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Micromechanical tests were performed to understand the local fracture behavior and adhesive strength of a fiber-
reinforced ceramic matrix composite (silicon carbide fiber reinforced silicon carbide matrix with the pyrolytic
interphase in between, SiCfiper/PyC/SiCnatrix) and to determine the mode-dependent interfacial fracture tough-
ness. A combined approach of pico-second laser ablation and focused ion beam milling was used to fabricate
notched and unnotched micro-cantilever and in-plane micro-shear specimens for mode I and II testing. Due to the
complexity of the sandwich system, finite element simulations were implemented, which took into account the
elastic heterogeneity, the influence of PyC thickness, Young’s modulus and beam thickness. This allowed us to
obtain mode-specific geometry functions and to increase the accuracy of the obtained stress intensity factor. In all
cases, a failure at the SiCgper/PyC interface was observed. While straight through notched specimens exhibit a
systematic overestimation of fracture toughness due to the less accurate alignment of notch root and PyC layer,
curved notched specimens show a very low interfacial fracture toughness of 0.24 + 0.02 MPa\/m and 0.17 +
0.06 MPa+/m in mode I and mode II, respectively. Combined with tests on unnotched specimens, a critical flaw
size for the present microstructure of the PyC phase of ca. 21 nm was identified. The data underlines the
important role of the PyC interlayer in damage resistant ceramic composites and the developed methodology,
which can be used for systematic studies of their properties as a function of process, geometry, and boundary
conditions.

1. Introduction are deflected upon encountering a second phase [6]. Several mecha-

nisms (e.g. debonding of fibers, crack bridging) help to dissipate the

Ceramic fiber matrix composites (CFMC) are being considered for a
range of structural components due to their variety and flexibility in
shape and design, their high temperature mechanical performance as
well as low weight [1-5]. The enormous progress made recently in
fabricating high-quality, pure silicon carbide (SiC) fibers enables a
large-scale production that is economically viable. With the concomitant
reduction in cost, a widespread commercial application of fully ceramic
SiC fiber-SiC matrix composite materials has become possible. In
contrast to monolithic ceramic components that can fail by the propa-
gation of one single crack, CFMC are designed in such a way that cracks

* Corresponding authors.

fracture energy and thus prevent a rapid complete failure as seen in
conventionally sintered ceramic parts [7,8]. Still, CMCs share the same
physical properties as the ceramics they are based on. Among all CFMC
competitors, the SiC-based systems (SiC¢/SiCy,) stand out due to their
high strength at high temperatures, good inertness to chemical attack
and low specific weight of 3.2 g/cm®. These advantages have made
SiC-based CFMCs a prime candidate to replace the nickel-based super-
alloys in turbine blades in future aero engines [9,10].

In addition to its use in the aerospace industry, SiC has demonstrated
an excellent performance in a harsh neutron environment within a
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number of irradiation studies and has been investigated for different
applications in the nuclear reactor [11,12]. Contrary to zircaloy fuel
cladding, the current standard in commercial water-cooled nuclear re-
actors, SiC offers a thermal stability beyond 2000 °C and does not melt.
Thus, significant efforts have been made to manufacture fuel cladding
tubes consisting of SiC, which form an integral part of the novel accident
tolerant design replacing current fuel cladding.

Many common sintering additives for SiC act as a neutron poison and
thus the fabrication of SiC fiber-SiC matrix composites for nuclear
components relies on processing steps that do not add any impurities
[13]. The initial SiC fiber bundles are brought into the correct shape and
are subsequently infiltrated by chemical vapor infiltration (CVI) yielding
a pure and stoichiometric SiC. In this way, homogeneous tubes of several
metres’ length can be made that allow to hermetically seal the nuclear
fuel in operation.

One important topic in composites deals with the understanding of
fracture mechanisms and fracture behavior [14]. The effectiveness of
the pyrolytic carbon (PyC) or boron nitride (BN) layer in CFMC is a
central key for the ability of the composite to withstand overall failure
[15,16]. Fracture across the interlayer and fibers is "desired" since crack
deflection leads to energy dissipation in the material. Therefore, a pre-
cise local understanding of the interlayer properties as well as its in-
terfaces to fiber and matrix material assessed by micromechanical
testing and high resolution imaging are indispensable. Numerous studies
emphasize the importance of the determination of local debonding shear
strength and fracture toughness analysis. Advantages of the fiber
pull-out and push-out techniques are the direct assessment of tribolog-
ical properties of the interlayer, its classification into cohesive or ad-
hesive type and determination of shear strength [17-23]. A more
thorough but generally less statistical approach to overcome disadvan-
tages of the fiber push-out method is achieved by focused ion beam (FIB)
produced micropillars [24-26]. These geometries aim at smaller por-
tions of interlayer, which is beneficial for alignment of indentation tips
and extraction as well as discussion of physical properties. However, in
terms of a fracture mechanical analysis, disadvantages are the irregular
size and distribution of flaws along the interface. Upon catastrophic
failure of the interface this can lead to significant scatter in data in
micropillar experiments, which contain inclined interfaces. To over-
come this issue, notched micro-cantilevers with a precise definition of
the stress field ahead of the crack tip and double cantilever beams
allowing controlled stable crack growth and therefore an assessment of
critical fracture energy release rates as a function of crack length have
been proposed recently [27,28].

Based on a previous study [29], in which new micro-scale specimen
designs are proposed for mode I, II and III fracture testing, we adapt
those geometries to test the PyC layer. Microcantilever bending and
micro-shear tests are performed to determine the interface debonding
strength in mode I and II and to compare this data with fracture tests on
the same geometries containing FIB machined notches.

Here, the novelty is the high precision tailoring of curved notches to
round SiC fibers with dimensions in the micron regime and their PyC
layer of just below 100 nm, as well as the adequate numerical assess-
ment of new geometry functions and stress intensity factor distributions
along the curved crack front by means of finite element (FE) simulations.
These investigations are performed for mode I (bending) and mode II
(shear), allowing a detailed analysis of fracture behavior in terms of
fracture initiation and observation of controlled crack propagation at
the PyC layer. However, the proposed methodology here is not only
applicable to such fiber-based composites, but also acts as a reference for
other systems where interfaces and boundaries play a role, for instance,
when investigating the fracture property of grain boundaries in poly-
crystalline materials, of phase boundaries between inclusions/pre-
cipitates and matrix as well as of the multilayer laminates with two or
more constituents. Our work stresses the significance of a target-tailored
testing geometry and also the consideration of elastic mismatch between
components, in order to correctly measure the fracture toughness of
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interfaces and correlate it with microstructural and chemical features.
2. Experimental
2.1. Sample preparation

The SiC composite consists of SiC fibers coated with a carbon inter-
phase and embedded inside a SiC matrix synthesized by CVI. The sample
is fabricated in the shape of a thin plate approximately 1 mm in thick-
ness and is provided by General Atomics (San Diego, USA). The exact
deposition parameters are specific to the CVI furnace and proprietary,
but a general description of the fabrication process can be found in [30].
The thickness of the PyC layer is measured to be 80 & 20 nm (N = 30) by
scanning electron microscopy (SEM). A two by two cm piece is cut with a
diamond saw. Subsequently, one side is polished flat in order to remove
the matrix SiC and expose the fibers that run parallel to the polished
side. Diamond particle containing polishing paste with decreasing par-
ticle size is used to avoid surface damage.

For further processing, the sample is fixed into a conventional SEM
compatible clamping holder using Cu tape and small amounts of
conductive Ag paste. A picosecond (ps) pulse Nd:YVO4 laser (CEPHEUS
workstation, Photon Energy GmbH, Germany) cutting step perpendic-
ular to the polished surface is performed to remove larger amounts of
matrix material close to fiber bundles and to access individual well-
embedded fibers. In a previous study on SiC-diamond interfaces this
technique has also proven to be efficient and successful [31].

Notched and unnotched micro-cantilever and micro-shear specimens
are prepared by focused ion beam (FIB) machining (Tescan Lyra, Czech
Republic) using Ga+ ions with 30 kV acceleration voltage. Beam cur-
rents in the range of 2-10 nA and below 1 nA are used for coarse milling
and final polishing, respectively. For fracture toughness evaluation, both
straight through notches (STN) and curved notches (CN) are milled at
60pA at the ~100 nm thick PyC layer and for both geometries. Micro-
cantilevers are designed in such a way that their support always con-
sists of the fiber and their long axis of the matrix material with the PyC
phase being close to the support. Micro-shear specimens are fabricated
in individual fibers in a way that the shear surfaces are located at the
PyC phase. Fig. 1 gives an overview of the prepared sample with
different specimen types.

Final specimen dimensions for micro-cantilevers and micro-shear
specimens can be found in Table 1. It can be seen that, for fracture
specimens with STN type, it is requested to have fine dimensions in
width B to stay close to the PyC layer. This reduces significantly flexi-
bility of specimen design as compared to the thicker CN specimens. As
will be shown in the results chapter, this is crucial in particular for
highly brittle materials.

2.2. Microstructure analysis

Transmission electron microscopy investigations (TEM, FEI Titan
Themis 200 G3 at 200 kV, probe corrected), were performed on the
SiCfiber/PyC/SiCnatrix sSandwich interface, as shown in Fig. 2, to visualize
the microstructure, assess the interface properties as well as qualita-
tively determine the chemical composition. Energy dispersive X-ray
spectroscopy (EDS) maps were recorded using the integrated SuperX
detector. Using the line intercept method, it was found that the SiC fiber
has equiaxed grains with a grain size of 170 + 23 nm, whereas the SiC
matrix features elongated grains with a width of 163 + 33 nm and a
length of 1200 + 200 nm, as shown in Fig. 2a. The roughness at the
SiCiber/PyC interface is seemingly larger than at the PyC/SiCpaqrix. For
an estimation, two parallel red lines approximating the width of the
roughness profile are drawn at the SiCgper/PyC interface side. The
roughness is defined by Rt, the sum of the maximum peak height and the
maximum valley depth of a profile within the evaluation length (here
the TEM interface shown in Fig. 2a). This way, the roughness at the
SiCfiber/PyC interface is approximated to be 73 nm while at the PyC/
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X Ihdénter

Fig. 1. SE image with inclined view of the specimen surface and edge featuring some of the micro-scale test geometries as prepared by a combination of coarse ps-
laser material removal and subsequent FIB milling in the vicinity of individual SiC fibers to test PyC interlayers. For further details on specimen size and shape as well

as notch design, the reader is referred to Figs. 6-8.

Table 1

Micro-cantilever and micro-shear specimen dimensions as explained in the
following for the two notch types for fracture toughness testing (STN and CN)
and the two specimen types without notch (-).

Type Notch  L/um B/um W/um  a/W fas Tests
w)
Micro- STN 7.45 + 1.86 2.54 0.43 8.73 8
cantilever 1.40 + + + +
0.42 0.43 0.05 1.39
CN 15.64 5.96 5.16 0.19 2.95 7
+ 1.06 + + + +
0.41 0.07 0.01 0.07
- 8.59 + 3.60 2.93 - - 10
0.49 + +
0.16 0.10
Micro-shear STN - 1.92 1.53 0.35 1.41 7
specimen + + + +
0.17 0.05 0.02 0.05
CN - 4.62 2.71 0.27 0.93 7
+ + + +
0.36 0.14 0.01 0.02
- - 3.44 3.03 - - 10
+ +
0.34 0.10

SiCmatrix it is 42 nm.

At a higher magnification, small flaws are occasionally found along
the SiCgiper/PyC interface (Inset in Fig. 2a and Fig. 2b). This is especially
the case where sharper edges/angles are found and the roughness is
locally increased as demonstrated in Fig. 2b. In contrary, the PyC/SiC-
matrix interface appears defect-free and shows a flaw-less transition from
one phase into the other. Noteworthy as well is that the grain boundaries
in the SiC fiber are decorated with carbon-rich precipitates as confirmed
by the STEM-EDS elemental mapping in Fig. 2c. Fig. 2d displays a high-
resolution TEM image, highlighting the amorphous nature of the PyC
interlayer and the crystallinity of the SiC material (exemplarily shown
for the SiC fiber, see diffraction patterns in Fig. 2d).

2.3. Fracture testing in the SEM

All fracture experiments are performed at room temperature in-situ
inside a SEM (Zeiss Auriga workstation) using a displacement-
controlled nanoindentation platform (Alemnis AG, Switzerland). For
micro-cantilever testing a sphero-conical diamond tip with radius of
approximately 1 pm is used to facilitate positioning, avoid alignment
issues and reduce sample deformation at the indentation site [32,33].
Depending on specimen thickness and applied loads the sphero-conical
or alternatively a flat punch tip with 5 pm diameter are used for notched
and unnotched shear experiments. In case of the flat punch tip, the
misalignment between tip and sample is always verified to be below 1°

and is thus deemed negligible. Effects of slight indentation tip
misalignment in micro-shear experiments are discussed in detail in a
previous study [29]. Constantly, low displacement rates of 10 nm/s are
applied in all experiments because of the very brittle interfaces leading
to low bending and shear strain. The determination of mode I and II
stress intensity factors K; and Kjj, respectively, is based on the following
Egs. (1) and (2):

K= it (1) M

Ky = (2)

2B\/_fKH< )
Here, F is the applied load, L the distance from the notch to the point
of loading measured along the edge of the specimen, B the specimen
width, a the crack length, and W the specimen height. Geometric di-
mensions are illustrated in Fig. 3 for mode I and II, respectively. The
geometry functions f(a/W) for the respective fracture geometries in
mode I and II with a respective notch geometry are further explained in
the following chapters. When the load reaches a critical load F,, fracture
occurs and K; becomes Kj,, the conditional fracture toughness. The size
requirement according to ASTM standard E399 [34] can be fulfilled due
to the brittleness of the interfaces and the small plastic zone size. The
fracture toughness is called “conditional” because the notch is intro-
duced by FIB milling instead of fatigue pre-loading and is not atomically
sharp. Hence, only Kj, instead of Kj. values are given in the following.

The bending stress at the surface of unotched micro-cantilevers is
evaluated by means of linear-elastic Euler-Bernoulli beam theory of
clamped beams with regular rectangular cross sections in the case of
small displacements:

6FL
Obending = W

3

Again, the critical load at failure is used to calculate the bending
strength for mode I. Shear stresses in respective unnotched specimens
are determined by the following equation:

F
T:A—W (€]

Where A is the total curved area of the PyC layer in the two shear
regions assigned to each shear specimen. Critical shear loads upon
failure of the first shear surface are used for the determination of the
shear strength.

3. Finite element modeling
FE models of the specimen geometries (STN and CN) for mode I and

mode II loading are implemented in the commercial implicit solver
Abaqus/Standard (Dassault Systems, USA) to analyze the stress intensity
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(@) STN - mode | (b) STN - mode Il
>
F
F
w w W
(© CN - mode | (d) CN - mode Il
i
F
w
B siC fiber PyC layer ] SiC matrix

Fig. 3. FE models for (a) STN — mode I, (b) STN — mode II, (c) CN — mode I and
(d) CN - mode II. The dimensions and load points are labelled. The pre-crack
marked in red is located at the central plane of the PyC layer.

factors for initial notch placement in the PyC interlayer. For mode II,
only the sheared portion of the specimen is modeled explicitly and
simple shear boundary conditions are applied. The four different models
are shown schematically in Fig. 3, which also labels the corresponding
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Fig. 2. a) Bright field TEM image showing the
microstructure of the fiber, PyC interlayer and
matrix. Arrows highlight the precipitates at the
fiber grain boundaries and the inset at higher
magnification indicates a flaw along the fiber/
PyC interface. Two red lines illustrate the width
of the roughness profile. b) Dark field TEM
image of the interface structure showing two
nano-sized pores. ¢) STEM-EDS mapping shows
the chemical distribution of C and Si across the
interface shown in a). Carbon-rich precipitates
at fiber grain boundaries are visible. d) HRTEM
at the interface highlighting the amorphous
feature of PyC. Insets in d) show exemplary
local fast Fourier transform (FFT) of region A
from SiC fiber and Region B from PyC
interphase.

dimensions. Note that for mode I of curved notch type, the length L is
measured at the edge. The linear-elastic material behavior of the SiC/
PyC/SiC system is modeled using an isotropic stiffness tensor, specif-
ically Esic fiber = 366 GPa, Usic fiber = 0.21, Esic-matrix = 538 GPa, Usic-matrix
= 0.21. For the elastic properties of PyC layer, a variety of Young’s
moduli (Epyc = 25 - 45 GPa, vp,c = 0.22) are applied, as the elastic
modulus of PyC changes with different factors, for instance, the pyrol-
ysis temperature, the holding time of pyrolysis, the testing technique
and the testing orientation [27,35-39]. In this work, it remains chal-
lenging to experimentally measure the elastic modulus of this pyrolytic
layer due to the limited thickness. That is why we use a range of liter-
ature values to investigate the influence of the PyC layer stiffness on the
fracture behavior and the robustness of the developed geometry func-
tion. Notches are introduced into the model using seam cracks, which
are always located at the central plane of the PyC interlayer, as marked
by red lines in Fig. 3. A % stress singularity is introduced at the crack tip

by collapsing the neighboring quadratic hexahedral elements into
wedges and positioning their mid nodes at a quarter of the element
length. The rest of the model is meshed with 8-node linear bricks
(C3D8R) to reduce the computing time after confirming a negligible
difference in average stress intensity factor compared to quadratic
hexahedra (C3D20R). The stress field around the notch is assessed using
the contour integral method and five contour integrals are evaluated to
approximate the stress intensity factors. Parameter study on PyC elastic
properties, PyC interlayer thickness and beam thickness W is performed
using Python scripting, thus minimizing inconsistencies caused by
manual repeated model construction as well as computation time. In this
way, a suitable equation relating the stress intensity factor with these
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parameters and a constant geometry factor function is determined.
4. Results
4.1. Stress intensity factor and geometry function

FE simulations are performed in four cases, STN geometry under
mode I loading, STN under mode II, CN under mode I and CN under
mode II. Fig. 4 shows the distribution of stress intensity factors across the
beam width B. The K value at each node point across the width B is
obtained by averaging over five J integral contour values. Even though
only mode I and mode II loading are of interest in the present study, it is
important to analyze all three fracture modes, including mode III. Only if
it can be shown that only one stress intensity factor is predominant with
respect to the two remaining ones, this model is suitable for testing in the
predominant mode. It is therefore important to see that Ky is negligible
with respect to K; or K for the respective testing geometries. For mode I
loading, the stress intensity factor K is almost constant over the width B
for the STN beams and remains predominant compared with Ky and Kjj;
[32]. By contrast, CN cantilevers under mode I loading, in spite of K;
dominance at the central part, show a mixed mode stress intensity factor
when approaching the edges (Fig. 4c). To facilitate comparison, all stress
intensity factor data in Fig. 4 are normalized by the average K;in case of
mode I and by the average Kj; for mode II. From Fig. 4b) and d), both the
STN and CN geometry under mode II loading has Kj; as the dominant
stress intensity factor over the whole specimen width, although Kj; ex-
hibits a slight variation for the CN cantilever. To calculate geometry
functions for the four cases, the average of K;in mode Iloading and Kj;in
mode II loading is applied.

Compared with cantilever simulations of one homogeneous material
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with well-defined elastic properties, more care needs to be taken for the
current SiC-PyC-SiC sandwich system when correlating the stress in-
tensity factor with the geometry function. Owing to the efficiency of
scripting, a series of simulations with varying parameters were per-
formed. The results show that, if using the conventional relations as
shown in Egs. (1) and (2), a consistent geometry function cannot be
obtained for different PyC thicknesses tp,c, PyC elastic modulus Ep,c and
beam thickness W.

Fig. 5a and c show variations of geometry function in the case of a
curved notch and different geometry parameters. Note that the K value
for each geometry is calculated as the average across the sample width B,
excluding the two outer nodes at each free surface. By applying Eq. (1)
for geometry function in mode I (Fig. 5a), and Eq. (2) in mode II
(Fig. 50), fr,.on (%) and fx, v (%) do not converge to one expression for
different parameter sets. In particular, there is a significant influence of
the PyC layer thickness on the geometry function. While keeping the
other variables constant, a difference over 20% in geometry factor is
evident when comparing the model with 50 nm and 200 nm PyC layer,
even reaching 30% in mode II (Fig. 5a and c). This implies that if the
same geometry function fx, cv (&) and fx, cn (%) is applied on cantilevers
of different t, Epyc and W, a significant error can occur during the
calculation of stress intensity factors from experiments. In order to have
a convergent expression at various parameters, a normalised geometry

functionfis put forward for this particular material system, which takes
t, Epyc and W into account, as seen from the insets in Fig. 4b and d. The

new formula in mode Imev (&) and me’ (&) in mode II converges

decently, which largely reduces the largest relative difference to
approximately 5% (Fig. 5b and d). Further, by taking the average at each
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Fig. 4. Normalized stress intensity factor profiles over the specimen width B for (a) STN mode I, (b) STN mode II, (¢) CN mode I and (d) CN mode II. Data is obtained

from models with Epyc = 35 GPa, PyC thickness of 100 nm and a/W = 0.2.
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Fig. 5. (a) and (c) Dimensionless geometry functions f in the case of curved notches (CN) and applying specific PyC thicknesses, PyC elastic moduli and specimen
thicknesses for mode I (micro-cantilevers) and mode II (micro-shear), respectively. In (b) and (d) normalized expressions are proposed for mode I and II, respectively,
resulting in both cases in much lower errors for a given a/W ratio as expressed to the right of each graph by the “largest relative difference”. A value of 35 GPa is

chosen for E,.

a/W ratio, a unified fy, , (&) and fy, ., (%) can be described in a third-
order and second-order polynomial function, respectively, which can
increase the accuracy of the calculated stress intensity factor. Normal-
ised geometry functions are given in Egs. (5) and (6) for the curved
notch configuration:

Frien (37) = 81353x" — 61,994 +24.782x — 0.112 (5)

Frvon (35) = 2:930:% — 0.098x + 0.745 )

Accordingly, the equations to calculate the stress intensity factor in
mode I and in mode II for the curved notches are given as:

Kien = %f& N (%) ) <E£0> 0.304'(%>0.158 o
Koy = 5o () (£) Ly o

Analogously, for the STN geometries, normalised geometry functions
are given in Egs. (9) and (10):

Froon (viv) = 144.54° — 109.206° + 41.335x — 0.511 ©

fK,,.STN (%) = 3.324x* + 0.401x + 0.850 (10)

The corresponding stress intensity factors are written in Eqs. (11)
and (12):

FL ~ a E 0.222 1\ 0-260

Kisv = W'fk,,mv (W) ' (E) ' (W) an
Fo- a E 0.169 10326

Kistv = m'fKu,sm (W) ’ (E_U) ' <W> (12

The reader is referred to supplementary Figure S1 for more details on
the STN geometry and geometry function evaluation. A validity check
has been performed for a variety of parameters for both modes and
notch configurations and an overview is given in Table 2. In the
following experimental results, the calculation of the stress intensity
factors always uses the experimentally measured PyC interlayer thick-
ness t and geometry thicknesses W, B while assuming a constant value
for Epyc = 35 GPa.

4.2. Interface fracture toughness

Whenever the sphero-conical indentation tip is used, the displace-
ment is corrected for the elastic-plastic indentation of the tip. This is

Table 2

Range of simulated geometric dimensions to verify and ensure the robustness of
the geometry functions. Note as well that the validated a/W ratio is only be-
tween 0.2 - 0.6.

Parameter mode 1, CN mode 2, CN mode 1, STN mode 2, STN
W/ um 25-10 25-6 1.5-3.5 1.0-3.0
B/W 0.5-2.0 0.83-2.0 0.6-1.3 0.7 -2.0

tpyc / NmM 50 - 200 50 - 200 50 - 200 50 - 200
Epyc / GPa 25-45 25-45 25-45 25-45
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done for all tests with the exception of STN cantilevers with extremely
low failure loads of below 0.1 mN. Here, no indentation marks are
observed on the specimen surface after testing. For the displacement
correction, we performed indentations with the same tip in embedded
fibers and measured the load-displacement signal. From the fit of the
loading part, a displacement correction is obtained and applied to the
micro-scale experiments. However, a displacement correction does not
influence the determination of stress intensity factor or strength, as only
the applied failure load is required for the analysis.

Load-displacement data of STN micro-cantilevers are shown in
Fig. 6a-c. Since notch length to specimen height ratios of about
0.35-0.45 are applied for those specimens and since the failure is highly
brittle, very low critical loads just below 0.1 mN are measured upon
failure. As can be seen in the corresponding SE images the local weak-
ness consists of the inside interface between fiber and PyC. Fracture
surfaces feature the flakes of the carbon interlayer and it can be noted
that the curved fiber geometry makes an ideal STN specimen prepara-
tion by FIB impossible and the notch length deviates toward the canti-
lever backside for the presented test piece. This backside is not
observable during FIB milling and complicates the process for this
specimen type. These problems can be overcome by using curved
notches.

The fracture behavior of micro-cantilevers with CN are shown in
Fig. 6d. Again, representative specimens are chosen, for which
normalized geometry functions as given in Eq. (5) are applied. After the
initial linear-elastic loading section up to critical loads in the range of
approximately 0.6-0.8 mN, which are used for the calculation of the
fracture toughness, a short but characteristic force plateau is seen at a
bending displacement of 80-150 nm.

This plateau is assumed to be linked with a gradual lateral extension
of the first initiated crack at the center towards the edge of the specimen.
The crack initiates first at the SiCgper/PyC interface at the center of the
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specimen as this location has the largest driving force and since the
SiCriber/PyC interface is sufficiently weak. Once initiated at the site with
highest stress intensity, the crack propagates laterally along the fiber/
PyC interface until it reaches the free edge. We hypothesize that no
significant vertical movement (Aa) is taking place during this phase due
to the lack of force drop. This plateau might be also related with the
adaption between the crack front by FIB milling and the location of weak
interface that fails. After this plateau stage, the load drops quite clearly
to a load level of ~0.4 mN, followed by slow stable crack growth with a
more or less constant reduction of force with bending displacement. This
initial sharp load drop can be correlated with a slightly different fracture
behavior. The crack morphology at the lateral cantilever surfaces, where
a mixed mode stress state is present (see Fig. 4c), differs in all tests from
the one in the center with predominant plane strain state. Videos
recorded during the in-situ tests, (see supplementary material) show that
fracture initiation occurs non-homogeneously over the width of the
specimen: At the free surfaces, the crack forms inside the SiC matrix but
near the PyC interlayer (see Fig. 6g), while in the central part of the
cantilever the crack propagates along the PyC/SiC fiber interface (see
Fig. 6h and i). The weaker site is found to be consistently throughout the
tests the interface between PyC layer and SiC fiber.

Load-displacement data of micro-shear specimens with STN design
are depicted in Fig. 7a-d. The variation of critical loads for the four
different tests, originates from a more complex milling procedure
leading to slightly larger variations in geometry than for the simpler
cantilever geometry. The loading is not strictly linear since small plastic
imprints are formed by the conical indentation tip centrally on the shear
specimen surface leading to a nonlinearity in the loading curve. Once a
critical load value is reached, finite load drops are observed, which
depend on the alignment of the straight FIB notch to the interlayer. Pure
shearing in mode II leads initially to an abrupt instable crack propaga-
tion along the SiCgper/PyC interface, which is higher for specimens with

Fig. 6. a) Load-displacement data for three
micro-cantilevers with STN geometry, b) SE
image of fractured cantilever showing fracture
at the inside interface fiber-PyC and c) SE image
of an inclined fracture surface showing the

C interphase 2um microstructure of the carbon interphase and the

matrix

irregular notch front. d) Load-displacement
data of micro-cantilevers with curved-notches,
e) and f) SE images of a cantilever before
testing, g) after testing with fracture near the
PyC phase and h) and i) SE images of fracture
surfaces of the remaining fiber and cantilever
side, respectively. In-situ videos for these two
cases can be found in the supplementary
material.



J. Ast et al.

w

Load / mN
i

0 50 100 150
Displacement / nm

200

Load / mN
e

w

O' T T
0 50 100 150

Displacement / nm

200

Acta Materialia 259 (2023) 119273

s

fiber

Cinterphase’/
—————) 1um |

matrix fiber

| “pm

matrix

Fig. 7. a) Load-displacement data of micro-shear specimens with STN notch, b-d) SE images of a sheared specimen showing fracture at the left side and a rough
fracture surface of the left matrix support side due to significant wear during shearing. e) Load-displacement data of micro-shear specimens with CN geometry and f)
SE image of a shear specimen after testing showing first fracture at the right shear side followed by fracture at the left side at both times the inside interface between
SiC fiber and PyC as highlighted by the magnified views. In-situ videos for these two cases can be found in the supplementary material.

alarger critical load. In this case and depending on the sample size, more
elastic energy is stored and can, once it is released, contribute to the
creation of larger fracture surfaces. This mode II fracture happens al-
ways either on the left or the right side as a function of local FIB prep-
aration differences as well as slight loading asymmetries. Once fracture
is stabilized further loading is a kind of bending since the second shear
zone with notch remains intact until final unloading. Just as seen before
for mode Iloading, fracture is observed at the interface between PyC and
SiC fiber.

Similar shear tests to the ones described in the previous section are
performed on specimens featuring curved notches. Those tests are
shown in Fig. 7e-f. This is done to better align the notch to the curved
interlayers, which then also allows the design of specimens with more
ideal aspect ratios in terms of width and height as a function of fiber
diameter. With straight notches, specimens need to be very thin (small
B). Load levels are generally higher than for mode II shear specimens
compared with for STN because specimens are wider but the scatter
between specimens is very low and shear fracture behavior is very
reproducible. The major difference is that a kind of overloading because
of a too significant mismatch between FIB notch and interface can be
avoided much more easily. In one case stable fracture is even observed

as depicted by an arrow in Fig. 7e. In the other cases the load drop after
reaching a critical load occurred far less instable than for the STN design.
As can be seen in Fig. 7f, fracture in those specimens always occurs at the
interface between SiC fiber and PyC. Fracture surface analysis could not
be performed for these specimens because of the complexity in removing
the sheared specimens with curved shear edges from the bulk material
without severely altering the originally formed fracture surfaces.

4.3. Adhesive interface strength

To investigate the tensile strength of the interlayer in the absence of
FIB prepared notches, unnotched micro-cantilever bending experiments
are performed (Fig. 8a). A linear elastic loading behavior up to the point
of brittle fracture of the SiC-PyC interface at low bending displacements
just under 200 nm is observable. SE images in Fig. 8b and ¢ demonstrate
the brittle fracture process, which occurs mainly at the inside interface
(centrally in the cantilever). At the free surfaces to the left and right side,
the fracture path crosses the interlayer, which goes along with a change
in stress state towards the surfaces and the outside interface is partially
visible. This is in line with FE results shown in Fig. 4c, where Ky be-
comes significant at the free surfaces. A bending strength of 934 + 137
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of a specimen after testing showing fracture at the PyC interphase and c) SE image of

the fracture surface of the support (fiber side) indicating failure mainly along the inside interphase between fiber and PyC. d) Load-displacement data of unnotched
micro-shear specimens, e) SE image of a specimen before and f) after testing. Magnified views of the left and right shear faces demonstrate that failure takes place at
the interface between fiber and PyC. In-situ videos for these two cases can be found in the supplementary material.

MPa is determined.

Similar to the micro-cantilevers, shear strength testing is performed
using unnotched micro-shear specimens as shown in Fig. 8d-f. In all
cases, one shear side fails at significantly higher loads than for the
previously shown cases at the inside interface, as depicted in Fig. 8f. The
second shear face fails shortly after the first one and a second load drop
is noticed. During progressive shearing of the specimen, the load does
not drop to zero because of frictional forces between the crack faces but
remains at a more or less constant load level before final unloading.
Critical shear strength values of 418 + 36 MPa are measured.

5. Discussion
5.1. Micro-scale fracture properties

In Fig. 9, mechanical data for all geometries is presented. Interfacial
fracture toughness (K;and Kjj) under mode I and mode II is shown for the
notched specimens. The adhesive strength at failure for samples without
a notch is given as well with “B” denoting bending and “S” shear.
Regarding the fracture toughness, for the STN notch type the scatter is
much larger compared to the CN type even though the same number of
tests is performed. This is clearly because of the lack in precision when
tailoring a straight notch to a curved interlayer of the round fiber and the
necessity to prepare particularly thin specimens. As a consequence,
imperfections in the preparation process, as can be seen in the cantilever
notch profile in Fig. 6¢ exemplarily, not only lead to larger scatter but
also to a general overestimation of fracture toughness. This over-
estimation is caused by the additional surface energy needed to drive the
crack over the distance between the root of the FIB prepared notch and
the weak interface between the PyC layer at the SiC fiber, at which crack
propagation preferably takes place. For STN specimens, K4 of 0.26 +
0.14 MPay/m and 0.34 + 0.09 MPa+/m are determined under mode I
and mode II loading, respectively.

CN specimens reveal an even lower fracture toughness with 0.24 +
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Fig. 9. (Filled symbols) Interfacial fracture toughness under mode I (K;) and
mode II (Ky) loading for the two notched configurations STN and CN. (Open
symbols) Adhesive strength from bending and shearing tests without notches.
Bend and shear geometries are marked as “B” and “S”, respectively.

0.02 MPay/m and 0.17 + 0.06 MPay/m for mode I and mode II,
respectively. The slightly larger scatter for mode II is partly caused by
averaging of geometric dimensions for the left and right shear faces,
which differ due to FIB imperfections. After optimizing the notch ge-
ometry into a curved one, the interfacial fracture toughness now reveals
a lower value for mode II than for mode I. This shows the importance of
appropriate notch design to adequately measure fracture toughness in
particular when measuring the micromechanical properties of
complexly shaped interfaces. Similar microscale trends in interfacial
toughness have been reported for the adhesive fracture between BN/SiC
fiber based on microscale double cantilever beam and push out tests
[28].

Since the proper calculation of fracture toughness involves several
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different variables, an error propagation analysis is performed on the
load F, geometry dimensions W, B, L, a, PyC thickness t and Young’s
modulus E. The uncertainty in load AFis taken as 10 uN based on the
noise data of the load cell and in all dimensions taken as 100 nm ac-
cording to the SEM measurement. The uncertainty of the thickness of the
PyC layer, At, is considered as the standard deviation of the measure-
ments in the respective tested geometries and is in the range of 10 to 20
nm. The elastic modulus of the PyC layer has an uncertainty AE of 20
GPa. These uncertainties consequently deliver an uncertainty of 0.06
MPa+/m for K; sy, 0.07 MPay/m for Ky sy, 0.05 MPay/m for K; ¢y and
0.03 MPa\/ m for Kj; cn, which are in a similar range to the experimental
data scatter.

The trend with lower fracture toughness in mode II is confirmed by
unnotched specimens. Whereas the unnotched micro-cantilevers sustain
average bending stresses up to 934 + 137 MPa, shear specimens fail at
about half of this value at 418 + 36 MPa. Though a large scatter in the
adhesive shear strength of SiC composites is reported, ranging from 35
MPa to 600 MPa (overwhelmingly evaluated by single fiber push-out
tests with sample thickness in the order of 100 ym) [40-42], the value
obtained in this work is in fact comparable to the literature work (~350
MPa), if taking into account the PyC interlayer thickness about 100 nm
and the polycrystalline feature of SiC fibers [41].

With a known fracture strength and the fracture toughness, the order
of magnitude of the critical flaw sizes in the interlayer can be approxi-
mated using Griffith’s equation:

Ki. = op/ma

Where o is the fracture strength of unnotched specimens and it is
noted that K;; instead of K| is used here. Using the experimental results
of CN micro-cantilevers, critical flaw sizes on the order of 20 nm are
calculated, which seem reasonable when relating them to fracture sur-
faces and the flake structure of the interphase layer, see Fig. 6¢, exem-
plarily. From TEM analysis, shown in Fig. 2b, small pores of nanometer
size were also observed along the SiCgpe,/PyC interface.

Noteworthy as well is that our work delivers a significantly lower
interface fracture resistance of the PyC/SiC fiber system (compare with
K; ~0.8 MPa\/ m in [27]). In the current investigated SiCg.
ber/PYC/SiCpatrix System, the microstructural features are in fact well
comparable to those in [27] and are presumably not contributing
immensely to the difference in measured fracture toughness. What
matters further and more critically is the consideration of the PyC
thickness, its elastic modulus and elastic heterogeneity across the beam
into the calculation of fracture toughness. As evident in Fig. 5a and c, a
scatter of 30% in the stress intensity factor can be easily expected when
changing the interlayer thickness from 50 nm to 200 nm. But consid-
ering a similar thickness of 100 nm in [27], the thickness factor cannot
fully explain the big discrepancy. If we do not account for the elastic
heterogeneity of the tested beams, the geometry factor for a homoge-
nous material is almost three times higher compared to what we
determine in this study by numerical simulations for our complex
sandwich structure. As an example, for a/W = 0.2, Matoy et al. [43]
calculated a geometry factor of 5.0 for homogeneous beams. For the
same notch ratio, the geometry factor of the studied SiCg.
ber/PYC/SiCpatrix System is determined to be 1.9 for the STN Mode I
(assuming PyC layer thickness of 100 nm and PyC elastic modulus of 35
GPa, for details see supplementary information). If we use a geometry
factor for a homogeneous beam to interpret our force-displacement data,
the mode I fracture toughness would increase from 0.26 + 0.14 MPay/m
to approximately 0.78 MPa\/m, which lies in the same range as earlier
studies of similar CMCs [27]. This shows that extreme care has to be
taken when interpreting experimental data of such interface systems, as
the use of a geometry factor for homogeneous beams results in a sig-
nificant overestimation of the fracture toughness. This aspect needs to be
carefully addressed when dealing with heterogeneous systems, espe-
cially since the impact of systematic errors on the individual parameters,
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as discussed above, is rather low. Finally, also the shape of the interlayer
and therefore the geometric choice and precision of the notch milling are
crucial. As seen from Fig. 9 and the STN case an overestimation of the
fracture toughness is found when additional elastic energy is needed for
the creation of new surfaces to overcome the distance between notch
root and preferred fracture location. This overestimation is found for
both bending and shear specimens.

5.2. Fracture path

For the discussion of the observed fracture path, which is found to
follow the interface between SiC fiber and PyC layer, there are two as-
pects to consider. First, the initial crack notch is targeted to be located in
the center of the PyC layer. However, the crack deviates always to the
SiCriper/PyC interface instead of remaining in the PyC layer or deviating
towards the PyC/SiCpauix interface. Second, once the crack has deviated
to the SiCsiper/PyC interface, it propagates further along the interfacial
path without kinking out into the SiC fiber or to the PyC phase.

To support the discussion, we convert the stress intensity factor K to
the interfacial energy release rate G following Eqs. (14)-(16) [44] and
also calculate the Dundurs parameters (o, §) assuming a plane strain
condition:

(1=F)
G="p K 14
1 1(1-17 1-13
E7*7§< E, E ) as
U (1—20) — pip (1 = 204)
- 16
P = =) T (=) (16
a:ﬂ1(1*V2)*ﬂ2(1*”1) a”

Hi(1 = 12) + pp(1 —11)

Above as input, E; and E; denote the elastic moduli of SiC fiber and
PyC layer, K the SiCgjper/PyC interface toughness, v; and v, the respec-
tive Poisson’s ratio while y; and y; are the corresponding shear moduli.
The Dundurs parameter a equals 0.82 and f 0.30. After conversion, the
stress intensity factors lead to interfacial energy release rates of G{ 0.78

+ 0.01 J/m? and G 0.39 + 0.05 J/m? for the CN configuration. Those

values are significantly lower than the ones reported for SiC fibers (~ 10
J/m?%) [27,28], and for the pyrolytic interphase (~ 50 J/mz) [45].

The ideal crack propagation angle can be predicted from FE based on
the maximum energy release rate criterion (G"*), as shown in the
supplementary Figure S2 and Table S1. A negative angle corresponds to
crack propagation pointed towards the SiCeper/PyC layer interface, a
positive value towards the PyC/SiCparix interface. For mode II both in
STN and CN configurations, if the crack propagation criterion is chosen
such that it propagates in the direction of maximum energy release rate
G™™, this promotes a crack deflection towards fiber side. In contrast, for
mode 1 in STN and partially in CN geometry, the simulation based on
G"™ predicts initial crack propagation towards the PyC/SiCpagix
interface, which is not in line with our experimental observation.
Assuming that the crack first deflects to the PyC/SiCpatix under the
largest energy release rate, the further propagation of this crack along
the PyC/SiCpatix can be instable due to its higher toughness. This could
cause the crack to kink out through the PyC layer, following the less
tough SiCper/PyC interface as experimentally measured (G0.78 + 0.01
J/m?, G4 0.39 + 0.05 J/m?). This phenomenon of the crack path
switching from one interface to the other has been reported for other tri-
material systems [46,47]. However, this possible fast switching process
can be hardly captured due to the limited thickness of interlayer and the
roughness of interfaces.

Lopes Fernandez et al. [46] investigate comparably thick but very
compliant interlayers in a tri-material system. For sufficiently long
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cracks and important stiffness variations in their composite structure,
their experiments and simulations show that the crack deflects from the
center of the compliant phase towards the interface near the side with
larger elastic modulus. We see a similar deflection from the compliant
PyC towards an interface, however, close to the less stiff side. The dif-
ference suggests that the specific interfacial fracture toughness has a
significant influence on the crack deflection as well, as detailed below.

The significantly low interfacial toughness of the SiCgpe,/PyC inter-
face ensures the continuous propagation along the SiCgper/PyC interface
without kinking out to either side. Crack kinking depends on the ratio k
between the interface toughness and the fracture toughness of dissimilar
counterparts (here SiC fiber and PyG). Comparing G¢ 0.78 + 0.01 J/m>
and G, 0.39 + 0.05 J/m? of SiCgper/PyC interface with 6~8 J/m? of SiC
fiber [28], and 28~48 J/m? of PyC interlayer [45], the ratio k falls into
the range of 0.02~0.1 (Gf used for a conservative estimation). By taking
into account the elastic mismatch (Dundurs’ parameter a 0.75, compa-
rable to 0.82 in this work) as well as the mode mixity tan~! (Ky/K;),
previous researchers deduced a criterion, that predicts whether or not
stable interfacial crack propagation without kinking is possible [48].
This criterion predicts interfacial failure in our system.

Hence, it is only the SiC fiber/PyC interface toughness, which is
measured in our micro-scale configurations. The preference of crack
propagation at the SiCgper/PyC interface, compared to PyC /SiCpatrix
interface, is supposedly attributed to the larger roughness of the fiber
surfaces (see TEM analysis in Fig. 2) that are introduced during the
preparation processes such as sintering and densification at high tem-
peratures up to 1800 °C [49].

5.3. Correlation of local with global fracture behavior in composites

In CFMC materials, sufficiently weak interfaces between fiber and
matrix are desired to deflect cracks along the long interfaces instead of
directly penetrating into fibers, effectively toughening the composites
[50]. In the current system, the SiC fiber/PyC interface exhibits an
interfacial toughness as low as 0.39 + 0.05 J/ 'm? (in Mode II) and acts as
the preferred location for crack propagation. However, while it is critical
to have a sufficiently high fracture resistance, too weak interfaces might
not be able to properly transfer load between fiber and matrix and result
in unsatisfactory strength, such as the ultimate tensile strength, of the
overall composite [51]. An optimized tradeoff between toughness and
strength needs further investigation through a similar quantitative
methodology. For instance, a numerical relation between the interface
strength and interfacial fracture toughness and the roughness of the fiber
surfaces as well as the interphase thickness is to be investigated [52].
Furthermore, as the CFMC materials are designed for high temperature
applications, a quantification of the interfacial properties at elevated
temperatures also requires future research.

6. Summary

This micro-scale fracture study has enabled a thorough mechanical
analysis of SiC-PyC-SiC composite with interlayer thicknesses of just
below 100 nm in mode I bending and mode II shearing. The approach
applied consists on the one side of an in-depth numerical assessment of
geometry functions and stress intensity factor distributions by simu-
lating a large variety of specimen parameters and elastic properties to
understand their influence on the fracture process. In a second step,
simulation results are directly applied to micro-mechanical bending and
shear geometries prepared on individual fibers.

It is found that in the present case an appropriate curved notch
design and precise FIB milling is indispensable for the analysis of frac-
ture behavior of complexly shaped interfaces and to determine fracture
toughness data, which are as low as 0.24 + 0.02 MPay/m and 0.17+
0.06 MPa\/m for mode I and II, respectively. In case of the less aligned
straight through notches (STN), a small but systematic overestimation of
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fracture toughness for both loading modes is found. Furthermore, data
scatter is increased due to misalignment of notch and interlayer as well
as the difficulties in determining the crack length. In both cases, bending
and shearing, fracture takes place at the interface between PyC and SiC
fiber as the weak spot, whereas the opposite interface between PyC and
SiC matrix is found to be always resistant to fracture. Mode-mixity, as
has been numerically found close to free surfaces of micro-cantilevers
with curved notches, produces a change in fracture behavior at the
lateral specimen surfaces with the crack locally deflecting into the ma-
trix with little effect on measured fracture toughness. Micro-mechanical
tests on unnotched specimens show the same fracture paths, underline
the specific weakness of the SiCgper/PyC interface and provide fracture
stresses for bending of up to 934 + 137 MPa (mode I) and for shear of
418 + 36 MPa (mode II). Using those results and the previously deter-
mined fracture toughness, critical flaw sizes in the interlayer of 20 nm
can be approximated, which is approximately the pore size along the
SiCfiper/PyC interface.

Even though an interlayer generally needs to be well characterized
analytically prior to mechanical testing, this study is translatable to
further primarily brittle CFMC systems or composite structures. For this,
an adaptation of interlayer thickness, specimen dimensions and elastic
properties is required to allow a thorough mechanical characterization
of the specimen. These tests may be an important input for (thermo-)
mechanical simulation of large composite structures taking into
consideration the fiber orientation and density as well as flaw
distribution.
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