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Effect of interface debonding on matrix
multicracking evolution of fiber-reinfroced
ceramic-matrix composites
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Abstract: An analytical methodology was developed to investigate the effect of fiber/matrix interface
debonding on matrix multicracking evolution of fiber-reinforced CMCs(ceramic-matrix composites). The Budi-
ansky-Hutchinson-Evans shear-lag model was adopted to analyse the micro-stress field of the damaged compos-
ites. The critical matrix strain energy criterion, which presupposes the existence of an ultimate or critical ma-
trix strain energy with matrix, was obtained to simulate the matrix multicracking evolution of CMCs. With the
increase of the applied stress, the matrix multicracking and fiber/matrix interface debonding occurred to dissi-
pate the additional energy entered into the composites. The fiber/matrix interface debonded length under ma-
trix multicracking evolution was obtained by treating the interface debonding as a particular crack propagation
problem. The conditions for no-debonding and debonding during the evolution of matrix multicracking were
discussed in terms of two interfacial properties, i.e. , the interface shear stress and interface debonded tough-
ness. When the fiber/matrix interface was bonded, the matrix multicracking evolution was much more intense
compared with the interface debonding; when the fiber/matrix interface was debonded, the matrix crack densi-
ty increased with the increasing of interface shear stress and interface debonded energy. The theoretical results
were compared with experimental data of unidirectional SiC/CAS(calcium alumina silicate), SiC/CAS-]l and
SiC/borosilicate composites.
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Ceramic materials possess high strength and

engines’ componentst!. The CMCs flaps for ex-

modulus at elevated temperatures. But their use
as structural components is severely limited be-
cause of their brittleness. The continuous fiber-
reinforced CMCs ( ceramic-matrix composites) ,
by incorporating fibers in ceramic matrices,
however, not only exploit their attractive high-
temperature strength, but also reduce the pro-

pensity for catastrophic failure. These materials

have already been implemented on some aero-
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haust nozzles of SNECMA M53 and M88 aero-
engines have been used for more than one dec-
adet”’, The CMCs turbine vanes have been de-
signed and tested in aero-engine environment un-
der the implementation of UEET (ultra efficient
engine technology) program™. A CMCs turbine
blade has been tested for 4h by GE(General E-
lectric) in a modified GE F414 engine, which re-

presents the first application of CMCs material
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in a rotating engine part. Incorparting the CMCs
turbine blades on a GE 90-sized engine, the o-
verall weight can be reduced by approximately
455 kg, which represents approximately 6% of
dry weight of full sized GE 90-115". The CMCs
combustion chamber floating wall tiles have also
been tested in aero-engine environment for 30
min, with the temperature range of 1047—
1227 °C and the pressure of 2 MPal®’.

The fiber/matrix interfacial properties have
been identified as the key factor to develop a suc-
cessful fiber-reinforced CMCs from both theoret-
ical analysis and experimental investigations at
room and elevated temperaturest™. Considering
coupling between the fiber and the matrix, the
fiber/matrix interface can be classified into two
cases, 1. e., the frictional interface and chemical
bonded interfacet™. For the frictionally con-
strained interface, several modeling methods
have been adopted to predict the matrix multi-
cracking evolution. These approaches include
the maximum stress criterion, the energy bal-
ance approach and statistical failure approach.
The maximum stress criterion™! assumes that a
new matrix crack would form whenever the ma-
trix stress exceeds the matrix strength, which is
assumed to be single-valued and a known materi-
al property. The energy balance failure criteria
involves the calculation of energy balance rela-
tionship before and after the formation of a sin-
gle dominant cracking as originally proposed by
Aveston, et al.’” The progression of matrix
cracking determined by energy criterion is de-
pendent upon the matrix strain energy release
rate. The energy criterion is represented by Zok
and Spearing"®’, Zhu and Weitsman", The

021 assumes that ma-

statistical failure approach
trix multicracking is governed by statistical rela-
tions, which relate the size and spatial distribu-
tion of matrix flaws to their relative propagation
stress. Besides the above-mentioned theoretical

1.1 performed an in-

analysis, Morscher, et a
vestigation on the quasi-static loading/unloading
cyclic tensile behavior in 2D SiC/SiC composite.

Under tensile loading, the acoustic emission

method can be used to monitor the matrix multi-
cracking evolution. After the specimen failure,
the saturation matrix crack density in the longi-
tudinal yarns has been measured. By combing
the measured saturation matrix crack spacing
and cumulated acoustic emission energy, the ma-
trix multicracking evolution of SiC matrix could
be well predicted when the applied stress increa-
ses. The stress-dependent matrix cracking was
found to be dependent upon the stress in the
load-bearing matrix as dictated by the architec-
ture and constituent content. Gowayed, et
al. ' utilized the geometric model and shear-lag
theory to estimate the matrix crack density in
fabric reinforced composites.

When fiber is chemically bonded to matrix,
the interfacial debonding may be initialized
bytransverse tensile stress in front of matrix
cracking tip. Solti, et al.'” developed an ap-
proach of critical matrix strain energy criterion
to simulate the matrix multicracking evolution,
in which the maximum interface shear strength
criterion was adopted to determine the interface
debonded length under matrix multicracking.
However, following the arguments of Gao, et
al. ', Stang and Shah™®, the fracture mechan-
ics approach is preferred to the shear strength
approach for the interface debonding problem.

In this paper, the effect of fiber/matrix in-
terface debonding on the matrix multicracking e-
volution of fiber-reinforced CMCs has been in-
vestigated. By adopting the Budiansky-Hutchin-
son-Evans shear-lag model, which includes the
matrix shear deformation in the interface bonded
region and friction in the interface debonded re-
gion, the micro-stress field of the damaged com-
posite has been analyzed. The interface debond-
ed length is determined by treating fiber/matrix
interface debonding as a particular crack propa-
gation problem. By adopting the critical matrix
strain energy criterion, the relationship between
the applied stress and matrix crack spacing can
be derived. The conditions for no-debonding and
debonding during the process of matrix multi-

cracking evolution have been analyzed in terms
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of two interfacial properties, i.e., the interface
shear stress and interface debonded toughness.
The theoretical results were compared with ex-
perimental data of unidirectional SiC/CAS, SiC/
CAS-]I and SiC/borosilicate composites.

1 Stress analysis

To analyze stress distributions in the fiber
and matrix of the damaged composite, a unit cell
is extracted from CMCs, as shown in Fig. 1.
The unit cell contains a single fiber surrounded

by a hollow cylinder of matrix. The fiber radius

is 7, and the matrix radius is R (R=r¢/¢;*).
The length of the unit cell is L /2, which is half
of matrix crack spacing. The interface debonded
length is Ly. At the matrix cracking plane, fi-
bers carry all the loads (6/¢;, o denotes the far-
field applied stress, ¢, denotes the fiber volume
fraction). The shear-lag model adopted by Budi-

1 is obtained to

ansky, Hutchinson and Evans™’
perform stress and strain calculations in the in-
terface debonded region (z€ [0, L, ]) and inter-

face bonded region (x €[ Ly, L/2]).
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where ¢;(x) s on (x) and z; (x) denote the fiber
axial stress, matrix axial stress and fiber/matrix
interface shear stress, respectively; ¢  denotes
the matrix volume fraction; r; denotes the fiber/
matrix interface shear stress; p denotes the Bu-
diansky-Hutchinson-Evans shear-lag model pa-
rameter, |7

4E.G
2= ——om 4)
0 o E.E$

where G,, denotes the matrix shear modulus, and

21 (3—g)
45— n90f+90mz 2 (5)
2

Where ¢, and 5,,, denote the fiber and matrix axi-

al stresses in the interface bonded region, re-

spectively.
E; .
O'fo:fo'+ﬁf(m_af)ﬁt (6)
ET“
Omo = EGJFEm(a(-—am)At D)

where E;, E, and E. denote the fiber, matrix
and composite elastic modulus, respectively; ay,
am and a. denote the fiber, matrix and composite

thermal expansion coefficient, respectively; At

T
denotes the temperature difference between fab-
ricated temperature ¢, and room temperature f,
(At=1t, —t,). The axial elastic modulus of the

Debonding tip

Interface friuiliun sliding

. Matrix
L2

Fig. 1 Unit cell of Budiansky-Hutchinson-Evans
shear-lag model

composite is approximated by rule of mixture.

Ec - QD[E[ + gDmEm (8)
2 Interface debonding

When matrix cracking propagates to fiber/
matrix interface, it deflects along the interface.
There are two approaches for the problem of fi-
ber/matrix interface debonding, i. e. , the shear
strength approach and the fracture mechanics

approach. The shear strength approach™ is
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based upon a maximum shear stress criterion in
which the interface debonding occurs when the
interface shear stress in fiber/matrix interface
approaches the shear strength of interface. On
the other hand, the fracture mechanics ap-
proach™ treats the interface debonding as a par-
ticular crack propagation problem, i.e., the in-
terface debonding occurs when the strain energy
release rate of fiber/matrix interface achieves the
debonding toughness. Sun and Singh™ investi-
gated the matrix multicracking and fiber/matrix
interfacial debonding by directly observing and
analyzing in a transparent SiC fiber-reinforced
borosilicate glass composite. For a very short fi-
ber/matrix interface debonded length, the shear
strength approach and the fractre mechanics ap-
proach gave an estimate close to experimental
data. However, for a long fiber/matrix interface
debonded length, the fracture mechanics ap-
proach provided a better fit. The fracture me-
chanics approach is adopted in the present analy-
sis to determine the interface debonded length
under the matrix multicracking evolution.

F w0 1J Jv(2)

- 47[7"{ ) aLd 2 0 b (/)Ld

Cd d X

D)
where F=mnr¢zo/¢; s denotes the fiber load at the
cracking plane, ¢ denotes the interface debond-
ed toughness, w;(0) denotes the fiber axial dis-
placement at the cracking plane, v(x) denotes
the relative displacement between the fiber and
the matrix. The axial displacements of fiber and

matrix w;(x) and w, (x) are

L/2 ot o
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Using Egs. (10) and (11), the relative dis-
placement between the fiber and the matrix of

v(x), 1s

J1 # %31 %
v(x) = |wi(x) —w, ()| =
o o o TiEc 2 2N _
9DfE[(Ld ) 7§0n\EmEﬂ’r(Ld x°)
2TiEch i - (12)
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Substituting w; (x = 0) and v (x) into
Eq. (9), leads to the form of

E.Z E ¢ -
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3 Matrix multicracking

Solti, et al. ™ developed the critical matrix
strain energy criterion to simulate the matrix
multicracking  evolution of fiber-reinforced
CMCs. The concept of critical matrix strain en-
ergy presupposes the existence of an ultimate or
critical strain energy beyond which matrix fails.
Beyond the critical value of matrix strain ener-
gy, as more energy is entered into the composite
when the applied stress increases, matrix can
not support extra loads and continues to fail.
The failure is assumed to consist of the forma-
tion of new cracks and fiber/matrix interface
debonding, to make the total energy within ma-
trix remain constant and equal to its critical
value.

The matrix strain energy is determined by
Eq. (14).

1 by .
Un = ZEJAm Jo on ()dedd, (D

where A, denotes the cross-section area of ma-
trix in the unit cell. Substituting matrix axial
stresses in Eq. (2) into Eq. (14), matrix strain
energy considering the matrix multicracking and

fiber/matrix interface partially debonding, is

U, = A"'j“( PO )2L4 + ok (L/2— L)+

E,|3\g,r
20mo (29;1;[14 — amo) <* %)
(oo B2 ) ] (B )

(—%)[exp(— 2,;1‘/2%1‘(‘)— 1}} (15)

When fiber/matrix interface completely
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debonds, the matrix strain energy is

Um ((7914914(-1 = 14/2):

A,11[43 (T\SD;
6E. \rip,

By evaluating matrix strain energy at a criti-

)2 16)

cal stress of ¢, the critical matrix strain energy
of U, can be obtained. The criticial matrix

strain energy is

_ 1 O
Ucrm - 2 kAmI‘O Em (17)

where k(€[ 0,1]) is the critical matrix strain
energy parameter, L, is the initial matrix crack

spacing and e 18

ID
Omoer = Emacr +E, (ac —an) At (18)

where ¢, is the critical stress corresponding to
composite’s proportional limit stress, i. e. , the
stress at which the stress-strain curve starts to
deviate from linearity due to damage accumula-
tion of matrix cracks. In the present analysis,
the critical stress is defined to be Aveston-Coop-
er-Kelly matrix cracking stress', which was
determined using the energy balance criterion,
involving calculation of energy balance relation-
ship before and after the formation of a single
dominant cracking. The Aveston-Cooper-Kelly
model can be used to describe long-steady-state
matrix cracking stress, corresponding to the
proportional limit stress of tensile stress-strain
curvel™.  The Aveston-Cooper-Kelly matrix
cracking stress is determined by Eq. (197,

o — l(6§0?El'E§TiCm

3 >_EC(ac_am>At

Vrgﬁn,Efn

a9
where ¢, denotes the matrix fracture energy.
However, as microcracks exist in the matrix
when CMCs were coolded down from high fabri-
cation temperature to room temperature, due to
thermal expansion coefficient misfit between the
fiber and the matrix, these microcracks are
short-matrix-cracking, and the cracking stresses
of these microcracks lie in the linear region of
When the applied

stress increases, microcracks can propagate into

tensile stress-strain curve.

long-matrix-cracking. =~ The matrix cracking

stress of Aveston-Cooper-Kelly model was used

to determine the critical matrix strain energy.
The energy relationship to evaluate the ma-
trix multicracking evolution is
U.(>06.sL:Ly) =Uqn(o.sLy)  (20)
The matrix multicracking evolution versus
the applied stress can be solved by Eq. (20)
when the critical matrix cracking stress of ¢., and
the fiber/matrix interface debonded length of L,
are determined by Eqgs. (19) and (13) for differ-

ent interface debonding cases.

4 Discussions

Two classes of matrix multicracking evolu-
tion problem corresponding to “frictionless” and

“frictional” interface are discussed.
4.1 Frictionless interface (7;=0MPa)

When fiber/matrix interface frictional shear
stress is 7; = 0 MPa, the interface can be classi-
fied into two cases, i. e. , the interface complete-
ly bonding and completely debonding. When fi-
ber/matrix interface completely debonds, the
matrix crack density would not change with the
increase of applied stress. When fiber/matrix in-
terface bonded during the process of matrix mul-
ticracking evolution, the instantaneous matrix

strain energy is

i

U, = fE‘:{giO 7+ 20 (%)
(oo oz ) 1]
b () ol —o )]}

The critical matrix strain energy U, is

E 2
Uw = %kLoEm (”s‘” *gm) (22)

rilioy
The predicted matrix crack density versus the
normalized stress of 6/c. for the present analysis
and analysis of Solti, et al.”’ are shown in
Fig. 2, in which the predicted matrix crack den-
sity of the present analysis is higher than that of
Solti, et al. "', at the same normalized stress of
6/6.. As the

shear-lag model is adopted to describe the matrix

Budiansky-Hutchinson-Evans

axial stress distribution in the interface bonded
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region, considering the effect of matrix shear de-
formation, the instantaneous matrix strain ener-
gy and matrix crack density at the same normal-
ized stress of ¢/0. would increase.

The matrix crack density versusthe normal-
ized stress of ¢/0., for the present analysis at dif-
ferent fiber volume fractions of ¢;=0.3 and 0. 4
are shown in Fig. 3, in which the matrix crack
density increases with the increase of fiber vol-
ume fraction at the same normalized stress.
When the fiber volume fraction increases, the a-
mount of loads transferred between the fiber and
the matrix would increase. The loads carried by
matrix and the matrix strain energy would be in-
creased, as shown in Eq. (16). The matrix crack
spacing needed for the instantaneous matrix
strain enrgy to approach the critical value, would
be decreased. The matrix crack density increases

with the increase of fiber volume fraction.

60
Present analysis /
= 50+ \ ,/
é /’/
£ 40+ 2 _
£ | // =
7} =
2 30} // \
g / g Analysis of Solti,
3 20¢ / etalll
§ |0_//:_‘...,
0= - L

L |
1.0 121 1.2 1.3 1.4 1.5
Normalized stress (o/c)
Fig. 2 Matrix crack density versus the normalized
stress of ¢/o. for the present analysis

and analysis of Solti,et al. [}

4.2 Frictional interface (7;,>0MPa)

The fiber/matrix interface shear stress in
the interface debonded region may be formed by
thermal residual radial compressive stress for
misfit between fiber and matrix thermal expan-
sional coefficient. Besides, the interface shear
stress may be induced by interface roughness
during the relative slip between the fiber and the
matrix. During the process of matrix multicrack-
ing evolution, the interface shear stress trans-
fers loads between the fiber and the matrix. The

relative slip in the interface debonded region dis-

70
60

30 b e

Matrix crack density/mm'
Y

L 1

1.0 1.1 1.2 1.3 1.4 1.5
Normalized stress (a/a,)

Fig. 3 Matrix crack density versus the normalized
stress of ¢/c. for the present analysis
with different fiber volume fraction
spitates the additional energy and affects the ma-
trix multicracking evolution.

Two interface cases, i.e., the frictional in-
terface without chemically bonding (z; >0 MPa
and =0 J/m’) and frictional interface with
chemically bonding (z;>>0MPa and £,>>0J/m?),

are discussed.

4.2.1 Frictional interface without chemically

bonding (z;>>0MPa and ¢;=0J]/m*)
When fiber/matrix interface is no chemical-
ly bonding (£, =0J]/m"), the interface debond-
ing is only controlled by frictional interface shear
stress, which transfers loads between the fiber
and the matrix in the interface debonded region.
The interface debonded length can be determined

by Eq. (13) by insertting £;=0]/m”.
E,

L, :%(Z:“Ec:—%) (23)
When fiber/matrix interface debonded

length is Ly =0mm, the initial interface debond-

ed stress of g4, is

2¢E.7i
oy = ST (24)
0P En
The critical matrix strain energy is
1 E, (64 EEiz{,\""
om = kLo = (7) 25
U 2 ! Ez r[stEfn ( )

The interface debonded length versus the
normalized stress of ¢/¢.. for different interface
shear stress is illustrated in Fig. 4, in which the
interface debonded length decreases with the in-
crease of interface shear stress at the same nor-

malized stress of 6/6.,. The matrix crack density
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t=10MPa_~—~
6.0 =

7=20 MPa

Interface debonded length (L /r)

25U 1 L N |

1.0 1.2 14 1.6 1.8 2.0
Normalized stress (o/o,)

Fig.4 Interface debonded length versus the
normalized stress of ¢/0. of the present
analysis with different fiber/matrix

interface shear stress

versus the normalized stress of ¢/6., for different
interface shear stress is shown in Fig. 5, in
which the matrix crack density increases with
the increase of interface shear stress at the same
normalized stress of ¢/6.. When the interface
shear stress increases, the loads transferred be-
tween the fiber and the matrix increase, the
loads carried by matrix increase, and the inter-
face debonded length decreases. The matrix
crack spacing required for the instantaneous ma-
trix strain energy to approach critical value,
would be decreased. With the increase of applied
stress, the energy dissipated through frictional
slip between the fiber and the matrix decreases
due to less of interface debonded length, the ad-

ditional energy entered into the composite would

be dissipated through forming more matrix mul-

9
g, i5E =20 MPa
g 7t ¥
2 6f I
8 5t s =10 MPa
fg 4 //
E sl /7
i

Ou' 1 1 1 I

1.0 1.2 1.4 16 18 20

Normalized stress (a/o,)

Fig. 5 Matrix crack density versus the normalized
stress of ¢/o., of the present analysis with
different fiber/matrix interface

shear stress

ticracking. The matrix crack density increases

with the increase of interface shear stress.

4.2.2 Frictional interface with chemically
bonding (z; >0 MPa and §d>OJ/m2)
When fiber/matrix interface is chemically

bonded (£, >>0]/m?), the interface debonding is

controlled by frictional shear stress and debond-
ed energy of fiber/matrix interface. The inter-

face debonded length is determined by solving
Eq. (13).
TEo ¢

E 2
L= (1) ()
(26)

The initial interface debonded stress is de-

Omm in Eq. (26).

Tt gDm Em E[

termined by setting Ly =

= E = 1+\/1+4p¢"‘E‘“EY(§7)}

27

. P investigated the inter-

Budiansky, et al.
face debonding upon initial matrix cracking, and
found that fiber/matrix interface debonding oc-
curs when /¢, <C0. 2. The interface debonded
length versus the normalized stress of ¢/6. for
different interface debonded energy is illustrated
in Fig. 6, in which the interace debonded length
decreases with the increase of interface debonded
energy. The matrix crack density versus the
normalized stress of ¢/s. for different interface
debonded energy is illustrated in Fig. 7, in which

matrix crack density increases with the increase

14
:g_
Pl ] e
?:" 1oL gjf[_m:(} 02 __— e E
5 i
3 8 g om
'E S i
g 6t _—
g [
=
s 2
s ol L L L L

1.0 1.2 1.4 1.6 1.8 2.0

Fig. 6

Normalized stress (a/o)

stress of ¢/6. of the present analysis
with different fiber/matrix interface

debonded energy

Interface debonded length versus the normalized
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Fig. 7 Matrix crack density versus the normalized stress
of 6/6. of the present analysis with
different fiber/matrix interface

debonded energy

of interface debonded energy at the same normal-
ized stress of 6/6.,. When the interface debonded
energy increases, the interface debonded length
decreases. With the increase of applied stress,
the energy dissipated through frictional slip be-
tween the fiber and the matrix decreases due to
less of interface debonded length, the additional
energy entered into the composite would be dis-
sipated through forming more matrix multi-
cracking. The matrix crack density increases

with the increase of interface debonded energy.

5 Experimental comparisons

Pryce and Smith™" investigated the tensile
behavior of unidirectional SiC/CAS composite.
Under tensile loading, the specimen was loaded
to progressively higher stress levels to directly
observe the matrix multicracking evolution by
optical and scanning electron microscopy. The
matrix crack density was determined by counting
the number of cracks in a gauge-length of ap-
proximately 15 mm. The experimental matrix
crack density versus the applied stress of unidi-
rectional SiC/CAS composite is shown in Fig. 8.
The initial matrix cracking stress is approxi-
mately 100 MPa, and the matrix cracks approach
saturation at approximately 270 — 280 MPa. In
the present analysis, the critical matrix cracking
stress is determined by Aveston-Cooper-Kelly
model for long-steady-state matrix cracking, and

the matrix multicracking evolution of unidirec-

tional SiC/CAS composite is determined by criti-
cal matrix strain energy criterion of Eq. (20).
The material properties of unidirectional SiC/
CAS composite are given in Table 1. By measur-
ing the initial matrix cracking stress and satura-
tion matrix crack spacing, the interface shear
stress is estimated by 7; =10MPa"*"), Domergue,
et al. ®Yestimated the interface debonded energy
of unidirectional SiC/CAS composite by measur-
ing the loading/unloading transition stress, £, =
(0.540.3) J/m’. In the present analysis, the
interface debonded energy is given by & =0.4
J/m?*. The critical matrix cracking stress is given
by 160 MPa. The predicted matrix multicracking
evolution of unidirectional SiC/CAS composite
using the present analysis and Solti, et al. '’ a-
nalysis are illustrated in Fig. 8. When the ap-
plied stress increases, the matrix crack density
increases. For the present analysis, the matrix
cracks approach saturation at the applied stress
of 285 MPa, the saturation matrix crack spacing
is about 142 ym. For the analysis of Solti, et
al. ', matrix cracks approach saturation at the
applied stress of 312 MPa, the saturation matrix
crack spacing is about 160 um. The evolution of
matrix multicracking predicted using the present
analysis, including the saturation matrix crack
spacing and stress, agreed better with experimen-
tal data than that of analysis of Solti, et al. [

| [22]

Beyerle, et a investigated the tensile

behavior of unidirectional SiC/CAS-][ compos-

(=
T
\
1
L

L
Ld
\\

[
T

| / & Experimental datal®!
---- Present analysis
- Analysis of Solti. et al.I"!

Matrix crack density/mm™’

0 " 1 1 " 1 1 1
100 150 200 250 300 350 400
Applied stress/MPa

Fig. 8 Experimental and predicted matrix crack density
versus the applied stress of unidirectional

SiC/CAS composite
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ite. Under tensile loading, the onset and evolu-
tion of matrix cracking were investigated by con-
ducting experiments on specimens with polished
surfaces in situ with an optical microscope. The
acousic emission was also used to monitor the
matrix multicracking evolution. The experimen-
tal matrix crack density versus the applied stress
of unidirectional SiC/CAS-]l composite is illus-
trated in Fig. 9. The initial matrix cracking
stress is approximately 120 MPa. However,
these cracks correspond to microcracks, which
have no effect on the nonlinear of unidirectional
SiC/CAS-1I composite. When the applied stress
increases, these microcracks propagate to form
long-steady-state matrix cracks. The matrix
multicracking evolution of unidirectional SiC/
CAS composite is determined by critical matrix
strain energy criterion of Eq. (20). The material
properties of unidirectional SiC/CAS-[l compos-
ite are given in Table 1. By measuring the initial
matrix cracking stress and saturation matrix
crack spacing, the interface shear stress is esti-
mated by z; =20MPa'?*). Domergue, et al. *es-
timated the interface debonded energy of unidi-
rectional SiC/CAS composite by measuring the
loading/unloading transition stress, £, = (0. 5=+
0.3)J/m’. In the present analysis, the interface
debonded energy is given by £ =0.4]/m*. The
critical matrix cracking stress is given by 164
MPa. The predicted matrix multicracking evolu-
tion of unidirectional SiC/CAS-][ composite u-
sing the present analysis and analysis of Solti, et
al. are illustrated in Fig. 9. When the applied
stress increases, the matrix crack density increa-
ses. For the present analysis, the matrix cracks
approach saturation at the applied stress of 260
MPa, the saturation matrix crack spacing is
about 102 um; for the analysis of Solti, et al. /"',
the matrix cracks approach saturation at the ap-
plied stress of 335 MPa, the saturation matrix
crack spacing is about 150 pm. The evolution of
matrix multicracking predicted using the present
analysis, including the saturation matrix crack
spacing and stress, agreed better with experi-

mental data than that of analysis of Solti,

et al. "
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Fig. 9 Experimental and predicted matrix crack density
versus the applied stress of unidirectional

SiC/CAS- ]I composite

Okabe, et al. 7 investigated the tensile be-
havior of unidirectional SiC/borosilicate compos-
ite. The matrix crack spacing was measured un-
der tensile loading by periodically stopping test
to replicate the damage process on specimen sur-
face. The experimental matrix crack density ver-
sus the applied stress is shown in Fig. 10, in
which the initial matrix cracking stress is ap-
proximately 150 MPa, and approaches saturation
at approximately 390 — 400 MPa. In the present
analysis, the matrix multicracking evolution of
unidirectional SiC/borosilicate composite is de-
termined by critical matrix strain energy criteri-
on of Eq. (20). The material properties of unidi-
rectional SiC/borosilicate composite are given in
Table 1.By measuring the saturation matrix
crack spacing, the interface shear stress is esti-
mated by r;=7.6 MPa*/,

estimated the interface debonded energy of unidi-

Domergue, et al. "

rectional SiC/CAS composite by measuring the
loading/unloading transition stress, {; = (0.5=%
0.3)J/m*. In the present analysis, the interface
debonded energy is given by ¢ =0.2]/m*. The
critical matrix cracking stress is given by 220
MPa. The predicted matrix multicracking evolu-
tion of unidirectional SiC/borosilicate composite
using the present analysis and analysis of Solti,
et al. '™ are illustrated in Fig. 10. When the ap-
plied stress increases, the matrix crack density

increases. For the present analysis, the matrix
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cracks approach saturation at the applied stress
of 340 MPa, the saturation matrix crack spacing
is about 150 ym. For the analysis of Solti,
et al. ', the matrix cracks approach saturation
at the applied stress of 365 MPa, the saturation

matrix crack spacing is about 170 yum. The evo-

lution of matrix multicracking predicted using
the present analysis, including the saturation
matrix crack spacing and stress, agreed better
with experimental data than that of analysis of

Solti,et al. ™

Table 1 Material properties of unidirectional SiC/CAS, SiC/CAS-1 and SiC/borosilicate composites
Items SiC/CAS™>! SiC/CAS- [ 2% SiC/Borosilicate-**
E;/GPa 190 200 230
E, /GPa 90 97 60
o 0. 34 0.37 0.31
ri/pm 7.5 7.5 8
Fiber Possion ratio y; 0.2 0.2 0.2
Matrix Possion ratio v, 0.2 0.2 0.2
ar(107°/°C)H 3.3 4 3.1
am (107°/°C)H 4.6 5 3.25
At/°C —1000 —1000 —1000
7i/MPa 10 20 7.6
¢/ (J/m*) 0.4 0.4 0.2
Cn/(J/m*) 25022 25022 29022
7 - N which is only appropriate for short interface
T 6 4 /:/', = debonded length. Besides, the Budiansky-
““-E, 5 /// Hutchinson-Evans shear-lag model considering
5 4 ’-'4 / matrix shear deformation was used to analyze
'é 3t s/ the micro-stress field of the damaged composite.
;é 2t ” s+ Experimental data®" The predicted results using the present analysis
= |+ * ?.::-"I B i:f;r\'ijﬁlliﬁut s agreed better with experimental data than that of
T . . ' analysis of Solti,et al, ™
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g.10 Experimental and predicted matrix crack
density versus the applied stress of
unidirectional SiC/borosilicate

composite

In the present analysis, the fracture me-
chanics interface debonding criterion is used to
determine the interface debonded length under
matrix multicracking evolution. However, in
the analysis of Solti, et al. '™, the maximum in-
terface shear strength criterion was used to de-

termine fiber/matrix interface debonded length,

6 Conclusions

The effect of fiber/matrix interface debond-
ing on matrix multicracking evolution of fiber-
reinforced CMCs has been investigated. The Bu-
diansky-Hutchinson-Evans  shear-lag  model,
considering the effect of matrix shear deforma-
tion, is used to analyze the micro-stress field in
the matrix and fibers of the damaged composite.
The critical matrix strain energy criterion is used
to simulate matrix multicracking evolution upon
tensile loading. During the process of matrix

multicracking evolution, the fracture mechanics
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interface debonding criterion is used to deter-
mine fiber/matrix interface debonded length.
The matrix multicracking evolution of three in-
terface cases, i. e. , the bonded interface, fric-
tional interface without chemically bonding and
frictional interface with chemical bonding, have
been investigated.

1) When fiber/matrix interface is bonded,
the matrix multicracking evolution is more in-
tense compared with that of interface debond-
ing. With the increase of fiber volume fraction,
the loads transferred between the fiber and the
matrix increases, the matrix crack spacing re-
quired for the instantaneous matrix strain enrgy
to approach critical value, would be decreased.
The matrix crack density increases with the in-
crease of fiber volume fraction at the same ap-
plied stress.

2) When fiber/matrix interface is frictional
bonded without chemically bonding, the loads
transferred between the fiber and the matrix de-
pend upon the interface frictional shear stress.
With the increase of interfacial shear stress, the
interface debonded length decreases. With the
increase of applied stress, the energy dissipated
through frictional slip between the fiber and the
matrix decreases due to less of interface debond-
ed length, the additional energy entered into the
composite would be dissipated through forming
more matrix multicracking. The matrix crack
density increases with the increase of interface
shear stress at the same applied stress.

3) When fiber/matrix interface is firctional
bonded with chemically bonding, the interface
debonded length during matrix multicracking e-
volution is controlled by interface shear stress
and interface debonded energy. With the in-
crease of interface debonded energy, the inter-
face debonded length decreases. With the in-
crease of applied stress, the energy dissipated
through frictional slip between the fiber and the
matrix decreases due to less of interface debond-
ed length, the additional energy entered into the
composite would be dissipated through forming

more matrix multicracking. The matrix crack

density would be increased with the increase of
interface debonded energy at the same applied

stress.
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