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Silicon carbide (SiC) has attractive properties for use in nuclear reactors. However, it is hampered by inherent
brittleness that is overcome through a fiber-reinforced composite. A finite element model based on cohesive
zone contact coupled to Coulomb friction is proposed to simulate the push-out response of isolated fibers
in SiC/PyC fiber-reinforced composites. The model reproduces the measurements obtained during push-out

experiments of isolated fibers in different configurations and predicts interfacial failure between the PyC
interphase and fiber. The brittle properties predicted coincide with literature indicating that fiber-PyC interface
could prevent the crack propagation through the fiber, fulfilling the function of the structure.

1. Introduction

Silicon carbide (SiC) possesses many attractive properties to be a
structural material, able to withstand extreme temperature environ-
ments such as nuclear fission [1] or fusion [2] reactors, or aerospace
applications [3]. These characteristics include low density [3], good
oxidation resistance [4], high-temperature tolerance, and creep resis-
tance [5].

However, its practical use is hampered by inherent brittleness [6].
To overcome this, the structure of a continuous SiC fiber-reinforced
composite has been proposed [7].

The fiber composite technique consists of growing a SiC matrix over
a structure of woven or braided reinforcing SiC fibers. In this way, when
a crack grows it is deflected upon contact with the fibers, leaving them
undamaged thus reinforcing the overall structure. The friction between
the matrix and the undamaged fibers reduces the crack separation
increasing the toughness of the composite and leading to pseudo-ductile
behavior.

The study of the fiber-matrix interphase material and its contact
area with the fiber, known as the interface is fundamental to evaluate
the role of fibers in crack resistance. For nuclear applications, pyrolytic
carbon (PyC) is the material chosen for the interphase due to its
resistance to moderate irradiation effects [8].

Various experimental methods have been suggested for the charac-
terization of the fiber-matrix interphase such as micropillar compres-
sion [9], micro-cantilever fracture [10] and fiber push-out [11].

Flat-tip push-out studies the role of friction and mode II cracks at
the interphase maintaining the fiber integrity. However, it requires
in-depth analysis for proper interpretation due to the complexity of
the experiment. Compression of the fiber causes swelling in the radial
direction producing friction that compensates for the loss of overall
stiffness and slows down crack propagation. The load grows to a peak
where interphase cracking is complete and the resistance drops to a
plateau region where friction dominates [12]. The nonlinearity of the
process requires complex analytical models [13].

Numerous push-out experiments have been extensively documented
in the literature [11,14-16]. Some studies have highlighted significant
variations in fiber attachment strength based on different factors, in-
cluding the fiber nature (SA3 or NHS), interphase structure (monolayer
or multilayer), PyC structure (isotropic or anisotropic) [14,16], and
interphase roughness (highly irregular [15] or flat [11]). However,
it is worth noting that differentiating between the interphase link
force and the resistance caused by friction is a seldomly explored
aspect in push-out experiments [14,15]. Existing studies have utilized
simplified formulations [13], neglecting the influence of PyC toughness
and gradual crack propagation. In this context, numerical models can
play an important role in discerning the contributing factors affecting
fiber resistance during push-out, thereby providing valuable physical
insights that may not be readily measurable in experimental settings.

This contribution presents a Finite element model of two push-out
experiments. Crack modeling is based on a cohesive zone model in
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combination with Coulomb friction. The material studied was a SiC
sample produced by chemical vapor infiltration (CVI) [17] reinforced
by Tyranno SA3 fibers which are separated by a PyC interphase and
the push-out was performed in a bridge configuration [18].

The model parameters were obtained from the experiments and lit-
erature with a margin of uncertainty depending on measurements and
references. To compensate this, push-out experiments were repeated
at different positions of the bridge and an optimization algorithm was
applied to identify the combination of parameters that best fit the set
of measurements.

Finally, the role of friction in crack propagation and the viability of
PyC for crack deflection were studied. Based on push-out theory [13],
some precautions in the way of calculating the interfacial shear strength
were proposed to improve the accuracy of the measurements.

2. Push-out experiments

In this section, we discuss the details related to the fabrication, prop-
erties and push-out experiments of the Tyranno SA3 fiber-reinforced
composite.

2.1. Fiber-reinforced ceramic composites

There are many techniques of manufacturing SiC fiber-reinforced
matrix such as melt infiltration [19], polymer infiltration and pyrolysis
(PIP) [1], transient eutectic phase (TEP) [20] and chemical vapor
infiltration (CVI) [17].

In the sample, the matrix was produced via the CVI technique. A
gaseous SiC precursor as methyl trichlorosilane (CH3SiClI3) is mixed
with hydrogen and introduced into a high-temperature chamber where
the prefabricated fiber structure is located. The precursor decomposes
in the presence of hydrogen and the gas-phase pyrolysis products
chemically react with the substrate forming a silicon carbide matrix
within and around the fiber reinforcement [21]. CVI has the advantage
of being able to produce very high purity p-phase SiC that exhibits
good radiation resistance [22], making it suitable for nuclear cladding.
However, the process might require several weeks of infiltration time
and leaves a large porosity.

The sample studied contains Tyranno SA3 fibers (Ube Industries
Ltd), characterized by their low oxygen concentration which reduces
creep and rupture mechanisms at high temperatures [23]. Fibers are
uniformly coated with one interphase made of ~100 nm PyC using the
chemical vapor deposition (CVD) technique [7].

The sample was cut with a Capco diamond saw, obtaining a bar of
10 mm X 1 mm X 0.7 mm with fiber bundles parallel and perpendicular
to the surface. It was then mechanically ground with SiC grinding discs
on the front and back surfaces to a final thickness of ~ 80 pm, and
polished with diamond suspension of 3-1 pm grain size. The sample
was clamped forming a 3 mm length bridge configuration (see Fig. 1).

2.2. Fibers and PyC interphase

The fibers have a small diameter (7-9 pm) and are distributed in
bundles with higher fiber density and porosity in the center than in the
periphery where the matrix is more homogeneous (see Fig. 2), being
the fibers in the periphery the ones selected for the measurements in
order to avoid undesired porosity effects [11].

Zayachuk et al. [10] present the structure of the fiber as an agglom-
eration of equiaxed grains of size between 50-200 nm. The grain size
of the fibers is radially non-uniform and increases towards the fiber
periphery. On the other hand, the concentration of carbon inclusions
decreases from the center towards the periphery. This structure affects
the elastic modulus of the fiber which increases linearly from E = 250
GPa in the center of the fiber up to E = 450 GPa towards the periphery.
The Poisson’s ratio was assumed constant v = 0.17 [24].
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Fig. 1. Bridge configuration
performed.

of the sample and positions where experiments were

Fig. 2. (a) Left image: Bundle of fibers with higher density in the center than in the
periphery. (b) Example of periphery fiber used in the push-out experiment because is
isolated from other fibers and pores.

The fibers are surrounded by a ~100 nm PyC interphase that
protects them from crack propagation in the matrix. The contact area
between the fiber and the PyC interphase is known as the PyC—fiber
interface. Push-out cracks may occur in the PyC interphase or the
PyCfiber interface [25].

In other similar samples, SEM images of push-out tests [11] showed
no PyC deposits on the SA3 fibers, which is a good indicator that
the crack did not occur across the PyC interphase. In addition, TEM
images of a crack in a cantilever of the same material [10] showed a
clear failure in the interface. There is no information about some crack
properties of the interface, however some approaches such as molecular
dynamics simulations [26] or theoretical fracture mechanics [27] pro-
vide information about the range of values of these magnitudes, which
are subsequently adjusted using the FEM results and the experiments.

2.3. Push-out measurements
Push-out measurements were performed using an Agilent XP

nanoindenter and a flat-punch indenter tip with a diameter of ~5.4 pm.
It was equipped with an x40 optical objective, capable of resolving
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Fig. 3. Stages of the curve during push-out experiments.

individual fibers, and a movable stage to accurately place fibers under
the indenter. Measurements were performed in a load-controlled mode
with a constant strain rate of 0.05 s~'. Experimental measures of space
dimensions and Young’s modulus of the matrix with the margins of
error are presented in Table A.1.

The curves resulting from the push-outs are characterized by several
phases shown in Fig. 3:

(A) Initial quasi-flat region corresponding to the approach of the tip
to the fiber and its adaptation to the roughness of the surface.
(B) Linear-elastic region, the indenter produces a response similar to
matrix nanoindentation.
(C) Crack initiation at the interface. It is difficult to determine when
a crack initiates and its evolution, the reduction of stiffness
due to crack initiation is compensated by fiber expansion and
friction presenting a small reduction in the load-displacement
slope curve.
Plateau load regime occurs after the crack has been propagated
across the interface and the sample stiffness drops. Traditional
push-outs models [28,29] illustrate a peak load followed by an
abrupt drop. In our experiments, we use a load control indenter
and once the debonded fiber moves abruptly we cannot control
the load for each displacement, being represented by a plateau
with a similar load.
(E) After the complete debonding of the fiber, the lateral edges of
the tip, which has a shape of a truncated cone, touch the edges
of the hole left by the fiber producing an additional increase in
the load.
The unloading regime does not provide any physical informa-
tion.

(D

=

)

Our models are focused in the elastic and crack propagation regime
which corresponds to (B) and (C).

3. Finite element models

The need to model the behavior of the fibers in a ceramic composite
during a crack in its structure led us to use Finite Element Modeling
(FEM) because of its flexibility to represent these complex processes.
Abaqus 2021 [30] was used as the FEM software for the simulations.

The models were designed to reproduce the flat-tip nanoindentation
experiments in three positions of the ceramic matrix composite: P1: ma-
trix area resting on a support of the bridge, P2: matrix area suspended
but not in the center of the bridge, P3: central section of the suspended
matrix area, see Fig. 1.

Two types of FEM simulations were performed: Elastic Models of
SiC matrix to characterize the parameters of the matrix and Cohesive
Zone Models to characterize the behavior of the interface during fiber
push-out experiments.
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3.1. Elastic models of SiC matrix

Initially, the impact of tip compression was studied. For this pur-
pose, a model with a virtual diamond flat tip and another model
without a flat tip but imposing a homogeneous displacement boundary
condition in the indentation zone were compared on P1, Fig. B.9.

Due to the cylindrical symmetry of P1, ~85000 8-node biquadratic
axisymmetric quadrilateral elements (CAX8) were employed to model
the virtual tip and the sample made of SiC matrix material. Both
parts were joined via rough contact formulation. The results of this
model were compared with a 3D model using ~120,000 20-node
quadratic brick fully integrated elements (C3D20) and homogeneous
displacement-control load Fig. B.9.

Once it was verified that the results of both boundary conditions
were equivalent, the displacement-control was used for simplicity to
characterize the matrix parameters in P2 and P3.

P3 was simulated with a 1/4 of the sample (using ~180,000 C3D20
elements) because it is symmetric in the bridge according to length
and width. P2 was simulated with 1/2 of the sample (using ~200,000
C3D20 elements) because it is symmetric only in width but not in length
due to not being in the center of the bridge, (see Fig. 1).

3.2. Cohesive zone model (CZM)

Push-out experiments produce mode II crack propagation in the
PyC—fiber interface [10,11]. A cohesive zone model (CZM) coupled
with Coulomb friction has been adopted to represent this failure behav-
ior. The cohesive zone model consists of a constitutive relation between
the tractions acting on the interface and the corresponding interfacial
separation. In the present work, we use a bilinear law [31] as the
constitutive relation.

The known direction of the crack propagation and the physical
interpretation of the parameters make a cohesive zone model very
attractive compared to other methods such as J-integral or XFEM [30].
Furthermore, LAMMPS atomistic simulations [26] demonstrate bilinear
traction—separation behavior for mode II cracks formed between the
PyC-fiber interface.

A bilinear law can be divided into an elastic undamaged regime,
damage-initiation criteria, a damage propagation regime and complete
failure criteria. Constitutive equations in the undamaged regime are:

Oy Knn Kns Km 5;1
Ts Kns K_v.v Kst 55 ( 1 )
T; Ky Ky Ky |4

where o, is the normal stress, 7,, are the shear stress in the two
tangential directions, K;; is the stiffness matrix and 6, is the nodal
displacement in the normal » or tangential directions ¢ and s.
Damage initiation is represented via the quadratic onset criterion:
T

2 2
Yy () -
or Orr

(on) =0,5 0,>0

(o,) =0;
where o' and o}~ are the cohesive interface strengths for mode I
and II (mode III is ignored for this model because the geometric shape
of the crack forming a cylinder).

Once the cohesive damage has initiated, the propagation regime

begins. The interface shear stress has contributions from the cohesive
model (for mode II) and the friction model (if ¢, < 0):
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Fig. 4. Representation of mode II bilinear traction-separation law in combination with
Coulomb friction [12].

where 6, and 7, are the normal and shear components if the cohesive
region were undamaged, in other words, defined by Eq. (1). u is the
Coulomb friction coefficient. The contribution from the friction model
is weighted by the cohesive damage variable D, which is 0 when the
quadratic onset criterion is accomplished and 1 when the failure is
complete.

The complete failure is defined by the linear interaction criterion.

G, | Gpy

Gic  Gric
where G; = [o6,ds, and G;; = [rd5, are the energetic work of
fracture. Toughness G,¢,;c are material properties obtained experi-
mentally that represent the energy released when failure is complete.
After complete failure, friction remains governed by friction Coulomb’s
law.

A schematic response of the normalized traction-displacement with
friction can be observed in Fig. 4. The implementation was done
using surface cohesive elements of Abaqus combined with a tangential
stiffness penalty. A viscosity coefficient of n = 0.0005 was introduced
to facilitate calculations during the optimization.

Simulations were designed with ~450,000 C3D8 elements for P3
and ~650,000 C3D8 elements for P2. The boundary conditions are
analogous to the elastic models. The fiber elastic properties vary ra-
dially and were implemented through a USDFLD subroutine (see Sec-
tion 2.2).

The residual stress from the previous nanoindentation on the matrix
and the thermal stress were neglected due to the lack of experimental
measurements. The PyC layer surrounding the cohesive region was
neglected in the model because it should not contribute to the global
elastic conditions of the interface due its low thickness (~100 nm).

Interface roughness affects the crack propagation and friction [15].
For the sample studied, STEM images indicate a low level of roughness
compared to other interphases [11]. The frictional effects are included
in the Coulomb friction coefficient and the fracture was negligible
(further details in the Appendix C)

=1, “

3.3. Nelder-Mead optimization

The uncertainty in geometrical parameters (length L, thickness t),
and Young’s modulus E supposed a difficulty to model the matrix force
response in the push-out model (see Table A.1 with the errors).

Nanoindentation in the matrix at P3 presents an elastic response
that can be expressed by the following equation, showing the high
impact of these parameters on the force (P « */L? and P « E*):

(1-12)  (1-07)
L S aarl

_192E*wh 1 _
1213

= )
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Fig. 5. Nelder-Mead optimization for 2D parameters. Contour lines represent points
with equal values of the distance function, the triangles reduce their size while the
algorithm approximates to the optimum parameters [33].

P is the load, h the indenter displacement, v Poisson’s ratio, E the
Young’s modulus, E* the reduced Young’s modulus and w the width
of the sample.

With the objective to implement a homogeneous elastic matrix for
push-out simulations, a Nelder-Mead [32] optimization algorithm was
implemented to identify the combination of values within the margins
of errors that best fit the results obtained during matrix nanoindenta-
tion in the different positions. Nelder-Mead was chosen between other
optimization methods because it converges fast considering the time
consumption for FEM simulations and does not require the calculation
of the mathematical derivative of the distance function.

Nelder-Mead is a heuristic optimization algorithm where the pa-
rameters are adjusted to minimize a distance-function previously de-
fined. It uses a geometrical shape called simplex which corresponds
to n-dimensional version of a ‘triangle’ (n being the number of pa-
rameters). Starting with a simplex where one vertex’s coordinates
correspond to the initial values and the other vertices are randomly
generated, it proceeds to reshape/move the simplex, one vertex at a
time, towards an optimal region in the search space (Fig. 5). Starting
from the experimental data as initial values, the search space was
defined by the margins of error of L, t, and E. The optimization
algorithm compares the simulation curves with the experimental curves
trying to minimize the following distance function.

exp
pos—i

_ ,model
) pos—i
Dist = max

i=[2,3]

(©)

exp |

| apos—i

where a is the slope of the linear fit of the experimental data (exp) or
the Abaqus model (model) and pos—i the different positions used during
the optimization.

The algorithm was implemented in R language using the optimx
library and a sockets-gateway to communicate with the Abaqus python
script that executes the FEM simulations trying to minimize the distance
function.

The optimization algorithm progressively converges to a solution
but does not guarantee that it is unique. To validate the solution, the
algorithm was executed several times with different initial parameters
to check the solution converges to similar values.

The same method was applied to find Coulomb friction parameter
u, mode II toughness G;; and the shear strength 7. In this case, the
distance function was defined by the Euclidean distance between the
maximum force values. The initial values come from literature [9,26,
271.

(Pexp _ Psim)Z (hexp _ h:im)2
< (Pexr)? (hexp)?2 )

Dist = max
i=[2,3]

O]
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where P is the load peak (mN) and A the nanoindenter displacement
(nm).

4. Results and discussion

The objective of this work was to reproduce different nanoindenta-
tion and push-out experiments with FEM models to analyze in detail
the internal processes of the material.

In the first phase, simulations of nanoindentations were carried out
on positions of the matrix without fibers to characterize the properties
of the SiC matrix (thickness, length and Young’s modulus). Once the
matrix was better characterized, fiber push-out models were developed
to study in depth the propagation of cracks in a matrix with fibers.

4.1. SiC matrix nanoindentations

The elastic response of the matrix was measured by means of 500
mN flat-tipped nanoindentations on a SiC matrix at different positions:
P1, P2 and P3 (see Fig. 1).

To study the impact of tip compression in P1, a model with a
virtual diamond flat tip was compared with a model where the tip is
substituted by a homogeneous displacement load on the indentation
zone.

The high stress compresses the diamond tip thereby increasing the
measured displacement calculated from the indent. Eq. (8) shows the
force—-displacement relationship with respect to Young’s modulus for a
flat tip and Young’s modulus adaptation for tip compression.

AA (=) (1-4)
Vi E E E,

Considering reported values E; = 1143 GPa, v, = 0.07 [34], v =
0.22 [24] and the ratio d P/dh obtained from the experimental data,
it was calculated a ratio E*/E = 73%, a tip compression of 94 nm for
500 mN and Young’s modulus E = 372 GPa, a value that differs 19%
from the value measured with a Berkovich tip for the same sample E =
460 GPa [10].

On the other hand, the model with the virtual tip presented a
compression of 77 nm (from top to bottom of the tip across the
symmetry axis). This compression was compensated in the model
with displacement-control load showing both models a similar force-
displacement response (see Fig. 6) and similar stress profiles with
high-stress concentration at the edges of the contact zone with the tip
(see Fig. B.9). These similarities validate continuing the simulations of
P2 and P3 using displacement-control load for simplicity. The models
were adjusted to obtain the best fit to experimental data, obtaining E
= 392 GPa (14% below E = 460 GPa [10]).

P2 and P3 nanoindentations were measured to characterize the
elastic response of the matrix in a bridge configuration (see Fig. 1),
where the bending of the SiC bridge affects a bigger region of the
sample than in P1. As consequence, the calculation of Young’s modulus
in P2 and P3 gave a higher and closer value to the average Young’s
modulus obtained with the Berkovich tip [10] than PI.

Through a Nelder-Mead optimization and successive simulations,
the optimum values that best fit the experimental data were obtained:
Length = 2884.5 pm (3.8% of deviation from experimental data),
thickness = 93.1 pm (16%) and E = 448.5 GPa. (2.5%), see Table A.1
for more details.

apP _
dh ~

2E ®

P3, as a central position in the bridge, could also be compared with
the bridge elastic sample equation (Eq. (5)). The slope of the load—
displacement curve (Fig. 6) for P3 model was P/h = 0.252 mN/nm and
using Eq. (5) was P/h = 0.241 mN/nm (4.5% of difference), being a
good indicator that the matrix can be approximated to a homogeneous
elastic material for posterior push-out modeling.
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Fig. 6. Nanoindentation load-displacement curves from experiments and FEM for
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Fig. 7. Push-out load-displacement curves from experiments and models for positions
2 and 3. Red “x” indicates the maximum load reached before the fiber is debonded.

4.2. Fiber push-outs

Results of push-out models at P2 and P3 are presented in Figs. 8 and
B.10 respectively. The Von Mises stress profiles are represented in the
lateral, top and bottom profiles of the fiber at different times. In both
positions, the initial response is similar to matrix nanoindentations. The
sample is bent until the stress at the interface initiates the crack that
propagates abruptly from the top to the bottom of the fiber. The loss
of stiffness due to cracking is compensated by fiber compression in the
z-axis and by Coulomb friction stress due to the fiber expansion in the
radial direction. When the crack tip reaches the bottom, the crack is
complete and the resistance drops.

In P2 (Fig. 8), we can also appreciate how the asymmetric con-
ditions affect the stress profile at the top of the fiber and how the
friction is higher on the side closer to the sample attachment. As the
crack propagates through the fiber, the asymmetry of the stress profile
disappears.
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Fig. 8. Von Mises stress propagation in the fiber during crack formation in position 2 from lateral,

Fig. 7 presents load-displacement curves during P2 and P3 fibers
push-outs. The graph shows a very similar behavior between the exper-
imental results and those obtained in the finite element model based on

cohesive zone contact coupled to Coulomb friction.

789

top and bottom perspective for the same times.

It can be observed how the force to failure on P2 is higher than
P3, due to the toughening effect of friction, while P3 resists more
displacement due to the bending of the sample. Experimental curves
present a quasi-linear behavior that suggests a brittle interface with
high shear strength and catastrophic failure.
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The modeling was parameterized with values obtained from the
literature. Stiffness K, = 2850 GPa/pm and K, = 1150 GPa/pm for
normal and shear stress [26], and shear strength r, = 3.8 GPa [26]
for crack mode I.

Other parameters with a large impact on the modeling results were
adjusted by Nelder-Mead optimization based on values indicated in the
literature.

Friction Coulomb coefficient was fitted to 4 = 0.15 (u = 0.15-0.36
according to [9,35]), toughness to G; = 5.3 J/m? (G; =25-8.1 J/m?
according to [9,261), G;; = 22.3 J/m* (G;; = 10.5-34 J/m? [9,26]
calculated as 4.2- G; [36]) and shear Strength to z, = 2.1 GPa for crack
mode II (7, = 1 — 2 GPa [14,26]).

When a crack occurs, its deflection in the PyC interphase or the PyC—
fiber interface protects the fiber from damage and toughens the SiC
composite. Lamon et al. [37] exposed two criteria (a, b) to determine if
a crack formed in the matrix may be deflected in contact with the PyC
interphase or the PyC-fiber interface protecting the fiber from crack
propagation.

(a) Deflection at the PyC interphase occurs if Gy, f1eciion/ G propagation <
0.24. Although PyC may present a layered crystal structure being highly
anisotropic [38], TEM images of similar samples [10] demonstrate that
the PyC crystals are randomly oriented, being approximately isotropic
in their cracking properties and this criterion is not met.

(b) The criteria for crack deflection at the fiber-PyC interface are
Ginterphase <025 Gfiber <4 J/mz [36] or Gimerpha:e <7 J/I'l’l2 [37]
for Gy, = 16 J/m? [10]. Both conditions are not satisfied for our
experimental data G; = 15.7 J/mz, a value obtained using Eq. (9) [39]
and the stress intensity factor K; = 0.8 MPa m'/? of the PyC—fiber
interface measured with a notched cantilever [10] (see Table A.2).

(7 7o)
EPyC EFiber

where f, = 0.26 is the second Dundur parameter [40] and Ep, =
12.8 GPa is the Young modulus of PyC and Ep;,, = 365 GPa is the
Young modulus of the fiber.

However, the (b) criteria is fulfilled for the toughness value of
our model G, = 5.3 J/m>. A possible explanation for the differences
between the model values and the experimental values could be that
Eq. (9) is designed for planar interface (not the cylindrical shape). Also,
the formulas used to obtain the stress intensity factor K; in [10] are
defined for cracks in homogeneous materials instead of interfaces.

The verification of these models will allow them to evolve to char-
acterize the behavior of more complex fiber configurations obtaining
the optimum structure before an experimental confirmation.

2
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4.3. Shear strength for high stiffness interfaces

In previous works [11,14-16], the interfacial shear strength r, was
calculated by the equation:

(o P

27 Rt
where P is the peak load (i.e., debonding load), R is the fiber radius
and ¢ is the sample thickness.

Based on the experimental data, the Eq. (10) gives 7, ~ 0.4 GPa
[11], which differs significantly from the value obtained from simula-
tions z; ~ 2.1 GPa. Other simulations based on atomistic codes give
7, = 2.01 GPa [26]. Zayachuk et al. [10] reported 2.6 GPa using a
cantilever made of the same material as our sample. Rebillat et al. [14]
reported 7, = 1.3 GPa in a sample with the same characteristics as our
experiments (80 pm thick and 100 nm PyC interphase), a value that
could be underestimated since it was taken in the center of the bulk of
fibers where porosity and matrix cracking are more frequent.

A possible explanation for these discrepancies could be the fact
that Eq. (10) gives the average shear stress across the interface during
crack formation, this value would correspond to the shear strength
if the entire interface experiences the same shear stress, something

10)
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that occurs in samples of low thickness or with very flexible interfaces
(low stiffness). These differences were studied in recent articles of
SiC/PyC/SiC composites [15,16], discerning between the shear strength
obtained from Eq. (10) 7, = 0.1 GPa and the shear strength necessary
to break the interface and initiate the fracture which was estimated
experimentally 7, = 0.5-1 GPa.

Fig. 8 presents Von Mises stress in the fiber during crack formation.
It can be appreciated how the process is gradual, requiring much lower
thickness to accomplish Eq. (10). To overcome this limitation a more
general expression is given by [13]:

a 1+ vg; 1+v i -1
pP= Tsi— tanh(+/at) ( U+ Veiper) _ A+ Vasarrin) ) (1)
K AFiber EFiber AMatrix EMatrix
a=27RK < Ut Vribe) (0 Vatarin) ) (12)
AFiber EFiber AMatrix EMatrix

where A, is the cross-sectional area of the fiber and matrix respectively,
v; is the Poisson’s ratio, E; is Young’s modulus and K corresponds to the
stiffness of the border between matrix and fiber (K; = 1150 GPa/pm in
our case).

Eq. (10) is obtained through the approximation of tanh(\/Zt) ~ \/Et
when +/at — 0, a condition that is achieved for less stiff interfaces or
thinner samples.

In this sample, we obtained \/Zt = 6.8 and for \/Et > 2, it is possible
to approximate tanh(\/Zt) ~ 1 simplifying calculations to:

. = PK

= )

We get 7, = 1.8 GPa, a value closer to 7, = 2.1 GPa of simulations.
Eq. (13) requires detailed knowledge of the fiber, matrix and interfacial
properties which are difficult to measure in some cases. Our proposal is
not to substitute Eq. (10) by Eq. (13) but to prevent the need to measure
push-out peak force with respect to different thicknesses to verify their
linear relationship before applying Eq. (10) (when tanh(\/zt) ~ \/Et
then P and 7, are linear in Eq. (11)). Fortunately, recent developments
in techniques [41] allow thinner SiC samples, this may overcome
the issue exposed and open a new area of more detailed push-out
experiments.

(1 + VF iber) _
AFiber EFiper

(1 + VM atrix)
AMalrix EMalrix

3)

5. Conclusions

SiC/PyC fiber-reinforced composite is a promising material to over-
come the brittleness of SiC while maintaining its properties. This work
studies how PyC interface can be used to protect fibers from crack
propagation. Push-out experiments of isolated fibers were done to char-
acterize the fracture process and interface properties. The experiments
have been complemented by Finite Element Modeling (FEM) techniques
trying to reproduce the results previously obtained in the experiments
and provide a detailed analysis of the failure process. The following
conclusions can be drawn.

It has been possible to reproduce with good accuracy the experi-
mental behavior of fiber-reinforced SiC using FEM simulations based
on a cohesive zone model coupled with friction. Simulations allow us
to obtain virtual experiments of the push-outs, easily understandable
without the need of complex formulation. The FEM combination with
optimization algorithms provides an alternative to experimental data
to characterize the properties of the SiC composite such as Young’s
modulus, shear strength, and toughness of mode I and mode II cracks.

Based on the push-out theory, some recommendations were made
for the calculation of interfacial shear strength to avoid incorporating
errors of precision when the most common formula is used.

This work can be extended to model other more complex config-
urations, such as multiple fiber failures over different fiber distribu-
tions, and other types of fractures, or adapted to other fiber-reinforced
materials.
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Table A.1
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Dimensions and Young’s modulus of the sample and the optimized parameters for the FEM simulations. Measurement errors were obtained from
the standard error after different measurements or from the precision of the instruments.

Variable Experimental Raw error Y%error Model parameter % Deviation from
measurements experimental

Length (um) 3000 300 10% 2884.5 3.8%

Thickness (pm) 80 16 20% 93.1 16%

E (GPa) 460 50 10% 448.5 2%

Width (um) 1000 100 10% 1000 0%

Tip diameter (pm) 5.4 0.2 3% 5.4 0%

Fiber diameter (pm) 8 1 12% 8 0%

PyC interphase (nm) 100 50 50% - -

P2 from extreme (pm) 200 20 10% 200 0%

Table A.2
Matrix, fiber, PyC interphase and interface properties from bibliography [10,37,38].
Type SiC Fiber [10] Interface [10] PyC [37,38] Interface
matrix CZM
[10]
E (GPa) 460 250 (center) 38-60 20-35 -
SIF (MPa m'/?) 4.25 2 0.8 - -
G, (J/m?) 39 16 15-10 21-34 5.1
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Appendix A. Constant tables
See Tables A.1 and A.2.
Appendix B. Finite element models images
See Figs. B.9 and B.10.
Appendix C. Roughness effects in the crack process

In the literature [15], it is discussed the potential influence of
interface region roughness on the values of the apparent critical shear
stress for debonding.

Although in our case, it can be observed that the 100 nm monolayer
of PyC has very low roughness (Fig. C.11a) compared to multilayer
samples (Fig. C.11b), preliminary modeling was performed to assess
the potential effects of interface roughness variations. For this pur-
pose, push-out simulations were conducted using axisymmetric ele-
ments (CAX8, cylindrical coordinates) on a flat interface and a zigzag
interface called wavy inter face (Fig. C.11c), as illustrated in [15]. A
zigzag interface was created with displacements of +200 nm (twice
the interphase thickness) in the radial direction for every 2.5 ym in the
z-direction over 15 pm-long fibers.

In Fig. C.11e, the stress distribution in the simulation with the wavy
inter face after its rupture can be observed, where the stress impact
concentrates in the areas where the interface changes direction causing
compression and expansion in different parts of the fiber.

Fig. C.11d presents force-displacement curves comparing simula-
tions on a flat inter face and a wavy inter face. In both simulations, a
very similar maximum load or shear strength was obtained, indicating
that roughness does not seem to have a significant impact on interface
fracture or propagation. However, it does have a subsequent effect
during fiber sliding, as observed between the blue and orange lines,

-4.4e+01

Fig. B.9. (Left) S.. profile at position P1 using a flat tip and axisymmetric elements. (Right) S.. profile for 3D model at position P1 using homogeneous displacement-control

load.
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Fig. B.10. Von Mises stress propagation in the fiber during crack formation at position P3 from the lateral, top and bottom perspective at the same times.

where fiber widening generates higher friction for the wavy inter face
than for an almost flat interface.

In [42], it is studied the roughness profile of a macroscopic fiber
(0.8 mm of radius and 5 mm of length). It was found a correlation
of 90% between the force necessary to surpass friction Py, and the

792

largest coefficient in the Fourier spectrum of the roughness profile in
the interface region, Cr i

It was obtained Py, of the zigzag interface in two ways; one based
on the largest Fourier coefficient of the roughness profile, obtaining
Py,;c(Fourier) = 107 mN and the other by FEM simulations obtaining
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Fig. C.11. (a) STEM image of a single-layered 100 nm PyC interphase [11] similar to the fibers studied. (b) STEM image of a multi-layered PyC interphase [11] with high
roughness. (c) Schematic representation of the effect of the fiber surface roughness on the interfacial shear stress [15]. (d) Force-displacement curve of push-out of fibers with the
wavy and flat interface. (e) o,,,,., profile of FEM push-out simulation of fiber with a wavy interface.

P (FEM) = 82 mN (see the maximum force value after the peak in
Fig. C.11d). Both methods show a good agreement with a difference of
23%. Py, (Fourier) was calculated with the following equation:

ﬂREFiber

Pfric = CFaurier [exp(zﬂAVFiberI/(REFiber)) - l]

Fiber

EFiber EMatrix
EMalrix (1 - VFiber) + EFiber (1 + VMatrix)

where E; is Young’s modulus, v; is Poisson’s ratio, u is the Coulomb’s
friction coefficient, R is the fiber radius (see the values of these magni-
tudes in Sections 4.1 and 4.2) and ¢ = 13.3 pm is the fiber length minus
the length of the fiber expelled due to the push-out. Cr,,,., = 40 nm
was the maximum Fourier coefficient for the zigzag interface.

(CD

where A=

793

Although the results are satisfactory, the roughness profile is diffi-
cult to obtain in microscopic-sized fibers (~4 pm of radius and ~90 pm
of length in the fibers of this article). In [15,43], the friction of
microscopic-sized fibers is simulated using Coulomb friction and a
constant fitting term:

Ofric =H " 0p+ 1T (C2)

The same method was followed in the simulations of this article, where
7, was not necessary to include, probably because was not comparable
to Coulomb friction contribution.

The study of interface roughness requires a more comprehensive
analysis for more irregular interfaces, and this preliminary modeling
serves as a proof of concept that finite element simulations can be a
suitable tool for such studies.
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