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kinetics model of 1D-5iC/C/SiC composites, which gives the silica thickness

© Springer Science+Business  profiles along the matrix cracks and the annular pores, the length of carbon

Media, LLC, part of Springer ~ interface consumed by oxidation. Based upon the length of carbon interface

Nature 2019 consumed by oxidation and the silica thickness profile on the fiber surface, the
fiber stress distribution and the residual tensile strength of fibers are calculated.
The probability of failure of the fibers is obtained considering the fiber stress
distribution and residual tensile strength of fibers. Combining the probability of
failure of the fibers with the matrix cracking model, the residual tensile strength
is calculated. The predicted values agree well with the residual strength derived
from the oxidation experiments. This indicates the reliability of the analytical
model.

Introduction to their high specific strength/modulus, oxidation

resistance and stability at high temperatures [1-4].
Silicon carbide fibers-reinforced silicon carbide PyroCarbon (PyC), because of its strong anisotropy in
matrix (SiC¢/SiC) composites exhibit a variety of properties and microstructure, as well as the fact that
performance advantages for use as high-temperature it serves to protect the fibers during processing, was
structural materials in aerospace engine systems due
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thought to be the best interface material for SiC/SiC
in terms of its mechanical behavior [5-7].

Matrix cracking occurs during initial application of
a tensile stress [8]. The cracks in the matrix allow the
ingress of oxidizing species (oxygen) into the interior
of SiC/C/SiC composites for oxygen diffusing in
oxidizing atmosphere [9]. The carbon interface is
readily oxidized at temperatures as low as 500 °C
with formation of gaseous oxides [10]. The SiC fibers
and matrix may undergo passive oxidation at high
temperature (> 900 °C) in the atmosphere of high
oxygen pressures with formation of gaseous and
solid oxides [11].

The oxidation of carbon interface creates tubular
channels between the SiC fibers and matrix [12, 13],
whose silicon carbide surfaces also oxidize, leading to
the creation of silica. This oxidation mechanism
(sometimes called “pipeline oxidation”) has been
already observed in 1D-SiC/C/SiC composites [14].
For longer oxidation times and/or higher tempera-
tures, the silica created on the surfaces exposed to
oxygen tends to fill up the tubular channels and then
to stop the diffusion of oxygen and the oxidation of
carbon [12]. Meanwhile, the oxidation of these con-
stituents of SiC/C/SiC composites leads to the
change in weight [15, 16]. Ludovic Filipuzzi et al. [10]
have already modeled the oxidation kinetics of 1D-
5iC/C/SiC composites under nonstress condition in
dry oxygen environment and given the changes in
oxygen concentration profile along the annular pore,
the variations of carbon interface length consumed by
oxidation, the variations of the relative weight change
of the composite. The variation in carbon interface
length was validated by the resistance measurement
of the composite, and the variation in the relative
weight change was validated by the TGA under
flowing dry oxygen [14]. However, the model did not
take into account the fact that the matrix cracks are
main channels of oxygen diffusion in stressed oxi-
dizing environments. Although the sealing of annu-
lar pore of the composite with a thin carbon interface
was reported, the model could not take into the clo-
sure of matrix cracks due to reaction with walls or the
resulting change in the crack width.

On the other hand, the oxidation of carbon inter-
face and SiC fibers causes the degradation of
fiber/matrix interface and fiber's properties and
changes the stress distribution in the bulk composite
system [17, 18], which leads to a severe decrease in
ultimate strength and toughness of the composite
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[19]. Morscher et al. [20] found that severe degrada-
tion in tensile strength of SiC/C/SiC minicomposites
in air oxidizing environment at temperatures in the
range of 700-950 °C was due to degradation of the
SiC fiber properties. When exposed to oxidizing
environments at intermediate = temperatures
(700-900 °C), they can exhibit severe embrittlement
and fracture at stresses that are well below their
ultimate strength in the pristine state [21-24]. This
embrittlement is absent (or proceeds slowly) at both
lower and higher temperatures [25]. Pailler et al. [9]
proposed a micromechanics-based model of the
thermomechanical behavior of SiC/C/SiC minicom-
posites and modeled the deformation under a con-
stant load in air oxidizing environment at
temperatures in the range of 600-800 °C. Casas et al.
[26] developed a creep oxidation model for woven
SiC/C/SiC composites considering the oxidation of
interface and matrix, the creep of the fibers and the
degradation of the mechanical properties of the fibers
with time at high temperature and predicted the
strain versus time under different tensile stress levels
at 1000 °C and 1100 °C. Yu et al. [27] modeled the
failure process and oxidation life of SiC/C/SiC
minicomposites in air oxidizing environments under
a tensile load at 900 °C. However, these models could
not be used to simulate the residual tensile strength
of SiC/C/SiC minicomposites in stressed oxidizing
environments. Therefore, the numerical modeling
study for SiC/SiC composites with carbon interface
was still insufficient,which would largely hinder the
application of SiC/SiC components.

In this paper, a new oxidation kinetics model of
S5iC/C/SiC minicomposites with matrix cracks was
established. The silica thickness profiles along the
inner wall of matrix crack and the annular pore, the
length of carbon interface consumed by oxidation
were derived from the oxidation kinetics model.
Then, the stress profile along the fibers including the
matrix crack width was firstly derived. The
assumption of linear decrease in the thickness of
oxide layer along the annular pore was proposed.
The residual tensile strength of SiC fibers was cal-
culated based on the assumption. The probability of
failure of fibers was obtained according to the stress
profile along the fibers and tensile strength change of
SiC fibers. Finally, the residual tensile strength of
SiC/C/SiC minicomposites in stressed oxidizing
environments was calculated combining the proba-
bility of failure of fibers with the matrix cracking
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model, which agrees well with the experimental
results.

Oxidation kinetics model

Filipuzzi et al. [10] proposed an oxidation kinetics
model of SiC/C/SiC minicomposites in nonstress
oxidizing environments, which is based upon the
hypothesis that there is no matrix crack in the mini-
composite and oxygen enters the interior to react
with SiC fibers, carbon interface and SiC matrix from
both ends of the minicomposite. In addition, the
model was considered as an axisymmetrical assem-
bly of (1) one single straight fiber (assumed to be of
constant diameter 2ry,), (2) a layer of carbon interface
with a constant thickness e, (3) a shell of dense SiC
matrix with a constant thickness 7, —r,,0 and (4) a
“shell of porosity” taking into account the occurrence
of the open porosity (Fig. 1). However, when the
SiC/C/SiC minicomposites are subjected to a con-
stant tensile stress level higher than the matrix
cracking stress, a distribution of approximately par-
allel cracks perpendicular to the loading direction
appears in the matrix, which is shown schematically
in Fig. 1 [26]. Oxygen diffuses into the interior of the
minicomposites mainly from the matrix cracks in
stressed oxidizing environments, and the oxidation
kinetics model derived by Ludovic Filipuzzi et al.
[10] is not suitable to describe the diffusion process of
oxygen in the matrix cracks and the change in inter-
nal morphology by oxidation. Thus, the oxidation
kinetics model of SiC/C/SiC minicomposites appli-
cable for stressed oxidizing environments is firstly
proposed by incorporating the distribution of matrix
cracks in the model of SiC/C/SiC minicomposites
derived by Ludovic Filipuzzi et al. [10].

Matrix Cracks Interface
Fiber
l/ _____ ——= — Y
!
— :( U=
\\ S— S— —— L) {
I Matrix

Porosity

Figure 1 Model of SiC/SiC minicomposite.

@ Springer

J Mater Sci (2020) 55:3388-3407

Random cracking of matrix

The process of matrix crack formation and evolution
are constituted by a large number of random events.
In this paper, the Monte Carlo method which was
described by Sun et al. [28] was used to simulate the
matrix random cracking. The variations in the initial
matrix crack density change as a function of tensile
stress level for a SiC/C/SiC minicomposite, which is
shown in Fig. 2.

As depicted from Fig. 2, the matrix crack density
increases with the tensile stress level. The matrix first
cracks very slow when the tensile stress level is lower
than 100 MPa, and the cracking then becomes very
rapid in 100-200 MPa. The matrix crack density
becomes gradually saturated after the stress level is
greater than 200 MPa.

Matrix crack width versus temperature
and stress

According to Lamouroux’s research [29], the matrix
crack width of ceramic matrix composites is closely
related to ambient temperature. The matrix crack
width of SiC/SiC minicomposite versus applied
tensile stress level was measured by Chateau et al.
[30] in SEM tensile test. The experimental curve
shows the matrix width increases versus the tensile
stress level. The relationship between matrix crack
width and temperature, tensile stress level used in
this paper was derived by Sun et al. [31] in Eq. (1):
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Figure 2 Initial matrix crack density versus stress.
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where Ty is the room temperature, dy denotes the
matrix crack width at Ty, AT is the temperature dif-
ference between ambient temperature and room
temperature, Er is the Young’s modulus of fiber, V}, is
the volume fraction of matrix, oy, or are the linear
thermal expansion coefficients of matrix and fiber
and o is the tensile stress applied to the both ends of
the minicomposite.

Combining the experimental data of matrix crack
opening measured by Chateau et al. [30], the varia-
tions in matrix crack width as a function of temper-
ature and tensile stress are shown in Fig. 3. It is
clearly shown in Fig. 3 that the matrix crack width
decreases with the increase in temperature and
increases with the increase in tensile stress level
before an exposure to an oxidizing atmosphere.

Oxidation of the internal porosity: model
and boundary conditions

Hypotheses

The chemical reactions between the reactant and the
three material components (the fibers, the interface
and the matrix) are assumed to be irreversible and to
take place at constant temperature and pressure. It is
further assumed that (1) the concentration is constant
in a given cross section of the annular pore (no radial
gradients), (2) the mass transfers outside the annular
pore are fast with respect to those occurring inside
and (3) mass transfers by convection in the annular
pore are neglected [10].

Matrix crack width e/um
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Figure 3 Initial matrix crack width versus temperature and stress.
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Chemical reactions

The oxidation of carbon in an atmosphere of oxygen
results in the formation of gaseous carbon oxides,
according to

2C + O, = 2CO 2)

The oxidation of silicon carbide may be depicted by
the following equation:

SiC + 202 — Si0, + CO (3)

In the oxidation of the three components of the
material, it is assumed that the gaseous product is
CO. In the following, the calculations have been
performed taking into account Egs. (2) and (3) in
order to involve the O,/CO [10].

Oxidation kinetics equations

The diffusion of oxygen in the internal porosity of
composite may be divided into two stages. In Stage I,
oxygen diffuses in matrix crack and diffuses in
annular pore resulting from the oxidation of carbon
interface in Stage II. In the process of oxygen diffu-
sion, the matrix crack and annular pore will become
progressively filled with silica as the oxidation of
walls of matrix crack and annular pore proceeds. As
the oxidation time extends, the matrix crack and
annular pore will be sealed by the silica layers and
the process of sealing is shown in Fig. 4. The process
can be divided into four cases; firstly, oxygen enters
into the interior of the minicomposite and reacts with
the PyC interface due to its high reaction rate at ele-
vated temperature, which causes the removal of the
PyC interface. At the same time, the oxidation of the
walls of matrix cracks and annular pore occurs,
which makes the SiC into SiO, The conversion
decreases the width of matrix crack and annular pore.
With the increase in time, the sealing of matrix cracks
and annular pore by the silica layers occurs. The
sequence of sealing depends on (1) the matrix crack
width and the thickness of interface and (2) the rate of
oxidation of SiC fibers and matrix.

Stage I Let us consider two cross sections of the
matrix crack at z and z + dz, which are shown in
Fig. 5. According to the law of mass conservation, the
conservation equation of the number of moles of O,
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SUVEES

(3) Sealing of annular pore

(4) Sealing of matrix crack

(2) SiC oxidation

Figure 4 Geometric morphology change of matrix crack and
annular pore.

diffusing across the slice of material of thickness dz
during dtf can be written as

5(z)No,(z) — Ro,(z)dz = S(z 4+ dz)No,(z + dz) 4)

where 5(z) is the area of the matrix crack cross section
at z and Ro,(z) in molm~! s7! is the number of moles
of O, consumed by reaction with the matrix crack
walls per unit length. If dz tends toward zero, Eq. (6)
can be rewritten as

d(SNo,)

dz

where No,, the absolute molar flux of O,, is given by

+R02 =0 (5)

Figure 5 Details of the
minicomposite after an
exposure to a stressed
oxidizing environment.
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_ -DCy dCo, (6)
CO — Coz(l — OC) dz

where Cj is the total concentration, o is the ratio

between the molar fluxes of O, and CO,/CO, D; is an

effective diffusion coefficient of O, taking into

account the molecular diffusion regime and the

Knudsen diffusion, which is defined as

No,

Dy =Dy + Dy, (7)

where Dy is the binary diffusion coefficient (diffu-
sion of O, in CO or CO in O,) in the molecular
regime, which has been calculated according to a
simplified expression proposed by Fuller et al. [32]:

0.00143T"75

= 12 s
2
P <MO; +MC(1)> [(ZV)o,

where P is the gas pressure, T is the ambient tem-
perature, Mo, and Mco are the molar masses of the
gaseous species O, and CO, (Zy),, and (2y)c are the

Dwm (8)

1/342
+ (2]

diffusion volumes of the molecules O, and CO if the
gaseous carbon oxide is CO, Dk, is the Knudsen
diffusion coefficient in matrix crack (the deriving
process is in “Appendix”), which can be written as

8R,T\ "2
<nM02> (2d — 2hy)

2
l)K1 :g

©)

where R, is the universal gas constant, d is half of the
initial matrix crack width before oxidation and hy, is

Open initial pore

Fiber center line
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the thickness of silica scale on the matrix. The rate of
growth of the silica layers on the matrix can be
written as

dhn(t) B (%),,

dt  2hy(t)
where B}, and C* are the parabolic rate constant for
SiC matrix and oxygen concentration at P = 100 kPa
in pure oxygen, respectively, Co, is the oxygen con-
centration in the internal porosity of composite and
Pm is oxygen concentration exponent for SiC matrix.
S(z) can be written as

S(z) = 2n(r, — z)(2d — 2h}) (11)

(10)

where h! is the thickness of expansion of oxide layer
on the wall of matrix cracks, which can be expressed
as

= (12)

where vy, is the volume expansion ratio of SiC matrix,
which is given by

_ My /My

13
Ps/ Pm (13)

Vm
where M, and M,, are the molar mass of silica and
SiC matrix, respectively, p, and p,, are the densities of
silica and SiC matrix, respectively.

Ro, denotes the number of moles of A, which is con-
sumed by reaction with the matrix crack wall at ¢ during
dt and per unit length, which can be expressed as

Pm
28m(r — 2)0Biu ()
O, = Mshm ( 14)

where g, is the number of moles of O, necessary to
form 1 mol of silica during oxidation of SiC matrix.

Combining Egs. (7), (8), (9) and (14), the differen-
tial equation at each time ¢ is

% {2(1’, —z)(2d — 21} (z,1))

" C Pm
281 — 2)p.Bi ()
Mhy,

—D1Cy  dCo,
Co — C02(1 - OC) dz

+
=0

(15)

All of the second-order terms, i.e., dhy,/dz, dD;/dz
and do/dz, are taken into account in the resolution
procedure.
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Stage Il Similar to Stage I, two cross sections of the
matrix crack at x and x + dx were considered, which
are shown in Fig. 5. The area of the annular pore
cross section can be written as

S@) = (2 - 1?) (16)

The differential equation at time ¢ is
-D,C dC
dli2 - 2C0o 02
dx [(Vm rf) Co — Coz(1 - O() dx :|
« (Co,\Pm « (Co, \ P
grmpBu () gimep B ()

2Mh,, 2Mh¢
=0 (17)

where D, is an effective diffusion coefficient of O, in
annular pore, which can be written as

D;' =Dy + Dy} (18)

where Dy, is the Knudsen diffusion coefficient in
annular pore, which is given by [10]

2 (8R,T\"?
D=3 () (=m0 (19

gr is the number of moles of O, necessary to form
1 mol of silica during oxidation of SiC fiber, Bf and py
are the parabolic rate constant and oxygen concen-
tration exponent for SiC Matrix, respectively, and k¢
is the thickness of silica scale on the SiC fiber. The
rate of growth of the silica layers on the fiber can be
written as

ap(]  Bi(2)"

= 2
at 2 () (20)
Boundary conditions
The boundary conditions are given by
1. At the top of matrix crack (z = 0), with
COz =Co (21)
2. At the end of interfacial oxidation, with
—D,Cy dCo, — K.Co, (22)

Co—Co,(1 —0a) dz

The oxidation rate of the carbon interface at t is
given by
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d(h) _ M. (dCo, =
dt 0Dl Pe < dz >1,AC0 + (1= a)Co, ()’

(23)

where b is the number of moles of carbon oxi-
dized per mole of O, and M, and p, are the molar
mass and density of carbon, respectively.

3. At the bottom of matrix crack (z = r; — #,0,x = 0),
it is assumed that there is no consumption of
oxygen at this region where the number of moles
of oxygen entering the bottom of matrix crack is
equal to that entering the two entrances of the
annular pore (Fig. 5), with

SZLNOZZ = ZSXONOZX (24)

where S,; and S,y are the area of the bottom of
matrix crack and the entrance of the annular pore,
respectively. Combining Egs. (9) and (24),
Eq. (24) can be rewritten as

“DiC dC
2n(r; — 2) (zd - zh}n(t)) oo col ( 2 3 2
2
DGy dC
(2 2 2Co 0,
—7t(7’m rf) Co—Coz(l —OC) dx
(25)

Numerical solution

The classical Runge-Kutta algorithm was used to
solve Egs. (20) to (25), (13), (15), (17) based on the
known boundary conditions. The second-order dif-
ferential Eqgs. (15) and (17) were converted into first-

order differential equations by changing dgzz, dg;)z to

p,q and making p = %,q' = ddisz. The length of

matrix crack and annular pore was divided evenly
into 100 grids. The time step was set to 1 s.

The results of the calculations were expressed as (1)
the silica thickness profiles, along the matrix crack
and annular pore, for each time ¢ in stressed oxidiz-
ing environment and (2) the length of carbon con-
sumed by oxidation at each time .

The oxidation of the open initial pore has a great
effect on the mass variation of SiC matrix, but it has
almost no effect on the oxidation of SiC fibers and C
interface [10]. Thus, the oxidation of the open initial
pore was not taken into account in the present model.
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Model of residual strength of SiC/C/SiC
minicomposites

Consider an ideal unidirectional SiC/SiC composite,
and the fibers are assumed to be coated with a carbon
layer, which is shown in Fig. 1. The composite is
subjected to a constant tensile stress,o, at high tem-
perature. When the applied stress is higher than the
matrix cracking stress, a distribution of approxi-
mately parallel cracks perpendicular to the loading
direction appears in the matrix [26]. The matrix crack
density and width versus temperature and tensile
stress, which are shown in Figs.2 and 3, were
adopted to describe the fiber stress distribution.
According to Curtin’s research [33], the average dis-
tribution of matrix cracks in the model has a little
effect on the accuracy of predicted tensile strength.
Thus, the matrix cracks are assumed to be equally
spaced at a distance L. and a characteristic element
including a single fiber and surrounding matrix
between adjacent cracks is selected to analyze the
fiber stress distribution, which is shown in Fig. 6. The
fiber stress distribution under stressed oxidizing
environment has been studied in the past two dec-
ades [9, 26, 34, 35]; however, these studies did not
take the fiber stress distribution corresponding to the
matrix crack width. In this paper, the fiber stress
distribution corresponding to the matrix crack width
was firstly derived. Lara-Curzio [36] studied the
relationship of the residual strength of SiC fibers
under oxidizing environment with the thickness of
the oxide layer. The distribution of the thickness of
the oxide layer is not the same. In this paper, the
assumption of the linear decrease in the thickness of
the oxide layer along the annular pore was proposed.
Based on this assumption and the equation derived
by Lara-Curzio [36], the residual strength of SiC
fibers under oxidizing environment was calculated.
The fiber stress distribution and residual strength of
SiC fibers were brought into the equation derived by
Casas et al. [26] to calculate the probability of failure
of the fibers. In this process, the section integration of
the probability of failure of the fibers considering the
fiber stress distribution in the matrix crack was
derived in this paper. Combining the probability of
failure of the fibers with the matrix cracking model
proposed by Curtin [37], the residual strength of SiC/
SiC minicomposites in stressed oxidizing environ-
ment was calculated.
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Fiber stress distribution After matrix cracking, the axial stress in the fiber will
increase in the crack plane to support the entire stress
There are four different forms in the fiber stress dis- of the composite. Away from the matrix crack plane,
tribution during the high-temperature stress-oxida-  the fiber stress decreases and satisfies the following

tion process of composite, which is shown in Fig. 6. equation [26]
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da’,cc 2
P —ax (26)

where ry, is the fiber radius, 7 is the interfacial shear
stress and x represents the axial distance to the matrix
crack plane.

Case 1

When the composite is subjected to a tensile load
before an exposure to an oxidizing atmosphere, the
stress distribution along the fiber, which is shown in
Case I of Fig. 6, can be expressed as

=, x € (0,d)
Vi
ok(x) = i—&x, x € (d,d+1q) (27)
Vi 1
Oty s XG(d+ld,LC/2)

where [g is the length of interface debonded region
and oy, denotes the stress in interface bonded region,
which can be expressed as
o

£ (28)

Oty = Ef
where E; and E. are initial elastic modulus of fibers
and composite, respectively.

Case 11

When the composite is exposed to the stressed oxi-
dizing environment for a time, the carbon interface
will be consumed by oxidation, where the stress
distribution along the fiber will be influenced (Case II
of Fig. 6). Due to the existence of the tensile stress, the
interface debonded region still exists. It is assumed
that the interface debonded regions between two
cracks are not overlapped, and the stress distribution
along the fiber can be described by Eq. (31):

ol (x)

H(t), x€(0,d+1;)
21
H(H)[U(x)] - =
= O] rfox xe(d+1l,d+1+1q)
—L(t) —d)[U(x = L(t) —d)],
o, xe(d+1l+14,Le/2)

(29)

where H(t) is the maximum axial stress in the fiber in
the matrix crack plane and U(x—xp) is unit step
function, which is given by
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1 x>x

0 x<xo (30)

U(x —x) = {

Assuming global load sharing conditions, a simple
force balance at the matrix crack plane provides the
relationship between the stress applied to the com-

posite, o, and the maximum axial stress in the fiber,
H(t),

o=V; H(t)(l—@L)-f—:-TT;»QDL (31)
0
where 4 is the average fiber pullout and @ is the
probability of failure of the fibers, which will be
discussed in “Probability of failure of the fibers”
section.
The equilibrium stress in interface bonded region,

’
o;,, can be expressed as

o = E¢o
oo ™ EeVi(1 — &) + EnVi

(32)

At x =d + I, + Iy, there is a simple force balance
between the stress in interface debonded region,

ofx(x), and the stress in interface bonded region, O_/fo'
o+ 1+ 1g) = df, (33)

Combining Egs. (29), (32) and (33), the length of
interface debonded region, I4, can be calculated.

Case 111

When the oxidation time increases, the carbon inter-
face length consumed by oxidation, I, increases
gradually and the overlap of interface debonded
regions between two cracks may occur (Case III of
Fig. 6). The stress distribution along the fiber can be
written as

H(t), x e (0,d+1)
27
o) = ¢ HOMEI ==k G
—d)[U(x — I,(t) — )],
(34)
Case IV

Finally, if the carbon interface in the characteristic
element is consumed completely, the stress in the
fiber, o¢(x), remains unchanged as the maximum
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axial stress in the fiber in the matrix crack plane, H(t),
which is shown in Case IV of Fig. 6.

Residual strength of fibers

While the carbon interface is consumed by oxidation,
the SiC fibers are oxidized by oxygen in stressed
oxidizing environments, and the oxidized product,
silica, will adhere to the surface of the fibers to form
oxide layers [38], which is shown in Fig. 7a. Due to
the existence of oxide layers, the fiber strength
decreases. Gogotsi et al. [18] showed that the strength
of SiC fibers is inversely proportional to the square
root of the oxide layer thickness on the surface of the
fibers. From the standpoint of fracture mechanics, the
relationship between fiber toughness, Kic, and fiber
strength, oy, is given by [36]

Kic = YoV (35)

where Y is a shape factor and ¢ is the defect size,
which is the thickness of SiC fibers consumed by
oxidation and is proportional to the thickness of the
oxide layers. It is assumed that the strength of the
fibers, o, remains constant until the oxide layer
becomes larger than the critical defect size, a. The
critical defect size can be written as [36]

Kic’
a= |- 36
(<) (36)
where ¢y is the initial tensile strength of the fiber. It is
assumed that the fiber toughness remains constant
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and the shape factor does not vary significantly with
the defect size [18, 26, 34]. Then, the fiber strength can
be rewritten as

0<a

=1 g o @)
{\/5\/_ 5>

The residual strength of Nicalon fibers versus
defect size is depicted in Fig. 7b.

In the present model, the oxide layer on the surface
of fiber along fiber can be divided into two parts: (1)
the oxide layer in the matrix crack and (2) the oxide
layer in the interface consumption region.

Due to the difference in oxygen concentration
along the annular pore, the thickness of oxide layer
along the fiber is different. The thickness of oxide
layer in the matrix crack is the largest, while that in
the interface consumption region decreases along the
annular pore. It is assumed that the thickness of oxide
layer at the carbon interface is equal to zero, which is
shown in Fig. 8a. Based on the calculated results of
the oxide layer in the matrix crack, hfiy, the defect
size in the matrix crack, 6(d), can be expressed as

da(t) = ifin () (38)

Ve

where v; is the volume expansion ratio of SiC fiber,
which is given by

v = les/MSiX1C.‘/1 0z (39)

Ps Psi,, ), 0,

where Si,,C, O, is the chemical formula for SiC fiber,
Ms;, c, 0., is the molar mass of SiC fiber and Psi, c,, 0.,

is the density of SiC fiber.

After a short exposure to stressed oxidizing atmo-
sphere for the composite, the thickness of oxide layer
on the fiber surface in the matrix crack, 6(d), is less
than the critical defect size, a. Thus, the fiber strength
in the oxidation section of fiber can be expressed as

or(x,t) =ar x€(0,d+1) (40)

When the thickness of oxide layer on the fiber
surface in the matrix crack is greater than the critical
defect size, the loss of fiber strength occurs. It is
assumed that the defect size decreases linearly along
the annular pore, which is given by
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Figure 8 Schematic of details

of oxidation of interface and (b)
fibers.
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3(x,t) = L (t) (41) dq(t)
————=—04(t) xed,d+1)
L) +d—x ar(x, ) = I.(t)
mgd(t) X € (d,d+ C)
Let the distance from the critical defect size to the v p g
center line of matrix crack be {(f), which is shown in ot x€(d+d+Lk)
Fig. 8c, then the fiber strength can be expressed as (42)
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Probability of failure of the fibers

With the increase in oxidation time, the fibers will
break in the stressed oxidizing environment. A two-
parameter Weibull distribution has been used to
describe the strength of the fibers. Then, the proba-
bility of failure of the fibers is given by [26]:

1( o) \"
& =1- exp{— /ng (ag(x,t)> dx} (43)

where L, is the length of integral segment, m is the
Weibull modulus, oy is the characteristic strength for
a fiber with the reference length Iy, which will change
versus oxidation time and location, and the degra-
dation rule of characteristic strength of a fiber is
shown in “Residual strength of fibers” section.

The unit cell, which is shown in Fig. 8a, is dis-
cretized into differential elements of length dx as
illustrated in Fig. 8b. Combining the fiber stress dis-
tribution (“Fiber stress distribution” section) and
Eq. (43), the probability of failure of the fibers can be
rewritten as

2L
qulexp{L—lo(h +12+I3+I4+I5)} (44)
C

where I1, 1,13, 14, I5 can be expressed, respectively, as

L = fg <G()(Hx,t)>mdx
:d<ﬂiﬂ)

)
Z[Zr(t)(m/2+l)—(l (t) — C(t))<m/2+1)} "
- (m + 2)L,(1) ™ ; (mo(t))
I3 = ;:é' mUO(I;CI, t)) dx
— - to)(2)

m
I — d+1+1q OJJ(C dx
T a1

- ™ (HmH — (H - 21l /rfo)m+1)

2t(m + 1)o7
m
15_ Le/2 O{( ) dx

— Jd+l+y

Go(x, f)

(%)

N

Q

= (Le/2 —d —1(t) — la)

Qi
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where &y is the initial characteristic strength of fibers
before an exposure to oxidizing environment. After
Egs. (31), (44), (45) are combined, the probability of
failure of the fibers can be calculated.

Matrix cracking model

SiC/SiC composites become brittle due to oxidation
of the constituents in stressed oxidizing environ-
ments, which leads to the short fiber pullout and the
fact that the breakage of fibers occurs in oxidized part
of fibers [39]. The matrix cracking model, including
the single matrix cracking model and multimatrix
cracking model, was used to calculate the residual
tensile strength of SiC/C/SiC minicomposites [40]. It
is assumed that the multimatrix cracking model can
be used to calculate the residual tensile strength of
the composite of short carbon interface length con-
sumed by oxidation due to an exposure to an oxi-
dizing atmosphere for a short time. When the
unoxidized interface is insufficient to support the
appearance of new matrix crack, which can be
expressed as

(Le/2 =1, —d) <le, (46)

the single matrix cracking model was used to model
the residual tensile strength of the composite, where
l. is the saturated average matrix crack spacing.

Multimatrix cracking model

Multimatrix cracking means that multiple cracks
occur in the matrix during the process of actual ten-
sile test. When the tensile stress level reaches a critical
value, the matrix cracks will be saturated. The
breakage of fibers will occur with the increase in
tensile stress. According to Curtin’s study [37], the
breakage of fibers at the matrix cracks and in the
range of interfacial debonding length is only needed
to be considered for calculation of the probability of
failure of the fibers. The occurrence of matrix cracks
can be divided into two stages: (1) the matrix cracks
occur in the oxidizing environment with a constant
tensile load and (2) the matrix cracks occur in the test
of residual tensile strength at room temperature.
Only the fibers at the matrix cracks, which occur in
the first stage, can be oxidized. Thus, the average
probability of failure of the fibers at the matrix cracks
is given by
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q=§(Po+ D) + (1= )Py (47)
where ¢ is the ratio of the number of matrix cracks in
the first stage to the number of matrix cracks in all the
two stages, which is related to the external tensile
stress level o, @, is the probability of failure of oxi-
dized part of the fibers, which is given by

(m/2+1) (I — C)<m/2+1)}

oct-en{ L (o)
() o))

where S is the maximum axial stress in the fiber for
the test of residual strength of the composite.

&y, is the probability of failure of fibers in the range
of interface debonded length, which is derived by
Curtin et al. as [33]

R N i PR SR
P =1 eXp{ tlo(m + )67 [l <1 Is
(49)

(m+2)1"?

(48)

where [, is the critical length of interface slip.

When the matrix cracks are saturated, the overlap
of interface debonded regions near the cracks will
occur and the number of matrix cracks in the inter-
face debonded regions of any crack can be expressed
as 1+ 2I,/I.. If the breakage of fibers randomly occurs
in the matrix cracks, the average fiber pullout is long
and the stress needed for fiber pullout is large. The
axial stress in the fiber can be expressed as

o 21 2l S
F:m:<l_q(l+1>>s+qzz (50)

By taking a derivative of the maximum axial stress
in the fiber,S, and making the derivative be zero,
dF/dS = 0, the maximum value of S can be obtained.
The residual strength of the composite,o,:, can be
obtained by bringing the maximum value of S into
Eq. (50).

Single matrix cracking model

The single matrix cracking refers to the situation that
the composite only breaks at the matrix cracks under
the external load and the fiber pullout is equal to
zero. When the oxidation time is long, the length of
carbon interface consumed by oxidation is long and
the oxidation of fibers is serious, which makes the
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fracture mode of the composite transform into brittle
fracture. The average probability of failure of fibers
under this fracture mode is given by

p:¢o (51)

The axial stress in the fiber can be expressed as
o

Fevia—ey PP

(52)

The residual strength of the composite can be cal-
culated by adopting the same way as illustrated in
“Multimatrix cracking model” section.

Results and discussion

In this paper, the oxidation kinetics equations were
firstly established.

By solving these equations, the length of carbon
interface consumed by oxidation, the silica thickness
on fiber at interface entrance and the silica thickness
at the top of matrix crack were calculated. Then, the
fiber stress distribution, the fiber residual strength
and the probability of failure of fibers were calcu-
lated. The residual strength of SiC/SiC minicom-
posites was obtained with the matrix cracking model.
The simulation procedure of residual strength of the
composite is shown in Fig. 9.

During this procedure, it is assumed that the oxi-
dation of the SiC fibers and C interface is stopped
when the annular pore sealing or matrix crack sealing
occurs. The variations in the residual tensile strength
after the sealing of annular pore or matrix crack are
not taken into account in the present model.

Characteristic parameters of the oxidation
kinetics model

In the present model, three characteristic parameters
were selected to describe the change in geometry of
the composite such as the length of carbon interface
consumed by oxidation I, the silica thickness on fiber
at interface entrance hfy, and the silica thickness at
the top of matrix crack hiy,, which are shown in
Fig. 8.

The silica thickness at the top of matrix crack was
used to describe the sealing state of matrix cracks,
and the silica thickness on fiber at interface entrance
was used to describe the sealing state of interface.
Using the numerical values listed in Table 1, the
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Figure 9 Simulation procedure of residual strength of the composite.

changes in characteristic parameters as a function of
time at four different temperatures (900 °C, 1000 °C,
1100 °C and 1200 °C) under a constant tensile stress
level (80 MPa, 200 MPa) are shown in Figs. 10, 11
and 12.

As shown in Fig. 10, the silica thickness at the top
of matrix crack, hmm,, shows a parabolic increase
with the increase in time. It clearly appears from
Fig. 10 that the initial slope increases with the
increase in temperature, which indicates that the
growth rate of oxide layer becomes higher when the
temperature increases. This is due to the increase in
oxidation rate between SiC and O, with temperature
increasing.

Conversely, as the oxidation proceeds further, the
reverse phenomenon is observed. As a matter of fact,
when the temperature is raised, the value of sealing
time and that of the silica thickness at the top of

matrix crack both decrease. At low temperatures, the
silica on the matrix crack grows slowly but over a
wide matrix crack, whereas at high temperatures the
oxidation of SiC matrix is rapid but limited to a
narrow matrix crack.

The sealing time under the tensile stress level of
80 MPa is much shorter than that under the tensile
stress level of 200 MPa at the same temperature,
which is also due to the different matrix crack width.
For ¢ = 80 MPa, the matrix cracks are narrower and
oxide layers can seal them in shorter time to prevent
the further diffusion of oxygen in the matrix cracks.
Furthermore, it is clear from the figure that the trend
of the increase in thickness of oxide layer under dif-
ferent stress levels is almost the same, which indi-
cates the stress level has low effect on the oxidation
behavior of SiC matrix and just affects the sealing
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Table 1 Material parameters of the model

J Mater Sci (2020) 55:3388-3407

Parameter Symbol Value Ref.
Fiber radius Tty 7 um [10]
Thickness of carbon interface e 0.1 pm [10]
Energy of activation E. 104.433 kJ mol ™' [41]
Fiber volume fraction Vi 42% [10]
Matrix volume fraction Vi 58%
Gas constant R 8.3145 ) (mol”‘K)f1 [10]
The initial crack width under tensile stress level of 200 Mpa do 0.2 pm [30]
Density of matrix Pm 32x10° kgm™ [10]
Density of fiber P 2.55 x 10° kg m > [10]
Coefficient of thermal expansion for matrix Om 4.6 x 1076 °C™! [42]
Coefficient of thermal expansion for fiber of 3.1-3.5 x 1078 °C~! [42]
Weibull modulus of carbon fibers m 35 [35]
Characteristic strength for a fiber ) 1.8 GPa [35]
Original shear stress of interface T 4 MPa [35]
Reference length Iy 25 mm [35]
Young’s modulus of fiber E¢ 200 GPa [35]
Young’s modulus of matrix En 400 GPa [26]
Ratio of fiber toughness to a shape factor Kic/Y 0.5 MPa m™ %3 [34]
Fiber pullout A 0.37-0.75 mm [39]
| i Matrix Crack Sealing I il ' B 900°C 80MPa
120 |- ¢ 120 ® 1000°C 80MPa
il A 1100°C 80MPa
* 1200°C 80MPa
——900°C 200MPa
80 H  900°C 80MPa ———1000°C 200MPa
® 1000°C 80MPa 1100°C 200MPa
A 1100°C 80MPa 1200°C 200MPa

% 1200°C 80MPa
——900°C 200MPa
———1000°C 200MPa
1100°C 200MPa
1200°C 200MPa
n 1 n 1

N
o

. 1 " I . 1 . 1
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Thickness of Oxide layer at Entrance of Matrix Crack hm_mat /nm

Figure 10 Variations in the calculated silica thickness at the top
of matrix crack.

time of the matrix cracks by controlling the matrix
crack width.

The variations in the thickness of oxide layers on
the surface of SiC fibers at the entrance of annular
pore as a function of time under various stress levels
at different temperatures are shown in Fig. 11. As
expected, the thickness of oxide layers on the surface
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Figure 11 Variations in the thickness of oxide layers on the
surface of SiC fibers at the entrance of the annular pore.

of SiC fibers at the entrance of annular pore, hfiy,
shows a parabolic increase with increase in time,
which is similar to the oxidation of SiC matrix. The
sealing time of the annular pore and the matrix crack
is almost the same under the same tensile stress level
at the same temperature by comparing Figs. 10 and
11, which indicates the matrix cracks are firstly sealed
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Figure 12 Variations in the length of carbon interface consumed
by oxidation.

under the tensile stress level of 80-200 MPa at the
temperature range of 900-1200 °C. As the matrix
cracks are sealed firstly, the external oxygen cannot
enter the interior of the composite and the fibers
cannot be further oxidized, which indicates that the
internal oxidation of the composites is controlled by
the sealing of matrix cracks.

The variations in the length of carbon interface
consumed by oxidation as a function of time under
various stress levels at different temperatures, cal-
culated from the model, are shown in Fig. 12.

As expected, the kinetics of growth of I, decrease
rapidly with increasing oxidation time, which is due
to (1) the reaction of the pore wall (SiC fibers and
matrix) with oxygen and (2) the geometry of the
annular pore changes with time, which leads to
decrease in the amount of oxygen entering to the
annular pore. Furthermore, the reaction rate of car-
bon interface is expected to increase as the tempera-
ture is increased.

The sealing time and the length of carbon interface
consumed by oxidation under different tensile stress
levels at 900 °C are shown in Table 2. As already
mentioned above, both the sealing time of matrix
cracks and the length of carbon consumed by oxi-
dation increase with the increase in the tensile stress
level, which indicates that the tensile stress level
cannot change the oxidation behavior of the com-
posite, and just change the amount of oxygen enter-
ing the annular pore by changing the matrix crack
width. It is assumed that the oxidation of carbon
interface stops when the matrix cracks are sealed.
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Residual strength of the SiC/C/SiC
minicomposites

The variations in the residual tensile strength of SiC/
C/SiC minicomposites as a function of time under
various stress levels at different temperatures, cal-
culated from the model of residual strength by using
the numerical values given in Tables 1 and 3, are
shown in Fig. 13. It clearly appears from the fig-
ure that, as the oxidation time increases, the residual
strength decreases and the rate of decrease of oy
increases rapidly. This is mainly due to the rapid
consumption of carbon interface, which leads to the
fact that the load-bearing mode changes from exter-
nal load borne together by fibers, interface and matrix
to by fibers alone [9]. Finally, the residual strength
tends to stabilize at about 390 MPa. When the carbon
interface is consumed by oxidation completely, the
residual strength of the composite mainly reflects the
properties of the SiC fibers, which will decrease
slowly with the increase in oxidation time. Further-
more, the higher the temperature is, the rapider the
rate of consumption of carbon interface is and the
faster the degradation rate of residual strength is.

The variations in the residual tensile strength of
S5iC/C/SiC minicomposites versus time under vari-
ous tensile stress levels (80-200 MPa) at 900 °C are
shown in Fig. 14.

As expected, the decrease rate of the residual
strength of the composite increases with the increase
in tensile strength level at the same time and tem-
perature. Because, as already mentioned above, the
larger the tensile stress level is, the more matrix
cracks appears and the wider the matrix crack is,
which leads to more oxygen entering the interior of
the composite to react with interface and fibers and
accelerates the degradation of the properties of the
composites.

The residual tensile strength of SiC/C/SiC mini-
composites in stressed oxidizing environments (dry
air) and the residual tensile strength of SiC/C/SiC
composites were calculated using the numerical
parameters (Fig. 15) at various temperatures
(1100-1300 °C). Then, the predicted results were
compared with the experiment data measured by Xin
Jing et al. [39], where the residual tensile strength at
1100 °C and 1300 °C was obtained by test and that at
1200 °C was obtained by fitting the experimental
curve of residual tensile strength versus temperature
(see Fig. 15).
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Table 2 Interfacial oxidation

parameters at 900 °C under Tensile stress (MPa) 80 120 160 200
different stress levels Sealing time (min) 75 131 202 289
Carbon length consumed by oxidation (mm) 34 4.59 5.69 6.73
Table 3 Values of the
parabolic rate constants and of ~ lemperature (°C) B; (nm? min~") B! (nm? min~") Pr Pm Ref.
the oxygen concentration
exponents for SiC fibers and 900 5 58 0.5 0.9 [10]
SiC CVI matrix for 1000 49 83 0.5 0.8
temperatures ranging from 900 1100 188 139 0.5 0.7
to 1200 °C 1200 404 285 0.5 0.6
1300 587 396 0.5 0.5
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Figure 13 Variations in the residual tensile strength of SiC/C/SiC
minicomposites as a function of time.

It clearly appears from Fig. 15 that the predicted
results agree well with the experimental data and the
error is less than 5%.

Furthermore, the predicted results of the present
model were also compared with the calculated
residual tensile strength based on the in situ fiber
strength model [39] (see Fig. 15). It clearly appears
from Fig. 15 that the present model is more accurate
than the in situ fiber strength model, which indicates
that the model presented in this paper is reasonable.

The model for predicting the residual strength of
SiC/C/SiC minicomposites in stressed oxidizing
environments can be used to foresee the influence of
various test parameters, such as temperature, tensile
stress level, oxygen partial pressure, the interface
thickness, on the variation rate of the residual
strength of minicomposite. In addition, the SiC/SiC
composites are commonly used as the turbine disk
stator of aeroengine hot sections, such as the turbine
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Figure 15 Predicted and experimental residual tensile strength of
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blade, which are often exposed to a stressed oxidiz-
ing environment. The model developed in this paper
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can be the basis of predicting the residual tensile
strength and lifetime of these structures made by
SiC/SiC composites.

Conclusions

A model, based on an oxidation kinetics model con-
taining matrix cracks, has been developed to predict
the residual tensile strength of SiC/C/SiC minicom-
posites in this paper. It takes into account the oxida-
tion of carbon interface, SiC fibers and matrix, the
change in the fiber stress distribution and the degra-
dation of the strength of the fibers with time in stres-
sed oxidizing environments. The sealing time of
matrix cracks and annular pore resulting from the
oxidation of SiC matrix and fibers is predicted, and the
model shows that the matrix cracks are sealed firstly;
thus, the internal oxidation of the composites is con-
trolled by the sealing of matrix cracks. Furthermore,
the tensile stress level cannot change the oxidation
behavior of the composite and just change the amount
of oxygen entering the annular pore by changing the
matrix crack width. The probability of failure of the
fibers is calculated based on the fiber stress distribu-
tion and the residual strength of the fibers. The matrix
cracking model combining with the probability of
failure of the fibers is used to simulate the residual
strength of the composite. With oxidation time
increasing, the residual strength of SiC/C/SiC mini-
composites decreases and the rate of decrease of g,
increases rapidly. Finally, the residual strength tends
to stabilize at a certain level before the sealing time.

It is worth to note that at present the proposed
model is based on some simplifications of the real
conditions. The following aspects are needed to be
considered in the further study to improve the
numerical model:

1. The simulations of residual strength of SiC/C/
SiC minicomposites after the matrix cracks heal-
ing by silica are not taken into account in the
present study. After the matrix cracks healing, the
oxidation kinetics of carbon interface and SiC
fibers will change. The path for oxygen entering
into the interior of the minicomposite changes
from matrix cracks to the pores in the matrix,
which makes the oxidation scheme become more
complicated. The dissolution of oxygen in the
silica may also be taken into account. Thus, it
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would be necessary to improve the model to
account for diffusion of oxygen in the pores and
the dissolution of oxygen in the silica to predict
the residual strength of SiC/C/SiC minicompos-
ites after the matrix cracks healing by silica.

2. In the oxidation kinetics model, it is assumed that

there is no consumption of oxygen at the bottom
of matrix crack, where the number of moles of
oxygen entering the bottom of matrix cracks
equals that entering the two entrances of the
annular pore. The SiC fibers will be oxidized to
consume several moles of oxygen. However, for
simplification of the oxidation kinetics model, the
oxidation of SiC fibers at the bottom of matrix
crack is not concerned at present. Therefore, it
would be necessary to improve the oxidation
kinetics model to account for the oxidation of SiC
fibers at the bottom of matrix crack in the
boundary conditions.

3. The assumption of one single straight fiber

combining with a shell of dense SiC matrix with
a constant thickness is proposed in the oxidation
kinetics model. In fact, the fibers were randomly
distributed and some fibers are in contact, which
has an effect on the oxidation of the minicom-
posite. As an important supplement of our future
work, the influence of contacting between fibers
would be carefully studied.
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Appendix

The Knudsen diffusion coefficient is usually given for
a straight pore with a circular cross section in which
the collisions of the molecules with the pore walls
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occur equally in all radial directions. The situation is
somewhat different in an annular pore and in a
matrix crack since here the collisions of the molecules
with the walls occur mainly in one single direction.
Therefore, the Knudsen diffusion in an annular pore
and in a matrix crack is easier than that taking place
in a cylindrical pore with a diameter equal to the
width of the annular pore or the width of the matrix
crack. Thus, the Knudsen diffusion coefficient has to
be calculated for the specific geometry of the pore
resulting from the consumption of the carbon inter-
face and of the matrix crack.

The deriving process of the Knudsen diffusion
coefficient in an annular pore can be seen in Ref. [10],
and the Knudsen diffusion coefficient Dx can be
expressed as

4 S

DK :§vaﬂ

(53)
where v, is the mean velocity of the molecules, which
can be written as

_ (8R,T
" (T[M02>
where S is the area of the cross section of the pore and
Pe is the perimeter of the cross section. It seems that
Dx is itself proportional to S/Pe ratio charactering the
cross section of the pore. For a matrix crack, the
Knudsen diffusion coefficient can be rewritten as

Eq. (9). Thus, Dx is a function of the matrix crack
cross-sectional geometry.

(54)
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