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Abstract An iterative method was presented for simulation of the failure process of SiC/SiC mini-
composites with pyrolytic carbon interphase exposed to air oxidizing environments under a constant
load at 900 °C. This method was based on the possibility fracture strength of SiC fibers caused by
random defects and the fiber stress distribution in mini-composites. The fiber strength probability
model andMonte Carlo simulation were combined to generate the fracture strength along SiC fibers
at 900 °C. The influence of fiber arrangement on fiber stress distributionwas assessed to simplify the
geometrymodel whichwas used to calculate the fiber stress distribution in themini-composites. The
failure process of the mini-composites was simulated, and the calculated oxidation life of the mini-
composites matches the experimental data well with an error of −9.40%.
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1 Introduction

Relatively high strength, high temperature capability, light weight and good corrosion resis-
tance make the silicon carbide fiber reinforced silicon carbide matrix composites (SiC/SiC) for
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use in high temperature environments [1–3]. These applications mainly include combustor
liners, nozzles, thrusters, etc. which would be constantly loaded in high temperature oxidizing
environments for a long time. In SiC/SiC composites with carbon interphase layers, the silicon
carbide fiber and matrix have a better resistance to oxidation. However, the carbon interphase
between the fiber and matrix is highly sensitive to oxidation in air at high temperatures which
alters the performances and the load-carrying capability of the material [4–7]. So it is of great
importance to study the mechanisms and effects of the oxidation induced behavior in order to
apply SiC/SiC structures in severe service conditions.

The oxidation behavior of SiC/SiC composites with carbon interphase layers has been
studied experimentally and numerically. The experimental work mainly focused on the
oxidation mechanisms in different situations. Filipuzzi, L. et al. [8] investigated the influence
of temperature and carbon interphase thickness on the oxidation of SiC/SiC, and they found
three characteristic phenomena during oxidation. Pasquier, S. et al. [7] found that the multi-
layered interphases were capable of improving the oxidation resistance of SiC/SiC. The
oxidation behavior of SiC/SiC composites in air and combustion environment were investi-
gated and compared by Cheng, L. F. et al. [9]. Their work indicated that due to the protection
of silica, the oxidation process decelerated in combustion environment. The parabolic reaction
kinetics of carbon interphase which was useful in numerical modeling was studied by
Kleykamp et al. [10] and Al Nasiri, N. et al. [11]. However, compared with the experimental
work, only a few work had been done to study the numerical modeling method of oxidized
SiC/SiC composites. Filipuzzi, L. et al. [12] developed an axisymmetric fiber/interphase/
matrix model considering the geometry change, the mass transfers and the chemical reactions.
This model was capable to calculate the lengths of carbon interphase consumed by oxidation.
Xu, W. et al. [13] proposed an analytical models incorporating the combined kinetic effects of
oxide growth and viscous flow. The model predicted the oxidation life of SiC/SiC composites.
However, this model was developed for the SiC/SiC composites with boron nitride interphase.
Therefore, the numerical modeling study for SiC/SiC composites with carbon interphase was
still insufficient which would largely hinder the application of SiC/SiC components.

Motivated by such situation, the aim of this paper is to develop a numerical model for SiC/
SiC mini-composites with pyrolytic carbon (PyC) interphase to simulate the failure process
induced by interphase oxidation under a constant tensile load in air at high temperatures. In this
paper, the tensile strength distribution along axial direction of SiC fibers at high temperature
was simulated by fiber strength probability model andMonte Carlo method. The finite element
method was adopted to evaluate the influence of fiber arrangement on fiber stress distribution.
Then a simplified model was developed based on the evaluation and was integrated with the
fiber tensile strength distribution in an iterative algorithm to model the failure process of SiC/
SiC mini-composites with PyC interphase. Finally, the oxidation life of the SiC/SiC mini-
composites under a constant tensile load in air at 900 °C was obtained based on the method
developed in this paper which agrees well with the experiment results.

2 Material and Experiment

2.1 Material Description

The mini-composites used in this paper is composed of silicon carbide fibers (1 K tow,
CERAFIL Ltd., China) reinforced in chemical vapor infiltration (CVI) silicon carbide
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matrices. A PyC layer with a thickness of 1.5 μm is deposited on the surface of SiC fibers
before the densification of the silicon carbide matrices. The detailed CVI process param-
eters can be found in [14–16]. The radius of SiC fiber is ~6 μm. The fiber volume fraction
of the SiC/SiC mini-composites is ~16.6%. The density of the SiC/SiC mini-composites is
~3.1 g/cm3.

2.2 Oxidation Failure Experiment

The configuration of the experiment appliance is illustrated in Fig. 1. The upper connection
and the lower connection were made of aluminum alloy. The upper connection was used to
link the fixed end with the rest parts of the experiment appliance. The lower connection was
designed to mount the weight to load the specimen. The high temperature alloy fixture was
made of GH4169. The connections and the fixtures were connected by alloy pins. The high
temperature alloy fixture has two symmetrical parts to grip the specimen. High temperature
alloy bolts were adopted to compress the two parts of the fixture. The Al2O3 tubes were
utilized to avoid the mini-composites specimen from being crushed. In this paper, the high
temperature resistant adhesive was applied to glue the tubes to the specimen. The dimension of
the specimen is shown in Fig. 1 as well.

During the oxidation failure experiment, the weight was hanged on the lower connection
through a hole to load the specimen after the temperature of the furnace reaches to 900 °C. The
experiment results shown that the oxidation life of SiC/SiC mini-composites used in this paper
is about 6.70 h under a 6 kg tensile load in air at 900 °C.

Fig. 1 Schematic diagram of the oxidation test appliance in air for mini-composites
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3 Modeling and Analysis

3.1 Axial Tensile Strength Distribution Simulation of SiC Fibers

The tensile strength of mini-composites is primarily determined by the strength of fibers. So the
strength model of SiC fibers plays an important role in modeling the failure of SiC/SiC mini-
composites. The tensile strength distribution of SiC fibers at room temperature is shown in Fig.
2 [17]. The tensile strength disparities are mainly caused by different defects along fibers such
as micro cracks, voids, inclusions, disordered SiC crystal arrangement, etc. Moreover, due to
the damages induced by preparation process and mechanical performance degradation caused
by high temperature, the in situ strength of SiC fibers in mini-composites is different from the
original SiC fibers. The effects of preparation process and high temperature are assumed to
change the strength values only without changing the strength distribution form of SiC fibers
[18]. Thus the in situ tensile strength of SiC fibers can be estimated by the following equation,

σin situ ¼ β1β2σori ð1Þ

where σin situ represents the in situ tensile strength of SiC fibers in mini-composites at high
temperatures, σori denotes the tensile strength of SiC fibers at room temperature, β1 and β2 are
coefficients represent the effects of preparation process and high temperature degradation
respectively. β1 is defined as,

β1 ¼ σHT=σRT ð2Þ

where σHT and σRT are the average tensile strength of SiC fibers at high temperature and room
temperature respectively. The average tensile strength of SiC fibers at room temperature is
1.29 GPa, and the average tensile strength of SiC fibers at high temperature (900 °C) is
1.02 GPa [17]. It was reported that the mechanical properties of SiC fibers decrease by 50%
after the preparation process of mini-composites [19], that is, the value of β2 is 0.5.

In this paper, the fiber strength probability model (FSPM) is utilized to calculate the fiber
failure probabilities (X. Gao, S. Zhang and Y. Song, In situ strength model for continuous
fibers and multi-scale modeling the fracture of C/SiC minicomposite under tensile loading,
manuscript submitted). The FSPM classifies defects based on in situ strength of fibers and
assumes that defects appear randomly along fibers. Based on the framework of FSPM, the
fiber failure probability caused by the jth defect can be expressed as,

Pj ¼ 1− 1−P Aj
� �� �△l=L ð3Þ

where P(Aj) is the probability of j
th defect in SiC fiber with a length of L,Δl denotes the length

of each discrete SiC fiber elements.
P(Aj) can be estimated by the following equations,

P A1ð Þ ¼ P B1ð Þ ð4Þ

P Aj
� � ¼ P Bj

� �
= ∏

j−1

k¼1
1−P Akð Þ½ � j ¼ 1; 2;⋯; nð Þ ð5Þ

P Bj
� � ¼ c j=NL j ¼ 1; 2;⋯; nð Þ ð6Þ
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where NL is the total number of fibers in SiC/SiC mini-composites with a length of L, cj is the
number of fibers with a tensile strength of σj.

In this paper, P(Bj) can be obtained directly based on the data showed in Fig. 2. The length
of SiC fiber is set to 200 mm which is consistent with the SiC fiber tensile strength distribution
tests. The length of each discrete SiC fiber elements is set to 25 μm.

The tensile strength of every SiC fiber element was determined by critical possibility factor
η and Pj in this paper. The critical possibility factor η range from 0 to 1 and was derived from
Monte Carlo simulation. If η is less than or equal to Pj, the jth defect appears in SiC fiber
elementΔl. The strength of SiC fiber element is expressed as σΔl and is equal to the minimum
strength caused by certain defects in the SiC fiber element. The tensile strength distribution of
SiC fibers can be achieved by repeating the above procedures in different Δl along the fiber

Fig. 3 Examples of simulated SiC fiber axial tensile strength distribution at 900 °C

Fig. 2 Tensile strength distribution of SiC fibers at room temperature
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direction. Examples of the simulated results are illustrated in Fig. 3. The results show that most
SiC fiber elements have a relatively high strength while some parts of SiC fiber elements have
a very low strength. The minimum strength among all the elements in the same SiC fiber is the
failure strength of the fiber. In real SiC fibers, most defects have little impact on the strength of
SiC fibers except some serious defects which will lead to a low fracture stress of SiC fibers.
Therefore, the results correspond well with the reality.

3.2 Effects of Fiber Arrangement on Fiber Stress Distribution

Fibers in actual mini-composites are not strictly parallel to the axial direction which would lead
to a non-uniform stress distribution along fibers. Furthermore, the non-uniform stress distri-
bution will cause uneven oxidation process in mini-composites. So if the stress distribution is
severe non-uniform, the actual fiber arrangement must be considered in modeling process.
However, modeling the actual fiber distribution in mini-composites will increase the workload
and computing time largely. Thus, it is important to evaluate the necessity of applying the real
fiber distribution in finite element models.

In this paper, a finite element model with real fiber distribution was established. The model
contains 15 representative fibers in which 10 fibers are completely parallel to the axial
direction, 3 fibers are oblique and 2 fibers are bend (see Fig. 4). The representative geometrical
model of SiC/SiC mini-composites with the mentioned fiber arrangement and a prepared
matrix crack is shown in Fig. 5. The axial length of the model is equal to the distance between
two adjacent matrix cracks (500 μm). The oxidation length of PyC interphase in the model is
35 μm. The fiber radius is 6 μm and the surface is deposited with a PyC interphase with a
thickness of 1.5 μm uniformly.

It is hard to measure matrix crack opening distance directly under high temperature
environment, so the matrix crack opening distance showed in Fig. 5 was calculated by the
following equation [20],

LHT Tð Þ ¼ LRT 1−
T
T0

� �
ð7Þ

Fig. 4 Representative fiber distribution in mini-composites
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where LHT(T) is the matrix crack opening distance at temperature T, LRT represents the matrix
crack opening distance at room temperature. T0 denotes the matrix crack closure temperature.
In this paper LRT is 16 μm, T0 is 1200 °C. By Eq. (7), the matrix crack opening distance at
900 °C is 4 μm.

The representative model of SiC/SiC mini-composites was loaded with a constant stress
of 108 MPa which corresponds with the experiment load 6 kg. The average tensile stress of
fiber cross sections was used to represent the equivalent stress of the cross section. The
equivalent stresses along axial direction of mini-composites were extracted and plotted in
Fig. 6.

Figure 6 shows that the 15 fibers have the same axial equivalent stress distribution
pattern. However, the axial equivalent stress in the same axial location varies between

Fig. 5 Representative geometrical model of SiC/SiC mini-composites

Fig. 6 Axial equivalent stress distribution of the 15 fibers in the representative model
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different fibers due to the uneven fiber arrangement. In addition, the fiber axial equivalent
stress increases steeply on account of matrix cracks and PyC interphase oxidation. The
maximum axial equivalent stress appears in the middle of the model which is consistent
with the reality.

To assess the heterogeneous stresses in different fibers quantitatively, the coefficient of
variation was employed. The expression of coefficient of variation (CV) was given as
follows,

CV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n
∑
n

i¼1
σi−

1

n
∑
n

i¼1
σi

� �2
s

=
1

n
∑
n

i¼1
σi ð8Þ

where σi is the axial equivalent stress in fiber i, n is the amount of fibers.
Figure 7 depicts the CV curve of fiber axial equivalent stress in the representative model. It

can be found that every data point is lower than 10% which indicates that the actual uneven
fiber arrangement does not introduce much non-uniformity. Therefore, the uneven fiber
arrangement can be neglected. The simplified finite element model was developed in the next
section.

3.3 Simplified Fiber Stress Distribution Calculation Model

As discussed in the previous section, the irregular fiber arrangement in real mini-
composites has limited effects on the fiber stress distribution. Hence, a simplified finite
element model contains single SiC fiber was developed in this section to reduce the
modeling complexity and computing cost. The schematic diagram of the simplified geom-
etry model was illustrated in Fig. 8.

In the simplified model, the interfacial thickness and the fiber radius are the same as the
representative geometrical model of SiC/SiC mini-composites illustrated in Fig. 5. The
thickness of silicon carbide matrix was calculated by volume fraction. LSM is the length of

Fig. 7 Coefficient of variation of fiber axial equivalent stress
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the simplifiedmodel which is equal to the space between two neighboringmatrix cracks. LHT
is the matrix crack opening distance at temperature Twhich can be obtained by Eq. (7). The
PyC interphasewas exposed to high temperature air due tomatrix cracks. Thus the interphase
around thematrix crack disappears gradually due to oxidation. The PyC interphase oxidation
length is denoted as LIO. The relationship between oxidation length and time can be
expressed as [21],

LIO ¼ k0exp −EI
a=RT

� � Pair f O2
MI

C

RTρIC
t ð9Þ

where R is the gas constant, T is the oxidation temperature, Pair denotes the pressure of high
temperature air, f o2 is the fraction of oxygen in the air, k0 represents the exponential factor,

EI
a is the activation energy for the oxidation reaction, t indicates the oxidation time, ρIC and

MI
C are the density and molar mass of the PyC interphase respectively. The oxidation

dynamic parameters are listed in Table 1.
The numerical results (see Fig. 9) shows that the simplified model gives the same fiber axial

stress distribution compared well with the representative SiC/SiC mini-composites model
which validated the equivalency of simplification. Furthermore, Fig. 9 indicates that the
growth of oxidation length enlarged the overall stress level of the fibers which would boost
the failure possibility of the fibers.

Fig. 8 Profile diagram of the simplified geometry model

Table 1 Oxidation dynamic parameters

EI
a kJ=molð Þ ρIC kg=m3ð Þ MI

C kg=molð Þ k0(s
−1) Pair(Pa) f o2

118.3 2267 0.012 0.23 101,300 0.21
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3.4 Failure Simulation Algorithm for SiC/SiC Mini-Composites with PyC
Interphase

In mini-composites, the strength distribution varies among different fibers. The fibers
with low fracture strength fail first and lead to stress re-distribution among residual
fibers. To be exact, the failed fibers increase the stress levels of intact fibers under a
constant external force. After the stress re-distribution, the residual fibers which satisfy
the failure condition fail subsequently. The new failed fibers lead to another stress re-
distribution process. The above process repeats till all fibers in mini-composites failed.
In this paper, the failure process of mini-composites was simulated by integrating
simplified fiber stress distribution calculation model with the fiber tensile strength
distribution simulation method in an iterative algorithm. The failure simulation proce-
dure is shown in Fig. 10.

In this simulation framework, the PyC interphase oxidation length LIO was obtained firstly
by the given oxidation time t and Eq. (9). The applied stress on the simplified finite element
model was the nominal stress caused by fiber stress re-distribution effect. The fiber axial stress
distribution was obtained from the finite element results subsequently. The applied nominal
stress under a constant external force was expressed as,

σn ¼ σ0
1000

1000−m
ð10Þ

where σ0 is the initial external load and m is the number of failed fibers.
The fiber strength distribution of the 1000 fibers in the mini-composites was generated by

fiber strength probability model and Monte Carlo method. In the simulation procedure, the
fiber axial stress distribution was compared with the fiber strength distribution point-by-point.
If the fiber fracture strength is lower than the fiber axial stress, it means that the fiber ruptures
at that location. Otherwise, no failure appears. Fig. 11 shows two examples of the comparison
results, Fig. 11a is the non-fracture situation and Fig. 11b is the case of fiber fracture.

Fig. 9 Fiber axial stress distribution in different oxidation length
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Fig. 12 depicts the enlarged view of the fiber fracture location to give a more clearly view of
the results.

The parameter m was used to record the amount of failed fibers. If m < 1000 in one
oxidation step, it indicates that the mini-composites do not fail. Thus the process continues
to move to the next oxidation step that is t = t + Δt. If m ≥ 1000, it means that all fibers
ruptured at this step, that is, the mini-composites failed. Besides, the final oxidation time t
is regarded as the oxidation life of the mini-composites under the given load and
temperature.

Fig. 10 Flowchart of failure simulation algorithm for SiC/SiC mini-composites with PyC interphase
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The simulated failure process is illustrated in Fig. 13. It shows that the fiber failure
amount increases linearly at the beginning. As the oxidation process goes on, the fiber
failure process speeds up dramatically. All of the 1000 fibers failed completely after 6.07 h
at a 6 kg tensile load in air at 900 °C. The simulated oxidation life of the SiC/SiC mini-
composites is 9.40% smaller than that of the experiment results (6.70 h). Therefore, the
method developed in this paper is capable of simulating the failure process of SiC/SiC mini-
composites under a constant tensile load in air oxidizing environments at high temperatures
with an acceptable accuracy.

4 Conclusions

In the present study, the SiC fiber tensile strength distribution in SiC/SiC mini-composites was
obtained by the fiber strength probability model and Monte Carlo simulation. The results
correspond well with the reality.

Fig. 11 Examples of simulated results: a non-fracture situation, b fiber fracture situation

Fig. 12 Enlarged view of fiber fracture location
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The numerical results of the representative mini-composites model containing real fiber
arrangement shows that the effects of fiber arrangement on fiber stress distribution can be
neglected. The simplified fiber stress calculation model is feasible to generate the reasonable
fiber axial stress distribution.

By incorporating the simplified fiber stress distribution calculation model and fiber tensile
strength distribution in the proposed iterative algorithm, the failure process of SiC/SiC mini-
composites with PyC interphase under a constant load in air oxidizing environments at high
temperatures was simulated successfully. The numerical results illustrated the failure rate
change during the failure process. Moreover, the method gives a very reasonable results with
an error of −9.40% compared with the experimental data.
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