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EFFECT OF FIBER FAILURE ON QUASI-STATIC
UNLOADING/RELOADING HYSTERESIS LOOPS OF
CERAMIC MATRIX COMPOSITES

Li Longbiao, Song Yingdong
(College of Energy and Power Engineering, NUAA, 29 Yudao Street, Nanjing, 210016, P. R. China)

Abstract: The two-parameter Weibull model is used to describe the fiber strength distribution. The stress carried
by the intact and {racture fibers on the matrix crack plane during unloading/reloading is determined based on the
global load sharing criterion. The axial stress distribution of intact fibers upon unloading and reloading is deter-
mined based on the mechanisms of fiber sliding relative to matrix in the interface debonded region. The interface
debonded length, unloading interface counter slip length, and reloading interface new slip length are obtained by
the fracture mechanics approach. The hysteresis loops corresponding to different stresses considering fiber failure
are compared with the cases without considering fiber failure. The effects of fiber characteristic strength and fiber
Weibull modulus on the fiber failure, the shape, and the area of the hysteresis loops are analyzed. The predicted
quasi-static unloading/reloading hysteresis loops agree well with experimental data.
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INTRODUCTION

Ceramic materials possess high strength and
modulus at elevated temperatures. But their use
as structural components is severely limited be-
cause of their brittleness. Continuous fiber rein-
forced ceramic matrix composites not only exploit
their attractive high-temperature strength but al-
so reduce the propensity for catastrophic failure.
These materials have already been implemented
on some aero engines components-',

Upon quasi-static unloading and subsequent
reloading, stress-strain hysteresis develops due to
the frictional sliding which occurs along any
debonded region'®®). Li et al. """ investigated the
effects of interface debonding and fiber Poisson

contraction on hysteresis loops when fiber/matrix

interface was chemically bonded. It is found that

the completely unloading strain and the area of
the hysteresis loops decrease as the increase of in-
terface debonded energy and interface frictional
coefficient. Li and Song™ ™ developed approaches
to estimate interface shear stress and interface
frictional coefficient of ceramic composites from
hysteresis loops. It is found that the interface
shear stress and interface frictional coefficient de-
graded as cycle increases. And the degradation
rate depends on the fatigue maximum stress, the
fatigue load ratio and the cycle number. It should
be noted that the models mentioned above do not
take into account the effect of fiber failure on the
hysteresis loops. When ceramic matrix compos-
ites are under quasi-static unloading/reloading.,
the fracture and intact fibers both slip in the in-
terface debonded region, which affect the shape,

area and the location of the hysteresis loops '™,
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In this paper, the effect of fiber failure on
quasi-static unloading/reloading hysteresis loops
is investigated by the micro mechanics approach.
The hysteresis loops of different stresses with
consideration of fiber failure have been compared
with the cases which are not taken consideration
of fiber failure. The effects of fiber strength and
Weibull modulus on fiber failure, and the shape
and area of the hysteresis loops have been ana-

lyzed.

1 STRESS ANALYSIS

Upon f{irst loading to the fatigue maximum
Stress O » it is assumed that matrix cracking and
interface debonding occur. To analyze stress dis-
tributions in the fiber and the matrix, a unit cell
is extracted from the ceramic matrix composites,
as shown in Fig. 1. The unit cell contains a single
fiber surrounded by a cylinder of matrix. The
fiber radius is 7, and the matrix radius is R(R=
ri/Vi¥*). The length of the unit cell is L/2,
which is just the half matrix crack space. The in-
terface debonded length is Ls. On the matrix
crack plane, fibers carry all the load (o¢/V;),
where ¢ denotes far field applied stress and V;de-

notes fiber volume fraction. The shear-lag model
11]

adopted by Budiansky-Hutchinson-Evans''! is ap-
plied in the paper to perform the stress and strain
calculations in the interface debonded region (x €

[0, L;]) and interface bonded region (x € [ Ly,

L/2].
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where V,, denotes the matrix volume fraction, z;
the fiber/matrix interface shear stress, o the BHE
shear-lag parameter, o, and o,, denote fiber and

matrix axial stress in the interface bonded region,

respectively.
o » Debonding tip

Interface friction sliding
T;

-

alV; . o
Fiber oz
L, Matrix
L2

-

Fig. 1 Unit cell of BHE shear-lag model

When fiber fails, the fiber axial stress distri-
bution in the interface debonded region and bond-

ed region is

T—erix x€ (0,L
f
O‘{(I)_lo'foJF(TU{OZ %z’i exp( —p I:LdJ
P f
xe (Ld aL/2>
(4)

where T is the intact fiber axial stress on the ma-

trix crack plane.

2 DAMAGE MODELS

2.1 Matrix cracking

The brittle nature of the matrix material and
the possible formation of initial crack distribution
throughout the microstructure suggest that a sta-
tistical approach to matrix crack evolution is war-
ranted in ceramic matrix composites. The tensile
strength of the brittle matrix is assumed to be de-
scribed by the two-parameter Weibull distribution
where the probability of the matrix failure, P,

1o [12]

Om

OR

P.=1 fexp[— ‘m} (5)

where o,, denotes the tensile stress in the matrix,

or  and m denote the matrix characteristic
strength and matrix Weibull modulus, respective-
ly. To estimate the instantaneous matrix crack

space with increasing applied stress, we have

Pm - I‘sal/I/ (6)
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where L denotes the instantaneous matrix crack
space and L, the saturation matrix crack space.

Using Eqgs. (5,6), the instantaneous matrix crack

space is''?]

m

T

ORr

I = L{1 — exp| -

2.2 Interface debonding

When matrix crack propagates to the fiber/
matrix interface, it deflects along the fiber/ma-
trix interface. It has been proved that the fracture
mechanics approach is preferred to the shear
stress approach for interface debonding'**!. The
fracture mechanics approach is adopted in the pre-
sent analysis. The interface debonding criterion

istd

F w0 1 (4 o)

8= Jmr oL, 2 J o AL,

where F = nr’6/V; is the fiber load at the matrix

dx (8)

crack plane, w;(0) the fiber axial displacement at
the matrix crack plane, v(x) the relative displace-
ment between fiber and matrix. The interface

debonded length L, is

Tt
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2.3 Fiber failure

There are relatively fewer models for the
fiber failure of ceramic matrix composites com-
pared with analyses for damage mechanisms such
as matrix cracking and interface debonding. As
fibers begin to break, the loads dropped by the
broken fibers must be transferred to the intact
fibers in the cross-section. The GLS assumption
neglects any local stress concentrations in the
neighborhood of existing breaks, and is expected
to be accurate when the interface shear stress is
sufficiently low.

The two-parameter Weibull model is adopted
to describe fiber strength distribution, and the
GLS assumption is used to determine the load car-
ried by the intact and fracture fibers!'®,

‘% =T — P(T)) + (THPT) A0

where (T',) denotes the load carried by the bro-

ken fibers, and P (T) the fiber failure volume

fraction™®.

T

(o

me+1
Py =1 — exp[— ‘ ] an

where m; is the fiber Weibull modulus, and o.

¢

the f{iber characteristic strength of a length 6. of
the fiber''*,
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where [, is the reference length, and o, the fiber
reference strength of a length of /, of the fiber.
When fiber fractures, the fiber stress drops
to zero at the break, and the stress in the fiber
builds up through the stress transfer across the

fiber /matrix interface shear stress.

27

7’f

T,(x) =

x (13

The sliding length /; required to build the
fiber stress up to its previous intact value is
then*

27,
The probability distribution f(x) of the dis-

tance x of a fiber broken from reference matrix

l( = (14

crack plane, provided that a break occurs within a

distance =/, is constructed based on the Weibull
statistics by Phoenix and Raj™*

1 '1' /n‘+l [ T \ \ m[+]
P o, ) Cxp[_ (ZJ ]
Using Eqgs. (13,15), the average stress car-

flx) =

ried by the broken fiber is

[
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Substituting Eq. (16) into Eq. (10) leads to

o\ it met1
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The load carried by the intact fibers T at the

the form of

o .
R

Z \
Vf O,

matrix crack plane for different applied stress can
be obtained by solving Eq. (17), and then the
fiber failure volume fraction can be obtained by

substituting 7 into Eq. (11). When the load car-
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ried by the intact fibers reaches the maximum val-
ue, composites fail. The composite ultimate ten-

sile strength o, is

o

2 ZJWII[’mI+1J

.=V
uts @c 777{+ m{_'_ 2

18

3 HYSTERESIS THEORIES

When ceramic matrix composites are under
quasi-static loading, matrix cracking occurs first.
As increasing the applied stress, the amounts of
the matrix cracks increase. Partially matrix
cracks deflect along fiber/matrix interface, and
some matrix cracks propagate penetrate through
fibers, which makes fiber fracture. The interface

debonded length considering the effect of fiber

failure is
I Tt VmE L - { ( 77[ - 7'12 V"VmE[EmT
e 2( Ex p) ‘2/)) o
[ o iVl Iy 1z
(1 V. JrWé’d} a9

It is shown from the Eq. (19) that, when
none of the fiber fails, T'=0¢/V; and L4 = L.
When Ly<<L/2, fiber/matrix interface partially
debonds. When Lg=L1/2, fiber/matrix interface
completely debonds.

3.1 Interface partially debonding

When interface partially debonds, the unit
cell can be divided into interface debonded region
(x € [0, L)) and interface bonded region (x €
[Las L/2D.

Omsx) » the interface debonded region can be divid-

Upon unloading to o (o, <o <<

ed into interface counter slip region (x € [0, y])
and interface slip region (x € [y, Ly ]). The un-

loading interface counter slip length y is

1 r ’ VmEnlr{w ] 1 |
Y 2 { o [ 7; ' )
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fibers at the matrix crack plane upon unloading,

which satisfied the relationship of Eq. (21)
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Upon reloading to o, slip again occurs near
the matrix crack plane over a distance z, which
denotes a new slip region. The interface debonded
region can be divided into new slip region (x€ [0,
z]), counter slip region (€ [z, y]) and slip re-
gion (x € [y, LalD.
length 2 is

E.t? J(

2=y %{I«H - [?
(22)

rf ViV EE TR | T® _
where T® is the stress carried by the intact fibers

The reloading new slip
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at the matrix crack plane upon reloading, which

satisfies the relationship of Eq. (23)
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where T, satisfies the relationship of Eq. (24).
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3.2 Interface completely debonding

ij”"“]— L+ Lran | en

\ o

When fiber/matrix interface completely
debonds, the unit cell can be divided into inter-
face counter slip region (x€ [0, y]) and slip re-
gion (€ [y, L/2]) upon unloading. The unload-

ing interface counter slip length y is

. 7 o alRS al¥) 79 o
Y= @ T~ F G ]| @)

where TV satisfies Eq. (21).

Upon reloading, the unit cell can be divided
into interface new slip region (#€ [0, 2 ), inter-
face counter slip region (€ [z, y]) and slip re-
gion (z € [y, L/2].
length = is

The reloading new slip

T — E (nax—

2=y o) — 1| (T =T =

a>] (26)

where T satisfies Eq. (23).
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3.3 Stress-strain relationship

When damage forms within the composite,
the composite strain is determined from Eq. (27),
which assumes that the composite strain is equiv-

alent to the average strain in an undamaged fiber.
_Z ~ a —
€ = E;LJI,/ZG[(I)dI (ac — ap)AT  (27)

By the fiber axial stress during unloading and
subsequent reloading, the hysteresis loops of ce-

ramic matrix composites can be determined.

4 RESULTS AND DISCUSSIONS

The ceramic composite system of SiC/
CAS"is used for the case study and its basic ma-
terial properties are given by Vi=38%, E;=210
GPa, E,=095.5 GPa, r=7.5 pm, a;=4 X 10"°
/°Cy an=5X%X10"°/°C, AT=—1 000 °C, {4=0.2
J/m*, ;=15 MPa.

In the matrix statistical cracking model, the
matrix cracking characteristic stress og is derived
as the Aveston-Cooper-Kelly (ACK) steady ma-
]

trix cracking stress™'®

g _ [ SVEEE el

“ 7’1'VmEr2n G )AT

28

where £, is the matrix fracture energy. Beyerle
1. b7l

et a conducted Chervon-notched flexure tests
on the SiC/CAS and yielded the matrix fracture
energy, {m =25 J/m*’ The matrix characteristic

strength can be derived by Eq. (28) and given by
or=226 MPa.

The matrix crack density as a function of
stress for the experimental data and present anal-
ysis are plotted in Fig.2, where the matrix
Weibull modulus m is 5. The predicted results a-
gree well with the experimental data.

Beyerle et al.™" conducted fracture mirror
experiments of the pulled-out fibers and yielded
fiber characteristic strength, o.= 2.0 GPa, fiber
Weibull modulus, m=3.6. The tensile strength
ous predicted by Eq. (18) is 514 MPa, while the
experimental strength is 455 MPa. To efficiently
model fiber failure process during tensile loading,
the fiber characteristic strength is determined by

substituting m; and experimental tensile strength

Vol. 28
11 - "
- 10|} 4 Experimental data"”
g 9 | = Prediction data
2 8
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% st
<
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Fig. 2 Matrix crack density versus stress of experi-

mental measurement and theoretical prediction

into Eq. (18), and o.=1. 768 GPa.

The hysteresis loops with and without con-
sideration of fiber failure when ¢,,, =200 MPa are
illustrated in Fig. 3(a). At this maximum unload-
ing stress, the fiber/matrix interface partially
debonds, 2L4/L=0.47, and the fiber failure vol-
ume fraction is low, P(7)=0.38%. The unload-
ing interface counter slip length y increases as
stress decreases until oy, at which the counter
slip length y does not approach the interface
debonding tip, 2y(oum.)/L=0.23 (Fig. 3(b)). As

the fiber failure volume fraction is low and the

225
200 —*— Without fiber failure
1751 —v— With fiber failure
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75+
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25+

Stress / MPa

0.10 0.15 0.20
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0 1
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(a) Hysteresis loops

0.25

—a— Without fiber failure
—v— With fiber failure

0.20
5 015F
&

0.10

0.05

0.00

0 25 50 75 100 125 150 175 200 225
Stress / MPa

(b) Unloading interface counter slip length 2y/L
versus stress of SiC/CAS

Fig. 3 Effect of fiber failure when ¢,,,,=200 MPa
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completely unloading interface counter slip length
accounts for a small proportion of matrix crack
space, the hysteresis loops of the two cases men-
tioned above are close with each other (Fig. 3
(a)).

The hysteresis loops with and without con-
sideration of fiber failure when ¢,.. =450 MPa are
illustrated in Fig. 4(a). At this maximum unload-
ing stress, the fiber/matrix interface completely
debonds, and the fiber failure volume fraction is
28.4%. The

counter slip length with consideration of fiber

completely unloading interface
failure reaches interface debonding tip at the un-
loading stress which is larger than the minimum
stress, 2y(6>0m,)/L=1, however, the counter
slip length without consideration of fiber failure
reaches interface debonded tip at the minimum
stress, 2y(6=0m,)/L=1(Fig. 4(a)). The shape,
area and location of the hysteresis loops with con-
sideration of fiber failure are different from those
without consideration of fiber failure. When the
effects of fiber failure on hysteresis loops are con-

sidered, the strains at the maximum and mini-

500 —a— Without fiber failure
—v— With fiber failure
400
£
S 300
P
£ 200
©n
100
0 1 1 1 1 1
01 02 03 04 05 06 07
Strain / %
(a) Hysteresis loops
1.2
—a— Without fiber failure
1.0 —v— With fiber failure
0.8+
2 o6}
&
04
0.2+
0.0

0 100 200 300 400 500
Stress / MPa

(b) Unloading interface counter slip length 2y/L
versus stress of SiC/CAS

Fig. 4 Effect of fiber failure when 0,,x=450 MPa

mum stress, and the area of the hysteresis loops
are all increased (Fig. 4(b)).

The effects of fiber characteristic strength on
the hysteresis loops and the unloading interface
counter slip length when 6,,,, =450 MPa are illus-
trated in Fig. 5. The fiber failure volume fraction
is 28.4% when o.=1.768 GPa, while the fiber
failure volume fraction is 11% when . = 2. 000
GPa. The increase of fiber failure volume frac-
tions when o.=1. 768 GPa makes the load carried
by the intact fibers increase, which increases the
unloading interface counter slip length y, the
strains at the maximum and minimum stress and

the area of the hysteresis loops.

500
-0 =1.768 GPa
400 ~7 .= 2.000 GPa
<
S 300t
é 200
7]
100 |
0 1 1 1 1 1
01 02 03 04 05 06 07
Strain / %
(a) Hysteresis loops
1.2
——0,=1.768 GPa
1.01 ——0,=2.000 GPa
0.8
3 0.6
30

0.4
0.2

0.0 L
0 100

200 300 400 500
Stress / MPa

(b) Unloading interface counter slip length

Fig. 5 Effect of fiber characteristic strength

The effects of fiber Weibull modulus on the
hysteresis loops and the unloading interface
counter slip length are illustrated in Fig. 6. The
fiber failure volume fraction is 28. 4% when m=
3.6, while the fiber failure volume fraction is
21.8% when m;=4. The increase of fiber fail-
urevolume fractions makes the load carried by the

intact fibers increase, which increases the unload-
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ing interface counter slip length, the strains at
the maximum and minimum stress and the area of

the hysteresis loops.
5 EXPERIMENT COMPARISONS

Pryce and Smith'"! investigated the quasi-
static unloading/reloading behavior of unidirec-

tional SiC/CAS at room temperature. The hys-

500
——m.=3.6
400 | —~m;=4.0
<
a
= 300
&
£ 200 -
100
0 1 1 1 1 1
01 02 03 04 05 06 07

Strain / %

(a) Hysteresis loops

teresis loops of the experimental data and the pre-
sent analysis which considers the effect of fiber
failure when o =170, 185, 195 and 210 MPa
are shown in Fig. 7. The material properties of
SiC/CAS are given in Table 1. It is found that the
hysteresis loops predicted by the present analysis
agree well with the experimental data, which

proves the efficiency of the present model.

1.2
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(b) Unloading interface counter slip length versus stress

Fig. 6 Effect of fiber Weibull modulus
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Fig. 7 Quasi-static unloading/reloading hysteresis loops



No. 1 Li Longbiao, et al. Effect of Fiber Failure on Quasi-Static Unloading--* 101
Table 1 Material properties of SiC/CAS ceramic matrix composites''*]

Material Vi r/pm E{/GPa E./GPa v v, a/(10 °°C") a,/(10 °°C") AT/°C &/ *m ) ©/MPa my

SiC/CAS 0.34 7.5 190 90 0.2 0.2 S —1 000 0.2 15 3.6

6 CONCLUSIONS

The effect of fiber failure on hysteresis loops

under quasi-static unloading and subsequent
reloading is investigated in the paper. As increas-
ing the applied stress, the matrix crack space de-
creases, interface debonded length increases and

The

effect of fiber failure on hysteresis loops becomes

the fiber failure volume fraction increases.

obviously with the increase of the applied stress.
The shape, area and location of hysteresis loops
with consideration of fiber failure are different
from those without consideration of fiber failure.
The strains at the maximum and minimum stress
of hysteresis loops, the area of the hysteresis
loops all increase when fiber failure are taken into
account.

When the unloading stress is constant., the
fiber failure volume fraction and hysteresis loops
as a function of fiber characteristic strength are
analyzed. It is found that the fiber failure proba-
bility decreases with an increase of fiber charac-
teristic strength and the strains at the maximum
and minimum stress, and the area of the hystere-
sis loops decreases with an increase of fiber char-
acteristic strength.

When the unloading stress is constant, the
fiber failure volume fraction and hysteresis loops
as a function of fiber Weibull modulus are ana-
lyzed. It is found that the fiber failure probability
decreases with an increase of fiber Weibull modu-
lus and the strains at the maximum and minimum
stress, and the area of the hysteresis loops de-
creases with an increase of fiber Weibull modu-

lus.
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