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Abstract

Creep fracture deformation in SiC/SiC composites was analyzed using a new computer simulation method with time-
dependent interface elements. The simulation method was used to describe the crack growth deformation in SiC/SiC
composite under four-point bending of single-edge-notched beam bend-bars. Two methods were used to simulate the
crack growth due to fiber creep. In one method, the creep property was introduced into the interface elements by the
general method of FEM analysis. In the second method, a new technique making the best use of the potential function
was used. The stage-1I steady-state creep deformation was simulated by both methods, and the stage-11I crack growth
and the transition from stage-II to stage-III could be simulated by only the new method. Additionally, the stage-I was
simulated by the new method. The new method has the potential to completely simulate creep fracture deformation in

SiC/SiC composite due to fiber creep. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Silicon carbide fiber-reinforced silicon carbide com-
posites (SiC/SiC) are promising candidates as high flux
component materials, due to their potential of low-ac-
tivation, low-afterheat and excellent high-temperature
properties [1-4]. For safe design of fusion structures, it is
very important to reliably estimate the creep fracture
deformation of materials.

For SiC/SiC composites, matrix cracking precedes
fiber failure. Following matrix cracking, intact fibers
bridge the cracks and impose closure tractions behind
the crack tip that reduce the driving force for further
cracking (crack-tip shielding). Fracture is governed by
creep of the bridging fibers, which relaxes the bridging
tractions causing the stress intensity at the crack tip to
increase. Then the creep fracture deformation in SiC/SiC
composites has been studied as the microstructural
fracture behavior, namely the formation and propaga-
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tion of cracks in the fiber bridging zone, and it has been
statically analyzed previously [5-7]. It is reported that
crack growth of SiC/SiC composites in inert environ-
ments (slow crack growth) is controlled by the creep rate
of the bridging fibers [6]. The macroscopic and dynamic
deformations, however, have not been sufficiently de-
scribed.

To more completely describe deformation and frac-
ture behavior, a new and simple computer simulation
method [8,9] was developed. The method treats the
fracture phenomena as the formation of new surface
during the crack propagation. Based on the fact that
surface energy must be supplied for the formation of
new surface, a potential function representing the den-
sity of surface energy is introduced to the finite element
method (FEM) using proposed interface elements. In
this research, a new, time-dependent interface element
was developed to incorporate the creep behavior of fi-
bers into FEM. This technique was then used to analyze
creep fracture deformation in SiC/SiC composites.

2. Interface potential

For the case of ordinary crack propagation prob-
lems, a method using interface elements has been
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proposed [8,9]. In this method, the formation and

propagation of a crack are governed by the interface

potential energy function. The requirements of the in-

terface potential energy function are:

1. it involves the surface energy necessary to form new
surface;

2. it is a continuous function of crack opening displace-
ment, 9.

Among many functions satisfying these requirements, a

Lennard-Jones type potential [10] may be employed

where the potential energy ¢(0) is defined by the fol-

lowing equation:

¢@):%“{(mﬁa)h2'(mﬁ5>}’ (n)

where ¢ is the crack opening displacement and 7y, n and
7o are material constants. In particular, 2y is the surface
energy per unit area. This form of the Lennard—Jones
type potential function, has been used to simulate peel-
ing tests of metal plating on ABS resin. Since the
agreement between the simulations and experimental
results were good [8], the same potential function was
used in this study.

The derivative of ¢ with respect to the crack opening
d , as shown in the following equation, gives the bonding
strength per unit area of the crack surface
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3. Modeling method

Fig. 1 shows a schematic illustration of the bridging
zone. In this method, the bridging zone is analyzed
macroscopically, not microscopically. One interface el-
ement is assumed to represent many fibers and the ma-
trix in the bridging zone. The properties of the interface
between fiber and matrix are assumed to be invariant
with respect to time or displacement, hence they are not
explicitly included in the model. In other words, effective
matrix properties are used to incorporate both the true

Fiber

Fiber Bridging Zone
— Interface Elements

Matrix
i Crack

Other Zone
— Ordinary Elements

Fig. 1. Schematic illustration of bridging zone in composites.

matrix and the interface. Away from the cracked region,
the composite is described by ordinary FEM elements.

Summation was used to characterize both fibers and
matrices by one interface element. The interface poten-
tial ¢(J) becomes:

¢E¢f+¢m7 (3)
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where subscripts of f and m indicate fiber and matrix,
respectively. Only ¢; was assumed to have a time de-
pendency due to the creep effect of fiber. The effect of
fiber creep was introduced by two methods: (1) the
general method of FEM analysis with integral creep
properties, and (2) a new method making the best use of
a potential function.

4. Theoretical formulation
4.1. General method of FEM analysis

In the general method of FEM analysis for creep
deformation, total strain can be divided into elastic
strain, plastic strain, creep strain and possibly other
strains (e.g., thermal strain). Typically, due to the brit-
tleness of SiC/SiC composites, their deformation may be
limited to elastic and creep deformation. The strain of
ordinary elements in FEM is equal to the displacement
in the interface element. For a fiber element, the dis-
placement, 0, can be divided into an elastic displace-
ment, 6°, and a creep displacement, &°

5=06+ & (6)

According to the primary creep laws, the creep dis-
placement 6° is written by the following equation [11]:

F=4-d"-7, (7)

where A, o, m, p and ¢ are constants describing the
structure of the deformation, the applied stress of the
interface element, the stress exponent, the creep time
exponent and the creep time, respectively. Especially, for
steady-state creep, p becomes to 1 and the creep dis-
placement 6° follows the classical Dorn formalism [12]

F=A4-0"t (8)
On the other hand, in the case of the elastic displacement

&°, the following equation must be satisfied at any time
according to Eq. (4)



18 H. Serizawa et al. | Journal of Nuclear Materials 289 (2001) 16-22

o o 2n o n
@@)—mr{(gigﬂ —2-Qm+$)}7 )

where the elastic displacement 6° is obtained from the
total displacement § by Eq. (6). Then, since any creep
deformation was not taken into account, the interface
potential of the matrix ¢,,(d) becomes Eq. (5), where the
displacement 0 is the total displacement. In this general
method, load vector and stiffness matrix for FEM can be
obtained by the same process described in [8], so this is
omitted.

4.2. A new method

In Eq. (4), there are three material constants, which
are y;, rp and n. Among these constants, only ry has the
same dimension as the total displacement J. As written
in the previous section, in general, the displacement § is
controlled by Eq. (7) during creep. In this research, to
make the best use of the potential function, the param-
eter rp was assumed to be time dependent, and the in-
crement of ry was defined by the following equation:

Ary =B -o" -1, (10)

where B is a constant, and the other parameters are the
same as those in Eq. (7). The increment of ry for steady-
state creep was also defined by the following equation
similar to the previous section:

Argy=B-0" -t. (11)

Thus the interface potential energy of the fiber ¢, be-
comes a function of both opening displacement é and
time ¢, and is written as ¢:(J,¢). The total interface
potential energy is also described as ¢(0,¢) while the
interface potential energy of matrix ¢,, is a function of
only the opening displacement.

On the other hand, although balanced equations of
the new method are the same as the equations of the
general method [8], load vector and stiffness matrix are
different. So these should be introduced. The time-
dependent interface potential energy ¢(9,¢) is given by
Eq. (12).

Us(u.0) = [ 96,0 -ds, (12)

where Ug and uf show interface potential energy of
one element and nodal displacement. In Eq. (13),
Ug(u§ + Auf,t + At) is transformed with Taylor’s ex-
pansion about Auf and At
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First- and second-order terms about increment of nodal
displacement Auf are arranged to these equations
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Load vector {f} and stiffness matrix [K] in time-de-
pendent interface element are as coefficients of first- and
second-order terms. That is,
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5. FEM model

In this paper, the measured creep fracture deforma-
tion in SiC/SiC composites was obtained by loading
single-edge-notched beam bend-bar specimens in four-
point bending (Fig. 2(a)). The reinforcements of the
composites were two-dimensional plain-weave Hi—Nic-
alon fiber mats stacked in the direction of thickness, and
the matrices were deposited by chemical vapor infiltra-
tion. The applied load varied from 540 to 570 N in the
temperature range from 1100°C to 1200°C. The size of
the specimens was approximately 50 x 5 x 4 mm~3. The
initial notch-to-depth ration was approximately 0.2. The
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(a) Four-point bending test on single-edge-notched beam bend-bar

Load

[l

(Interface Elements ) ~—(Ordinary Elements )

Fig. 2. Schematic illustration of bending test and FEM model
for analysis.

atmosphere was gettered Ar (<20 ppm O,). In these
tests, the crack propagated from the tip of the notch in
the direction parallel to the applied load. Experimental
details were published elsewhere [6].

To examine the validity of the proposed method us-
ing the time-dependent interface element for the analysis
of creep fracture deformation, the model shown in
Fig. 2(b) was analyzed as a plain strain problem. Be-
cause of the symmetry of the problem, only the half of
the specimen was used. The time-dependent interface
elements were arranged along the crack propagation
path. In this analysis, only the mode-I type crack
propagation parallel to the y-axis in Fig. 2(b) was taken
into account. The results of previous calculations [§]
using the interface element described here, indicated that
a value of 6 for the parameter n in Eq. (1) was appro-
priate for brittle fracture behavior such as the peeling
test [8]. Therefore, in this analysis, the parameter n in
Egs. (4) and (5) was assumed to be (6).

6. Results and discussion
6.1. Steady-state creep deformation (stage-I1I)

Fig. 3 shows typical experimental results for the time-
dependent crack growth in SiC/SiC composite reported,
where the temperature was 1200°C and applied load was
556 N [6]. As an primarily analysis of creep deformation,
although the clear stage-II slow crack growth (steady-
state creep deformation) could not be observed in this
figure, the proposed method with the time-dependent
interface element was only compared with experimental
result where the displacement was more than 0.06 mm.
In this regime, the observed specimen behavior was al-
most steady-state and, hence, using a steady-state creep
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Q
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&7 SiC/SiC Composites
] 002 1200°C, Ar (<20ppm O,)
’ Applied Load = 556 N
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0.0x10 5.0x10 1.0x10 1.5x10 2.0x10
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Fig. 3. Experimental displacement-time curve during time-de-
pendent crack growth in SiC/SiC composite.

law to represent the interface elements (Egs. (8) and
(11)) was thought to be appropriate. Where the pa-
rameter m was assumed to be unity [13] since the test was
performed at high-temperature.

Fig. 4 shows the experimental and calculated results
using both the general and the new method. The pa-
rameters in Eqgs. (4), (5), (8) and (11) were determined
such that the calculated results fitted the quasi-steady
state experimental creep result in the displacement range
from 0.06 to 0.10 mm as best as possible. Therefore the
parameters shown in Fig. 4 have no physical meaning.
Nevertheless, the calculated results simulated the stage-
II steady-state creep deformation. Furthermore, the re-
sults using the new method represented not only stage-I1
steady-state creep deformation but also stage-III crack
growth. Although stage-III crack growth is not often
observed under conditions relevant to fusion devices, it
may occur under other conditions. Therefore, the new
method was used to calculate crack growth under vari-
ous applied loads.

The calculated results under various applied loads
using the new method are shown in Fig. 5. The ends of
curves indicate the fracture point of specimens. The

0.20
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P A Bt Computation (General) /
g g6 0 Computation (New) K
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s 2y,,=0.5kN/m, r,,=0.02mm :"
W
] 0.12 A=8.3x10""m’/N -s Lt e
~ ? Pt
= o0l B=3.3x10""m*Ns AT
a
0.08 |
0.06 0 4 5 5 ‘ 5 5
0.0x10 5.0x10 1.0x10 1.5x10 2.0x10 2.5x10

Time (s)

Fig. 4. Comparison between experiment and computation for
time-dependent crack growth.
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Fig. 5. Calculated displacement-time curves under various
applied load for new method.

transition time from stage-II to stage-III decreased with
increasing applied load, similar to the general creep
deformation. Therefore the new method is considered to
be useful for analyzing this transition. Fig. 6 shows the
deformation and stress distribution during stage-II and
stage-III creep deformation in SiC/SiC composite at

44000 s

134000 s

248300 s

Fig. 6. Deformations and stress distributions near crack path
for steady-state model.

556 N applied load. The crack propagation behavior is
clearly demonstrated and the stress relaxation behavior
at the crack tip can be calculated also. From the defi-
nition of the interface potential, the stresses of the fiber
and matrix in the interface element can be obtained. The
changes in stress of the fiber and matrix along the crack
path are shown in Fig. 7. After the crack propagated,
both the stress of fiber and matrix decreased, and the
stress of matrix became almost zero. On the other hand,
the stress of fiber remained around 200 MPa after the
crack propagated. In this research, as the first step for
the calculation using the new method, the fiber was as-
sumed not to fracture but to continue to creep. Al-
though the calculated results did not exactly represent
the experimental behavior, the new method is considered
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Fig. 7. Stress changes of fiber and matrix along crack path for
steady-state model.
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to have the potential to demonstrate the creep defor-
mation in SiC/SiC composite. As future work, the effect
of fiber fracture will be examined.

6.2. Time-dependent creep deformation (stage-I)

According to the result of previous section, the new
method was applied for simulating the time-dependent
creep deformation (stage-I creep deformation), which
was shown in the experimental result (Fig. 3). In the case
of time-dependent creep deformation, a time-dependent
term must be included in the time-dependent interface
element. So, in the new method, the increment of ry was
defined by Eq. (10), and the parameter m and p in
Eq. (10) were assumed to be 1.8 and 0.58, respectively,
according to the experimental result of fiber creep test
[11]. The other parameters in Egs. (4), (5), (10) were as-
sumed to the same as the previous analysis using the new
method, where, for the parameter B, only an absolute
value is same because of the difference of dimension.

Fig. 8 shows the calculated time-displacement curve
of the new method with time-dependent term. Although
the calculated result is very different from the experi-
mental results in the scale, the shape of curve is para-
bolic as same as the experimental result. Since the
difference between the steady-state model and this model
in the new method is only the definition in the increment
of r , the new method is considered to have the good
potential to demonstrate the creep fracture deformation
in SiC/SiC composite. Fig. 9 shows the deformations
and stress distributions under the computational analy-
sis shown in Fig. 8. Only the stress relaxation behavior
at the crack tip can be slightly simulated. As future
works, in order to reveal the physical meanings of all
parameters in Egs. (4), (5) and (10), more simple creep
deformations, which are for example a single SiC fiber
creep test and a tensile creep experiment of a mini SiC/
SiC composite, will be examined and simulated by using
the new method.
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29,,=0.5kN/m, r, ,=0.02mm
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Fig. 8. Calculated displacement-time curve of new method
with time-dependent term.
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Fig. 9. Deformations and stress distributions near crack path
for time dependent model.

7. Conclusions

In order to analyze creep fracture deformation in SiC/
SiC composite, a new computer simulation method using
time-dependent interface elements was developed and
applied to crack growth deformation in SiC/SiC com-
posites. The conclusions can be summarized as follows.

(1) Two methods were used to simulate crack growth
in SiC/SiC composite due to fiber creep. In one method,
the creep property was introduced into the interface el-
ements by the general method of FEM analysis. In the
second method, a new technique making the best use of
the potential function was used to represent crack clo-
sure tractions due to creeping fibers. In both cases, the
stage-II steady-state creep deformation was simulated.

(2) By using the new method without time-dependent
term, not only the stage-III crack growth but also the
transition from stage-II to stage-III could be simulated.
Additionally, the parabolic curve in the stage-I creep
deformation was demonstrated by the new method with
time-dependent term. Therefore, the new method is
considered to have the potential to model all stages of
creep fracture deformation in SiC/SiC composite.
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