur at the push-in plateau and the load at push-in was eval-
uated for crack initiation. An evaluation of 47 push-out tests
leads to a crack initiation force of 186 &34 mN. But as the
stress distribution at the surface is complex and strongly depends
on microscopic defects of the interphase possibly introduced
by surface preparation, the numerical value appears to be of
limited significance for interpretation and evaluation of mechan-
ical properties. On the other hand, the relatively small error might
tell otherwise.

3.2.2. Push-out tests with unloading—reloading cycles for
evaluation of interfacial fracture toughness

Most push-out studies focus on determining stress-based
interfacial parameters, such as the interfacial shear strength and
the stress for initial debonding.>!3%7-16 As the precise stress
distribution along the interface is unknown, these evaluation
methods depend on assumptions concerning the stress distri-
bution, including the effects from Poisson’s expansion and from
interfacial roughness.

Taking into account that debonding takes place by a dissipa-
tive propagation of a crack along the fiber, the interfacial fracture
toughness can be considered as the most evident and preferable
quantity to be determined. It characterizes the debonding behav-
ior of a composite sample and is most relevant for the prediction
of mechanical properties of macroscopic specimens.!'>!3:17

In the present study, a straightforward energy-based approach
to extract the interfacial fracture toughness from single-fiber
push-out test data is presented, which does not require assump-
tions regarding the stress distribution along the interface.

The interfacial fracture toughness is a material property
which describes the ability of a sample to resist crack propa-
gation. It can be defined by means of the strain energy release
rate. The strain energy release rate G is the energy oU dissipated
during fracture per unit of newly created fracture surface area
da

U
G=-— 2
» (2)

In this study, the interfacial fracture toughness (G) of a sample
is taken as the strain energy release rate G averaged over the area
of stable crack growth A¢rack

AE
(G) _ _ . crack (3)
crack

where AE.,cx designates the energy which is dissipated in the
creation of the new surfaces arising from crack propagation.
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Fig. 9. Load—displacement diagram of modified single-fiber push-out test for
evaluation of interfacial fracture toughness. Unloading-reloading cycles were
added to the loading schedule to enable the separation of the elastic and plastic
energy portions. Inset: Enlargement of the lower left part of the diagram.

The work done by the indenter up to peak load Wjyg is equal
to the sum of the dissipative energy contribution A Egissipative and
the non-dissipative energy contribution AEnon-dissipative:

Wing = AEdissipative + AEnon—dissipative 4

The dissipative energy portion AEgissipative cOmprises the crack
energy AEcrck, the energy AEp), for plastic deformation of
the fiber and the work of friction AEgjc¢ which is done during
movement of the debonded part of the fiber relative to the matrix:

AEdissipative = AEcrack + AEplalst + A Efict (5)

The work of friction AEfic; includes a component which results

from the radial expansion of the fiber due to Poisson’s effect.
The non-dissipative energy portion AEnon-dissipative 1S €qual

to the elastic deformation energy of fiber and matrix AEgjag:

AEnon—dissipative = AEeast (6)
Combined with Eqgs. (4) and (95), this leads to:
AEcrack = Wing — AEplast — AFEelast — AEfrict (7

In order to determine the crack energy AE .,k during crack
propagation and accordingly the interfacial fracture toughness
(G) of the sample, the loading schedule of the push-out test has
been modified. In a series of push-out tests performed with the
flat-end indenter tip, unloading—reloading cycles were added to
the standard loading schedule. The concise parameters of the
modified schedule are given in Section 2.2. By comparing the
modified measurement (Fig. 9) with the standard measurement
(Fig. 6), it can be seen that the standard load—displacement curve
forms the envelope to the curve of the modified test.

The work done by the indenter Wipg can be determined by
integration of the load—displacement curve from zero to its max-
imum value (Fig. 9, gray-shaded area).

Microscopic analysis showed that plastic deformation exclu-
sively occurs on the fiber and predominately takes place in
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the initial part of the load—displacement curve (Section 3.2.1).
Thus, the energy dissipated in plastic deformation AE}jas can
be assessed by means of an unloading-reloading cycle during
the first rise in the load—displacement diagram (Fig.9, inset,
blue open triangles). The energy portion AEpas¢ corresponds to
the area between the first loading and unloading curve (Fig. 9,
inset) and is negligible compared to the other areas involved in
this consideration.

For an accurate determination of the elastic energy AFEejag
deposited in the sample and the friction energy AFEgict up
to push-out, an unloading-reloading cycle exactly at peak
position would be needed. Although this is technically not
accessible, AF¢l,st and AFEfgic; can be quantified by the fol-
lowing approximation: The unloading and reloading curves of
the cycle preceding the actual push-out (Fig.9, red open cir-
cles) are shifted parallel, and their peak value is extrapolated
to the actual peak load (Fig.9, black solid lines). Integration
of the shifted unloading curve yields AFE.s (Fig.9, cross-
hatched area) and integration of the area enclosed by the shifted
unloading-reloading cycle gives AEgc; (Fig. 9, hatched by par-
allel lines). Following this procedure, AEack can be calculated
from Eq. (7).

For the evaluation of the true interfacial fracture toughness
(G), a separation of different dissipative and non-dissipative
energy contributions during push-out experiments is required.
In literature,”-23 the fiber-end displacement is derived from the
measured indenter displacement by subtracting an empirical cal-
ibration curve. The calibration curve is assumed to describe the
elastic deformation of fibers and the penetration of the indenter
tip, and is obtained by an indentation of fibers perpendicular to
the fiber axis. In the present study, no such calibration curve
is needed, as unloading-reloading cycles performed during the
push-out measurements are used to separate the dissipative
and non-dissipative energy contributions from each other. This
enables the direct determination of the elastic energy of the indi-
vidually tested fiber and surrounding matrix, and the dissipated
energy at once.

In this study, stable crack growth along the complete debond-
ing length is presumed, even though unstable crack propagation
might occur at the end of the debonding process.'> Accordingly,
the area of stable crack growth Acp,ck is equated to the cylindrical
surface of the tested fiber.

From the values for AE ,ck and Acrack, the interfacial frac-
ture toughness (G) can be determined (Eq. (3)). An evaluation
of 30 push-out tests performed on fibers spread across a sample
area of several mm? results in an interfacial fracture toughness
of 44 J/m? at a standard deviation of 9 J/m?. The numerical value
is considered to be of plausible magnitude, since interfacial
fracture toughness values as high as 28 J/m? have already been
predicted to be compatible with acceptable mechanical behavior
in SiC/PyC/SiC ceramic matrix composites. '

The application of the modified push-out testing procedure
overcomes some drawbacks of the standard push-out method.
The evaluation of the standard push-out test is based on a
simple force balance and is used to determine the respective
shear stress, at which the fiber debonding is completed and
the push-out is initiated. The process of debonding, i.e., the
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crack propagation along the interface is not taken into account. '
In addition, in the standard approach all kind of dissipative
effects are neglected to evaluate the interfacial shear strength i,
although frictional effects and Poisson’s expansion are known
to have a significant influence on push-out behavior.* Accord-
ingly, the quantity determined in the standard approach can be
interpreted as an upper limit for the critical shear stress. There
are various approaches to include the dissipative effects in the
evaluation, but these require additional assumptions concern-
ing the stress field at the interface. With the modified push-out
test presented in this study, no assumptions are required for the
stress distribution and the frictional quantities, as the dissipative
and non-dissipative energy contributions are measured directly.
Moreover, the interfacial fracture toughness (G) determined here
is the relevant quantity for the prediction of mechanical proper-
ties of macroscopic specimens, since it characterizes the crack
growth, which actually leads to the interface failure.'>%!7 How-
ever, as the additional unloading—reloading cycles do not affect
the load for push-out initiation, both the evaluation of the inter-
facial shear stress and the evaluation of the interfacial fracture
toughness (G) can be performed based on the same measure-
ment.

4. Conclusions

A detailed microscopic analysis of single-fiber push-out tests
on fiber-reinforced SiC/PyC/SiC composites has been carried
out to investigate the progression of failure during testing pro-
cedure. For this purpose, push-out experiments performed with a
Berkovich and a flat-end indenter tip have been stopped at differ-
ent stages during loading schedule. The front and back sides of
the samples were investigated at these different stages utilizing
SEM and AFM measurements. Based on the microscopic obser-
vations, the load—displacement curves were discussed and the
deviations in the load—displacement diagrams of the Berkovich
and the flat-end indenter could be explained.

In particular, the microscopic analysis has revealed that the
Berkovich indenter tip contacts the matrix adjacent to the fiber
before push-out takes place and therefore leads to an overes-
timation of the interfacial parameters to be determined. The
premature loading of adjacent matrix can be prevented by using
a flat-end indenter tip with a suitable geometry.

In addition to the microscopic analysis of push-out tests
with a standard loading schedule, an energy-based approach
to determine the interfacial fracture toughness was applied to
a load—displacement curve from a modified loading schedule
comprising unloading—reloading cycles. Following this method,
the interfacial fracture toughness can be quantified from a
load—displacement curve without assumptions about the stress
distribution along the interface. The interfacial fracture tough-
ness is considered to be a significant quantity to assess the
fiber—matrix debonding behavior in CMC. For the SiC/PyC/SiC
sample investigated, it amounts to 4449 J/m?, presuming no
unstable crack propagation.

In future studies, the assumption of stable crack growth along
the complete debonding length should be investigated, and the

interfacial fracture toughness determined by modified push-
out tests shall be correlated with fracture mechanical quantities
obtained from macroscopic testing procedures.
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