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RESEARCH ON MATRIX CRACK EVOLUTION OF
CROSS-PLY CERAMIC MATRIX COMPOSITE
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Abstract: The matrix crack evolution of cross-ply ceramic matrix composites under uniaxial tensile loading is in-
vestigated using the energy balance method. Under tensile loading, the cross-ply ceramic matrix composites have
five damage modes. The cracking mode 3 contains transverse cracking, matrix cracking and fiber /matrix interface
debonding. The cracking mode 5 only contains matrix cracking and fiber /matrix interface debonding. The crack-
ing stress of modes 3 and 5 appearing between existing transverse cracks is determined. And the multiple matrix

crack evolution of mode 3 is determined. The effects of ply thickness, fiber volume fraction, interface shear stress

and interface debonding energy on the cracking stress and matrix crack evolution are analyzed. Results indicate

that the cracking mode 3 is more likely to appear between transverse cracks for the SiC/CAS material.
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INTRODUCTION

Ceramic matrix composites are one of the
most promising candidates for aero components as
they show many attractive properties over tradi-
tional ceramics: higher tensile and flexural
strength, enhanced fracture toughness and impact
resistance, lower density and no or less cooling
requirements ',

Knowledge of matrix crack evolution is very
important for the development of fiber reinforced

ceramic matrix composites*’.

In particular, it is
necessary to study the sequence of such micro-
scopic damages up to the final fractures to ensure
the damage tolerance capability. Zok and Spear-
ing'™% calculated the strain energy release rates
for matrix crack growth with interference from
neighboring crack slip zones in unidirectional ce-
ramic composites. Curtin” presented a theory to
describe the evolution of multiple cracking in brit-

tle matrix composites. A full statistical treatment

matrix crack evolution; energy balance approach
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of the matrix crack evolution and associated
stress-strain behaviors in unidirectional ceramic
composites has been developed™. However, the
damage evolution in cross-ply laminates is more
complex as the matrix cracks occur in both 0° and
90° plies. Kuo™ classified the damage modes of a
cross-ply ceramic composite into five types (as
shown in Fig. 1), and theoretically derived the
cracking stress of each mode by the energy bal-
ance approach. However, it did not consider the

[10]

interaction between different modes Daniel

1. 1 observed and predicted the type and se-

et a
quence of failure mechanisms and their interaction
by the micro-mechanics of brittle matrix single
layers and the macro-mechanics of a cross-ply

laminate. Takedat'?

investigated the matrix crack
evolution in SiC fiber-reinforced glass-matrix
cross-ply laminates both experimentally and theo-
retically from a micro-mechanical viewpoint.
Although cross-ply laminates are most im-

portant in practical applications of ceramic matrix
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composites, the microscopic damage evolution has
not been well characterized yet. The purpose of
this paper is to characterize the matrix crack evo-
lution of cross-ply ceramic matrix composites un-
der uniaxial tensile loading theoretically from a
micro-mechanical viewpoint. The effects of ply
thickness, fiber volume fraction, interface shear
stress and interface debonding energy on cracking

stress and matrix crack evolution are discussed.

0° 0° 0°
0° 0° 0°

mode 0 mode 1 mode 2
0° 0°
0° 0°

mode 3 mode 4 mode 5

Fig. 1 Classification of damage states in brittle matrix

cross-ply laminates

1 ENERGY BALANCE CRITERI-
ON FOR MATRIX CRACK
EVOLUTION

The observed damages are classified into 13
patterns, considering the neighboring damage
modes. Each damage pattern can be divided into
one or more repeated elements. For one crack in
each repeated element, AU is defined as a func-
tion of debonding length L., crack spacing s, and
applied stress o..

AU (o, Lyys) =W — Uy (D
where W is the work done by an external load and

U. is the sum of energy terms.
W= G+ d 5| ade ()
fJ o

Un=U.4+Uy +U, +U + U, + Uz (3)
where U. is the crack surface energy, Uy, the in-
terface debonding energy, and U, the energy loss
due to interface friction. U; and U,, are the strain
energies in fibers and matrix in 0° plies, respec-
tively. U, is strain energy in 90° plies. The ener-

gy terms in Eq. (3) are written as

ZbV{ o ZbeJ[

Ug = L74; U, = ST,(AZM — Au,)dx
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U, = 5| oda D
where b and d are the half thickness of 0° and 90°
plies, respectively. E;, E,, and E, the Young's
modulus of fiber, matrix, and 90° ply, respective-
ly.

From the energy balance with each repeated
unit before and after a damage growth, the criti-

cal stress for such damage growth can be deter-

mined using the following formula
DAUY < DAY (5)
where superscripts i and f denote before and after

the damage growth, respectively. The summation

is made over all cracks in the repeated unit.

2 MATRIX CRACK EVOLUTION
PATTERNS

According to the experiments for SiC/CAS
cross-ply composites tested under tensile loading,
transverse cracks were observed to appear first in
90° ply'™. As the transverse crack density in-
creases with the loading to a critical level, the
matrix cracks bridged by fiber appear in 0° plies.
With further investigation on SiC/CAS cross-ply

197 it is found that the initial cracking

composite
stress of mode 3 is the lowest among the four ma-
trix cracking models, the following one is mode
5. Based on these results, mode 3 and mode 5
damages occur between existing mode 1 damages

are investigated in this part.

2.1 Pattern 1: mode 3 damage occurs between
existing mode 1 damages

2.1.1 Stress analysis and debonding length pre-
diction

By consideration the equilibrium condition
with the external load, the axial stresses satisfy
b+ dyo. = bVio(x) + Vo, (2) + do(x) (6)
where o, denotes a remote uniform external load
worked on composite; o;(x), on(x), and o, (x)
denote the fiber, matrix stress in the 0° ply, and
stress in the 90° ply, respectively; Vi, V,(=1—
V) the volume fraction of fiber and matrix in the
0° ply composite.

Fig. 2 shows the matrix crack evolution of
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pattern 1. In the case, the mode 3 damage ap- gions(x>L,) are found as
pears between transverse cracks. Taking the oi(x) = o%(1 —e ™)
symmetry of the stresses into consideration, it is 5 () b+ d o. 2131
oi(x) = s g
only to focus on the stresse distribution in half bV o (13)
crack spacing s. And the stresses before the mode 3 _ 2% E[ d
on(x) = v i Ty o/ (1 —e ™)
[10] 7 m m

3 crack appears are given by

i e
ole

ol(x) =0'(1 —e ™); ol (x) =0of + bE,

dE ,
on(x) = oy, bETU(‘) S (7
where x is the distance from the crack plane, as
shown in Fig. 2. The superscripts of ¢ stand for

the damage state. The shear-lag constant A is de-
rived in Ref. [10].

S
L

mode 1 mode 1 mode3 mode 1

Fig. 2 Schematic representation of pattern 1

When the mode 3 damage appears (as shown
in Fig. 2), it is assumed that the stress in the 90°
ply has no effect on the stress in the 0° ply, and
the stress in the 90° ply can be found as

ol(x) =al(1 —e ™) (8

In debonded regions, the relationship be-

tween the interface shear stress z; and the axial
stress in a fiber o is given by

do; 2z,

P D)
where 7, is the fiber radius. In the case, it is as-
sumed that the interface shear stress is a constant
in the debonded region. And the boundary condi-
tions at the crack plane are
o(x=0)=0; 0,(x =0 =0 (10)
Combined Egs. (6,8-10), the axial stress of
the fiber in the interface debonded region is ob-

tained as

b d o. i
}—Z %*Zr—fx an
I f

oi(x) =

The axial stress of the matrix in the debond-
ed region is obtained as

e Ve o d o0 .
- me med‘(l e ) (12)

The stresses distribution in the bonded re-

oi(x) =

For x=1L., the fiber/matrix interface ceases
to slide, and the stresses approach those of the no
damage state (mode 0). From the stress equilibri-
um of a fiber

‘ E
G x=1L)=0o = E—[a (14

the interface debonding length can be found as

Ty E[UC

L. b 27, Vi 2t E,

s

2.1.2 Cracking stress for pattern 1

Taking the symmetry of the stresses in the
crack spacing 2s into consideration, it is just nec-
essary to focus on the energy changes ranging
from £=0 to x=s. Before the mode 3 damage ap-
pears, the surface energy U.=0, Uyp=0, U,=0.
Substituting Eq. (7) into Egs. (2,4), other ener-
gy terms can be obtained.

As the mode 3 damage appears, the crack
surface energy U.= 0. 56V 7 + 0.5d7,, and the
interface debonding energy Ua, =26V (L./r,» where
7. and 7, are the surface energy per unit area in
the 0° ply and 90° ply, respectively. Substituting
Eqgs. (8,11-13) into Egs. (2, 4), other energy
terms ranging {from =0 to x=s can also be ob-
tained. Combining Eq. (15) and Eq. (5), the

cracking stress can be found.

2.2 Pattern 2: mode 5 damage occurs between

existing mode 1 damages

2.2.1 Stress analysis and debonding length pre-
diction

Fig. 3 shows the mode 5 damage occurrs be-
tween transverse cracks. In this case, it is as-
sumed that the stress in 90° ply is the same as the

stress in mode 0, that is

o, = o/ (16)
Boundary condition at the crack plane is
oo (x=0)=0 a7

Combined Eqgs. (6,9,16,17), the axial stress
of the fiber in the debonded region can be found
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as

. (b +d) —ds® 2t
oi(x) = o +bV)f A fo (18)

In the debonded regions. the axial stress of

the matrix is
2t V;
o ‘me (19)

In the bonded zone (+>>L,), the stresses dis-

on(x) =

tribution are

ol = o
5 — 27 h
Jm(I) o o ‘/mlls (20>
50 v
o7 (2) — o.(b+d) do?! - ZT‘LS
bV 7o

In the bonded zone, the fiber/matrix inter-
face ceases to slide, and the stresses approach
those of the mode 0. From the stress equilibrium

of a fiber

_ E
oi(x = L) za?zfdc 21

the interface debonded length is given as

; _btdro  drol  rkEo.
L= ==

2;) V[Ti ZTiEc

(22)

20 Vit

L

mode 1 mode 1 mode 5 mode 1

Fig. 3 Schematic representation of pattern 2

2.2.2 Cracking stress for pattern 2

For matrix crack evolution of pattern 2, the
energy terms before the mode 5 damage occurrs
are the same as those calculated in pattern 1. And
it is just necessary to focus on the condition as the
mode 5 damage occurs. Here the crack surface en-
ergy U.=0.5bV 7., the interface debonding ener-
gy Ua,=2bVL./r,. Substituting Eqs. (16,18-20)
into Eq. (4), other energy changes ranging from
x=0 to x=ys can be obtained. Combining Egs.

(5,22), the cracking stress is determined.
2.3 Numerical results

Numerical results for the prediction of criti-
cal stresses for the matrix cracking are obtained

for matrix crack evolution of pattern 1 and pat-

tern 2. The calculations are performed based on
the material properties of the SiC/CAS composite
listed in Table 1. In order to simplify the calcula-
tion, the effect of the thermal residual stress is

not considered.

Table 1 Material properities of SiC/CAS ceramic
composites''*]
E/ L/ . a rl Twl T/
ltem . . i ., .,
GPa GPa MPa  ym (Jem *)(Jem ?)
Value 210 95.5 0.35 20 80 2.5 2.0
a/ o/ AT /9 / /
ltem Q05+ C1) (10-5+C ) ATIC i te  b/mm d/mm

Value 4.0 5.0 —1000 0.25 0.25 0.517  0.086

2.3.1

The effect of ply thickness on critical stress

Effect of ply thickness

of pattern 1 and pattern 2 is shown in Fig. 4. As
the 90° ply thickness approaches zero (Fig. 4(a)),
the solutions of the two patterns converge to one
line, which coincide with the predicted critical
stress for the unidirectional composites. As the
90° ply thickness increases, Figs. 4 (a,b) show

that mode 3 damage is more likely to appear first
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Fig. 4 Relationship of crack spacing and stress chang-

ing with ply thickness (6)=0.517 mm)
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between existing mode 1 damages compared with
the mode 5 damage. The result is well explained
by two aspects. On the one hand, the mode 5
damage appears in a lower matrix crack spacing
than the mode 3 damage. It implies that the lower
the crack spacing is, the more energy it will be
cost. On the other hand, an increase in transverse
ply thickness results in a decrease cracking stress
of mode 3. While an increase in transverse ply
thickness leads to an increase of cracking stress in
mode 5. The reason lies in that there is no crack
in 90° ply in mode 5. So the 90° ply can share
more loads.
2.3.2 Effect of fiber volume {raction

Fig. 5 shows the effect of fiber volume frac-
tion on critical stress for crack evolution pattern 1
and pattern 2. Both mode 3 and mode 5 cracking
stress increase as the fiber volume fraction in-
creases. But the mode 5 cracking stress grows
more quickly than the mode 3 cracking stress. In
other words, it is the mode 3 damage that may
occur first between existing mode 1 damages as

the fiber volume fraction increases.
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Fig.5 Relationship of crack spacing and stress chang-

ing with fiber volume fraction

3 MULTIPLE CRACK EVOLU-
TION OF MODE 3

From the results above, it is obvious that the
mode 3 damage is more likely to occur between
existing mode 1 damages than the mode 5 dam-
age. So in this part, multiple crack evolution of
mode 3 is investigated. Fig. 6 shows this kind of
crack evolution pattern. In order to distinguish
the difference of interface debonding length before
and after the mode 3 crack appears, L, and

L, denote the interface debonding length before

and after the new crack appears, respectively.

2s

X

mode 3 mode 3 mode 3 mode 3 mode 3

Fig. 6 Schematic of multiple crack evolution configu-

ration

3.1 Stress analysis

Similar to the stress analysis of patterns 1
and 2, it is just necessary to focus on the stresses
in the section ranging from =0 to x=s. Belore
the mode 3 damage appears the stress distribution
is given by Egs. (8,11-13), where the coordinate
x is shown in Fig. 6(a).

When the new damage (mode 3) appears, it
is found that the stress distribution ranging from
=0 to x=s is symmetrical. And the stresses are
given by Egs. (8,11-13). x varies from 0 to s/2.

Here, the coordinate x is shown in Fig. 6(b).

3.2 Cracking stress for multiple matrix crack

evolution of mode 3

In the half crack spacing s, the surface ener-
gy U.= 0, and the interface debonding energy
Uw= 26V L./r,. Substituting Eqgs. (8,11-13) into
Eq. (4), other energy terms before the new crack
appears can be found. As the mode 3 crack ap-
0.56V.7u +
0.5d7., and the interface debonding energy Uy, =

pears, the surface energy U, =

26V L./r,. Substituting the corresponding stress-
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es into Egs. (2,4), other energy terms can be ob-
tained. Combining Eqgs. (5, 15), the cracking

stress can be determined.
3.3 Numerical results

Take the [0,/90/0; ]-SiC/CAS for example.
In order to simplify the calculation, the effect of
the thermal residual stress is not considered.
3.3.1 Effect of interface shear stress on matrix
crack spacing

Fig. 7 shows the effect of interface shear
stress on matrix crack spacing. It shows that the
matrix crack spacing decreases with the increase
of interface shear stress at the same stress level.
The reason is that the loads work at the fiber /ma-
trix interfacial area increase as the interface shear
stress increases, so the matrix should bear more
loads. According to the critical matrix strain en-

1, the crack spacing will decrease

ergy criterion'"
as the matrix strain energy reaches the critical

value.
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Fig. 7 Matrix crack spacing and stress at different in-

terface shear stress

3.3.2 Effect of interface debonding energy on
matrix crack spacing

As is shown in Fig. 8, the matrix crack spac-
ing decreases with the increase of interface
debonding energy at the same stress level. The
reason is that an increase of energy dissipation is
required as the interface debonding energy in-
creases. It results in the decrease of the debonding
length. The decrease of interface debonding
length leads to an increase of load acted on the

matrix, causing the decrease of the matrix crack

18
17
16
151

7;=10 MPa

-%=08 J/m’
—--%=10 J/m’

101
9F

Matrix crack spacing / pm

350 400 450 500 550
Stress / MPa

8 1 1
200 250 300

Fig. 8 Matrix crack spacing and stress at different in-

terface debonding energy

spacing as the matrix strain energy reaches the
critical value.
3.3. 3 Effect of ply thickness on matrix crack
spacing

Fig. 9 shows the effect of ply thickness on
matrix crack spacing. It shows that the matrix
crack spacing increases with the increase of 90°
ply thickness, here 6=0.517 mm. The reason is
that if the external load is given, there is an de-
crease of loads acted on the matrix as the 90° ply
thickness increases. This leads to an increase of
crack spacing as the matrix strain energy reaches

the critical value.
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=

6 . . , ) . \
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Fig. 9 Matrix crack spacing and stress at different ply
thickness (=0.517 mm)

3.3.4 Effect of fiber volume fraction on matrix
crack spacing

As is shown in Fig. 10, the matrix cracking
spacing decreases with the increase of fiber vol-
ume fraction at the same stress level. The reason

is that the area of the matrix decreases as the

fiber volume fraction increases. In other words,



118 Transactions of Nanjing University of Aeronautics &. Astronautics

Vol. 28

18
7;=20 MPa
g 16F %=0.8 J/m’
=
o0 L
g 14
g
; 12
8
b=
g 101
S 8r
6 . . . . . X
200 250 300 350 400 450 500 550
Stress / MPa
Fig. 10 Matrix crack spacing and stress at different

fiber volume fraction

there will be an increase of the stress of the ma-
trix when the external load is given. It will lead
to an decrease of crack spacing as the matrix

strain energy reaches the critical value.

4 CONCLUSIONS

(1) Matrix crack evolution of cross-ply ce-
ramic matrix composites under uniaxial tensile
loading is investigated by micro-mechanics ap-
proach.

(2) The crack mode 3 and mode 5 appearing
between transverse cracks is investigated. It is
found that the mode 3 is more likely to appear.

(3) The matrix crack evolution of mode 3 is
investigated. It is found that the matrix crack
spacing decreases with the increase of interface
shear stress, interface debonding energy and fiber
volume fraction, while the matrix crack spacing
increases with the increase of transverse ply

thickness.
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