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Abgract : Ceramics can keep their mechanical characteristics up to 2 000

or higher. In this paper ,A model to

predict ultimate strength of continuousfiber-reinforced brittle matrix compositesis developed:-A-statistica the-

ory for the strength of a uni-axialy fiber-reinforced brittle matrix composite is presented. Alo a semi-empirical

frictional heating method for estimating inrstu interfacial shear in fiber-reinforced ceramic matrix composites

was improved. Local uneven fiber packing variation as well as uneven micro-damage during-fatigue can be ex-

pected to have effects on the composites:generation of frictional heating ,thermal gradients ,and resdua stres-

ses around local fiber breaks. This study examined those engineering interests by the finite element method.
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Intr oduction

It is not possble\to efficiently-desgn opti-
mal compositesfor a designated use and in result
to select the constituents.of a desred composite
a priori without understanding ‘strengthening as
well as failure mechanism. In the last two dec
ades ceramic matrix compostes are desgned for
extremely high temperature use such as jet pro-
pulson engine components. Traditionally ceram-
ics are well known to be one of most stable mar
terialsin al environmental conditions as well as
their brittleness. Ceramics reinforced by ad-
vanced fibers (ceramic matrix composite,CMC)
can overcome their fatal brittle weakness where
interfacial characteristic between fiber and ma
trix plays a key role. As part of these efforts,in-
vestigating tendle strength and interfacial shear
of compositesisimportant. In this paper we con-
sder Weibull statistics, geometric distribution,
and mechanical properties of constituent materi-
als.

Continuous fibers and whiskers have been
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commonly utilized to reinforce the materials.
Many-advanced fibers show strong brittleness
which-leads to a wide strength spectrum which
can be commonly represented by a Weibull dis
tribution. The major purpose in nonceramic mar
trix compostesis to have the fiber share greater
proportion of the applied load. This load sharing
depends on the ratio of fiber and matrix elastic
moduli. In polymeric matrix composites,this ra
tio is very high ,whilein ceramic matrix compos
ites,it is rather low and can be as low as unity.
In the ceramic matrix composites,the purpose of
reinforcing is mainly to enhance toughness by u-
tilizing fiber/ matrix interfacial characteristics.
Thus ,the mechanism of ultimate tendle strength
should be understood on the bass of frictiona
red stance along the interface as well as fracture
strength of constituents.

Once that the composdteis under the uniaxi-
al tensdleload ,the composite stressincreases lin-
early with the corregponding fiber stress. When
the compodte strain exceeds to the fracture
strain of the matrix at any applied load ,multiple
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matrix cracks occur and thusintact fibers which
bridge the matrix cracks should bear higher
load. After the matrix cracking process ceases,
additional external load directly tranders to the
fiber. During the process of load increase,there
gradually form statistical fiber breaks. The bro-
ken fibers that still bridge the crack planes by
the friction force formed between matrix and fi-
bers,resst to be pulled out of the matrix. Final-
ly ,when it isimpossible for the small number of
unbroken fibers and frictionally resisting fibers
to endure the additional increase of external
load ,the catastrophic failure occurs in the com-
posite specimen.

This study has two purposes: the first is
to build a method to predict ultimate tensle
strength of continuous fiber-reinforced brittle
matrix composites and the second is to investi-
gate aninterfacial shear estimation method influ-
enced by uneven fiber packing in compostes.

1 Method of simulation

1.1 CMC under uniaxial monatonic tensite lcading

The brittle matrix.of this study is-uniaxialy
reinforced by continuous fibers ‘as shown in
Fig. 1. Once that the compositeis under a-uniaxi-
al tensle load ©) ,the composite stress ©c) in-
creases linearly with the corresponding fiber
stress Or) . When the-composite strain exceeds to
the fracture strain of the matrix at any applied
load ,a matrix crack occurs and thusintact fibers
which bridge the matrix cracks should bear high-
er load. Stress level at the matrix crack surface
should be zero and load tranderring from thein-
tact fibers to the matrix through interfaces cau-
ses the matrix stress recovery in a distance de
pending on interfacial properties and external
load. So the recovered matrix stress can make
another matrix crack and the scenario repeats
until the matrix stress is anywhere below the
matrix strength™ (see Fig. 2) . After the matrix
cracking process ceases,additional external load
directly trandersto the fiber. During the process
of load increase, the fibers gradually break at
some locationsin a random fashion. The fracture

A

1oy
1
9]

(b)

Fg.1 Schematic of mechanical behavior of a ceramic
matrix composite subjected to a uniaxia tensle
loading where St denotes a tensile strength
of the composite: (a) alinear response region;

(b) a matrix cracking region;and (c) a region of
fiber breaks and pull-out.

g ol

-4

41

o e Po Y

-
3

Fig.2, Matrix cracking.mode ,of CMC

of thefiber depends on the'size of surface flaw
and its flaw—distribution follows Weibull type
statistics’”. The broken fibers that still bridge
thecrack planes by thefriction force formed be-
tween-matrix_and fibers,resst to be pulled out
of the-matrix. Finally ,when it is impossble for
the small number of unbroken fibers and fric-
tionally resisting fibers to endure the additional
increase of external load ,the catastrophic failure
occursin the composite specimen.

1 2 Problem formulation

As stated before ,the tendle strength of ad-
vanced fibers shows the Weibull statistical dis
tribution where the failure of materials depends
on flaw distribution and size. In the brittle mate-
rial of Weibull statistics under the uniform load,
the probability of failure at a stresso is generally

expressed by
g-0g; "

_ 1
P—l-exp{-aJ

where mis the shape factor (Weibull modulus) ,
o isthe dimenson (length ,area,or volume) fac
tor relating to the characteristics of flaws,and0o
and0, are normalizing parameters. And the ma
terial has no probability to fail at a stress less
thano; .00 isaconstant depending on the speci-
men and determined by experiment!® . In the a
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bove equation,snce a fiber fracture depends on
the surface flaw rather than the defects in the
volume @ should be consdered as the area ,A.
After the matrix cracking occurs,frictional
dip zone along the interface of fiber and matrix
forms in the matrix crack wake. The fiber
stress ¢ ,which would be a maximum on the ma-
trix crack surface (z=0) decreases at a rate of
4/ di (sayK) along the interface and becomes a
plane strain stress at the end of the dip zone
where load trander between fiber and matrix
happens™”!. The stressT is defined as the shear
stress working along the dip zone caused by the
friction force. Most of fiber
would be clusteredin the vicinity of matrix crack

break locations

because the fracture of fibers depends on the lo-
cal stress. For smple calculation ,we may neglect
fiber fractures outside the dip zone and the dip
zone lengthisobtained as | =67 /K Of is the maxi-
mum fiber stress (i.e. ,stressat the matrix crack
plane) and thus local fiber stress may be.ex-
pressed asd; =K (| - z) .-Neglecting the-lower
fracture limit stresso) ,integration of Eq. (1) o-
ver the debond area resultsiin the failure-proba
hility of one“specimen as Eqg.(2)
T m m+d

- 2A08 (m + 1)[%] } (2
However Eq. (2) does not provide the fail-

P=1- ex

ure sitesin the gpecimen. In order to include the
dtesinformation the probability densty function
may be derived by following Oh and Finnie". A
fiber is divided into 2N elements of dz = I/ N
each located at z from the matrix crack plane (z
=0).Let Ga 0:i) denote the probability that the
element 0z fractures when subjected to the
stressless thand;. A local stresso; is afunction
Thus Gz @)
may be expressed by G 0% ,z) . The probability
that the element survives at the stress less than
0?is[1- Ga ©%,z)]. The probability that all
elements survive is then the product of all indi-

of the reference stressa? and z.

vidual survival probabilities. Therefore ,provided
that it has survived when the reference stressis
less thana{ ,the probability R that the element
at z fractures when the reference stress is be-

tweena{ ando? +60¢ can be obtained. Also eval u-
ating Weibull distribution Eq. (1) witho; =0 for
Gz 09 ,z) ,the probability that the element at z
breaks when subjected to a local uniform stress
giis given by

G, 09,2) = 1- exp{l ”—i%[gﬂ m} 3)

Substituting Eg. (3) into B and perform-
ing the differentiation ,when the number of ele-
ments N - oo the probability dendty function p
©9,2) is derived as

Tt m-1
p0?,2x0Dz = Tdt o
o Oo

Adi'| 0| "

exp{- AoIo[OtJ d%&%z (4)
Considering thelocal stresso ask (I- z) and
integrating Eq.(4) multiplied by the weighting
factor-z ,the\average fracture distance from the
matrix crack plane'\may be estimated by

+ J

L

m+ 1

:K(m+1) (5)

where a new varigble t= 0/ $) ™' isintroduced
(t is-associated witha{) and S is defined by

SO:{ZAQQ”T (m + 1)}?:1:{2H(éi ( H))'T}F]:l

TC off diln2

where H isthefiber specimen length and Sr (H)
isthe stress at which 50 % of specimens break. It
is meaningful to note that viSo (v is defined as
the fiber volume fraction) would be a composite
tendle strength when m goes to infinity (shown
later in this communication) . Interestingly ob-
served from the above ,the dimenson change of
fiber diameter dr to di/ M ,keeping ’:%f (H) comr
stant , should cause the increase of tendle
strength by MY ™?  Likewise, the increase of
interfacial shearT to M. would improve the same
diameter dir to di/ M by

. However the upgrading & to M%

amount as fiber
M]J(m+1)
would lead to the increase of M™ ™" times,a
bout the same order of fiber strength enhanced;
2 thisis the most efficient way to improve the
composte tendle strength. As the dimensonless
load tm goes to infinity ,all of fibers would break
and the incomplete Gamma functiony ( - , «)
reaches to the Gamma functionl” (- ). When the
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tendle strength of a material is deterministic (m

- ), the probability densty function of
strength is Dirac delta and then h =0 ,indica
ting that all fibers break at the matrix crack
plane.

After the occurrence of the matrix cracking,
the fiber failure probability PO?) ato? is deter-
mined by Eq. (2) and the rest of fibers,1- P
©9) ,would survive. Snce the fiber broken at a
distance h ressts the friction force of T dih to
pull out of the matrix ,the composite stress of fi-
ber volume fraction v: ,neglecting the load bear-
ing from the unbroken matrix ligaments,may be
estimated by

O. =0 (fromintactfibers) +0 (fromfriction)
=ofvi(1- PEY)) + kvi h PEOY) (6)
where ,dnce the load needed to pull out the bro-
ken fiber out of the matrix is proportional to the
failure distance ,the expected friction force for all
of the failed fibers is expressed in terms of the
average failure distance.

2 Interfacial shear. measurement

Micro-frictional ‘heating phenomenon._of
FRCM Cs under cyclic loading, condition was re-
ported”’ and well known. The frictional heat of
this phenomenon depends,on the range, magni-
tude ,and direction of fatigue stress® ,the load
ing frequency ,the matrix crack spacing®* the
broken fibers™  and the material properties of
the composite system. And because the frictional
heat of the specimen is disspated into environ-
ments, the interfacial shear can be derived by
consdering energy balance.

2 1 Friction work rate of a composite under
fatigue loading

Cho and coauthors ™! proposed an interfar
cial shear measurement which utilizes the fric-
tional heating phenomenon of FRCMC during
cyclic loading. In unidirectionally fiber reinforced
CMCs,a major cause of frictional heatingis dis
spation energy due to micro-frictional diding be-
tween reinforcing fibers and matrix along the
debonded interface. The frictional didingis clas

sfied as micro (or partial) and gross dip. In the
beginning stage ,the most of dip ispartial one of
which average diding length is less than a half
distance of matrix crack spacing. After assuming
only defects of matrix cracks and corresponding
interfacial debonding in FRCMCs without bro-
ken fibers, the friction work of one load cycle
generated in FRCM Cs subjected to cyclic loading
is estimated by!®

_TLdiC’Ac®
Wuiee =961, ET 4 (7)

where dr is the fiber diameter ,/0 the fatigue
stress range,v: the fiber volume fraction, Er the
elastic modulus of afiber T 4 theinterfacial shear
stress,and C standsfor (1--vr)-En/ E:. Multipl-
ying Eq. (7) by thefatigue frequency f and di-
viding by the volume of the gage section of FRC
M C-cylinder model Tt D21/ 45Tt 61/ 4vi ,the ener-
gy di'sspation rate per unit volume of FRCMCis
calculated as
ol 2 f ¢ dAo’
24EiT ¢

where is the mean matrix crack $pacing.

(8)

On the other hand ,besde of matrix cracks,
if there exist fiber failures,then Eq. (7) and (8)
must be modified accordingly. In order to include
fiber break in the model ,the cylindrical compos
ite of Fig. 3 was utilized and axi-symmetrically
modeled. All of applied loads should be suppor-
ted by fibers only at the matrix crack plane,so
thefibers should bear much higher load near ma-
trix crack. Fibers would fail at some locations in
the crack wake &fter the matrix cracking occurs.
In order to predict fiber fracture locations at a
given applied load ,weakest link theory can be a
dopted™’ .

Snce fiber fractures strongly depend on lo-
cal stress and fiber local stress recovers the
stressin plane strain at the end of dip zone [frac
ture dtes are clustered around the matrix crack
plane where the fiber stress is maximum and
most of fractures should occur in the dip zones.
In the case of occurrence of broken fibersin the
composite, micro and gross frictional dip must
be considered to calculate frictional energy diss-
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Fig.3 Fber-reinforced composte cylinder model

pation during cyclic loading. In micro dip case
there are four dip zones™ . Hence energy diss-
pation has the same of unbroken fiber case. If
matrix crack opening is less than a critical &
mount ,say O to induce gross frictional dip ,the
cell of Fig.3 remainsin microdip phase through-
out the cycle. In the other hand ,the case of-the
matrix crack opening exceeding the critical a
mount is followed-by\ gross dip:-phase af ter-mi-
crodip.During the ensuing 'gross\dip phase,the
only relative motion occurs in the fractured-fijber
by an amount ,say & and ‘results in a-frictional
work of 2@ di® where p i's contact pressure on
the debonded interface;h the distance of fiber
failure from matrix crack surface. Thus rather
than Eq. (7) ,thefrictiona work per unit volume
done by afractured cell can be represented by

]61(] +|!3)T2|3
3(1+“)2Ef +ZT[ddf}6 (9)

whered = viE¢/ (1 - vi) En = v/ Cis defined.
The microdip limit § » ,can be derived as

Wirac =

I : o1
Om = (1 +M) Efds (10)

Total crack opening amount of a cylinder
composite model with broken fiber at a distance
hfrom the crack surfaceis derived by

Utz_u_+_| I u(l + U -
1+M 1+ r\j E: ds

g qh gdhzlJ(l-U)
+
Efds (1 +M)

Erde (1 +M)
where uis defined as

(11)

u = diAo®
T 8(1 +M)T 4Ervi

Thus the amount of the gross dip distance
must be expressed by
d =U:-0n (12)
Multiplying Eq. (9) by load frequency and
dividing it by unit cell volumeTt 1/ 4v: ,the en-
ergy disspation rate per unit volumeis estimated
by

~ _ dWiee  4fViWie
Wirae = dt = T[d% (13)

2 2 Heat energy balance

The mechanical work against microfriction
force along the debonded interfaces of Eq. (7) or
(9) isdisspated into the surrounding mediumin
the form of heat. As the saturation of matrix
cracking-is achieved under ‘a constant fatigue
load ,thefrictional \work rate.and/ or the temper-
ature distribution of, the composite remain con-
stant to be a steady state condition. Consdering
the heat energy forms of convection ,conduction,
and-radiafion for heat trander ,the steady state
heat-energy disspation rate through the speci-
men into environmentsis estimated as follows

2 L end

q - qmnv * qad " qnnd - Vgage-fcemer
[h((Ts- To) +83 (T¢ - T ]dz + A AT
V gage dz
(14)

where Lwr iS the peripheral length of the gage
section ,V g the gage section volume € the radiar
tion coefficient B Stefan-Bolzman constant (5 67
x10"°W/ m’ - K*) , Ts the surface temperature,
Ta the atmospheric temperature, k the heat con-
ductivity ,h the heat convection coefficient , Acwnd
the gage cross section area,and z is a coordinate
along fiber direction. The surface temperature Ts
may depend on measuring points, Ts(2) .

If we neglect the other forms of energy
transmisson except heat trander, by equating
Egs. (8) or (13) as Eg. (14) with the measured
temperature of the gpecimen test spots,we can
calculate the in-situ interfacial shearT 4 of FRC
MCs.
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3 Uneven fiber packing model

In order to estimate the temperature distri-
bution of a FRCMC specimen under fatigue ,the
finite element method was utilized for the Nical-
on SC/CAS composte specimen which is u-
niaxially reinforced by 35 % fiber volume frac
tion. The loading condition was 25 Hz loading
frequency ,thefatigue stressAg =170 M PaQ max =
180 M Pa) ,the mean crack spacing of the speci-
men under study is used as | = 1984 m®* . The
mechanical properties of the composte were
used aslisted in Table 1 for the analyss.

Table 1 SIC/CAS  composite material propertied®

Composte  p/ a K/ a/
) E (GPa)
Materid (kg/ m®) (J/kg- K) (W m- K) ()
Axia 2712.5 0.72° 5.16 4.45E6 131.25

Trans. 27125 0.72° 1.0" 5.92E6 118.40

* Asssumed val ues

From the symmetry of the tendle.gpecimen
as shownin Fig. 4 ,only one eighth-of _the whole
specimen was analyzed by employing-the trans-
ent state finite element technique:~The frictional
work rate of Eg.(13) was uniformly distributed
over the problem ‘domain and the _surrounding
was kept at a constant temperature-of 20
through the analysis.) The experimental equation
h=1 42(Ts- T«)/L"* was adopted for the heat

convection coefficient!* .

H‘ v 3.7(Nominal)
]

iF

A
IIS.I

39.3(Radius
center)

6.3 v 1117

N
Maodeing area

7.0

Fg.4 Specimen shape and modeling area

Besdes,in order to include fiber break in
the model ,the one filament cylindrical composite
of Fig.3 was utilized by embedding one filament
cylindrical model into orthotropic homogeneity
equivalent to theoriginal FRCMCin termsof or-
thotropic mechanical properties and then axisym-
metrically modeled. Thus the resultant computa
tional model including broken fiber can be con-
sidered as a compound. In the analysis,the fiber
volume fraction v: of Q. 35,the fatigue loading
frequency of f =50 Hz,the fatigue stress range
A0 =310 M PaOmx =320 M Pa) and the interfacial
shear of 4 2 MPa'™® were used for the frictional
work rate of afiber broken cell™ to examine the
influence of thefiber break-onthe resdua stres
ses.

The composte compound as descri bed above
was modeled by axisymmetric 2-D finite element
model consi sting of\1 248\axisymmetric finite el-
ements and 1 320 nodes. Heat sourcesfor the fi-
nite element  computation-were calculated from
Eg. (9) and‘were uniformly distributed over the
frictional diding areas. The corresponding ther-
mal stress calculation was post-processed , fol-
lowing the temperature distribution prediction a
priori.

4 Resultsand discussion

4.1 CMC under wniaxial monatonic tensle lcading

S nce the composte startsto fail catastroph-
ically when the bridging fibers cannot endure ad-
ditional increase of the external load,in this
stage the maximum fiber stressof increasesin a
unstable fashion. And thus the condition for the
catastrophic failure of the composite specimen
can be stated by ./ @f =0

Thus,substitution of Egs. (2) ,(5) and (6)
into the instability condition resultsin a nonlin-
ear equation.

1- (Mm+2t - te'h + tﬁy[ﬁﬁ,@ =0
(15)

Figure 5 shows the solution behavior with

the increase of Weibull modulus. Let a solution

of Eq. (15) be Tr and theno? = T¢ ™V S,. Sub-
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stituting Egs. (2) and (5) into Eq. (6) and rear-
ranging ,the final equation to determine the ulti-
mate tensle strength of the composite system,
St ,is given by

St _

= +
V¢ So

m+1,Tf

m+2
m+1
TJ et (16)

TP mt2
T m+r (m+ 1

1.00
0.95
0.90
< 085
? 0.80
@
0.75
0.70
0 65 1 L 1 1 1 1 1 1 1
70 10 20 30 40 50 60 70 80 90 100
Weibull modulus/m

Fig.5 The root behavior of Eg. (15) is shown

against Weibull modulus

In this model the fiber fractures are as
sumed to occur after matrix cracking and. thus
the predicted tensle strengthof -Eq. (16)-should
exceed the composite stress that corresponds to
the matrix cracking stress Sm for validity. In the
undamaged' composite subjected to the tenstle
load ,the strains of ‘the composte ,fiber and ma-
trix are the same €. =€ =€) until-thefirst ma
trix crack occurs. When the composite strain be
comes equal to\the failure strain of the matrix,
the composite stress isOc = EcSm/ En = Sm{1l +
Vi (Er/ En- 1)}.And thusin any case ,thisisthe
minimum tensle strength.

4. 2 Interfacial shear measurement influenced by
fiber packing

Figure 6 shows that the steady state tem-
perature distribution along the centerline of
FRCMC double sded specimen of Fig. 4 under
the tensle fatigue loading which was assumed
only matrix cracking without afiber break.

The typical temperature distribution along
the axial direction was smulated to be quadratic
by usng FEM. The temperature distribution®
was assumed to be constant over the gage sec
tion. Thusin this study ,a quadratic curve fitted
temperature distribution was used to estimate

313
l.l.....

208 **e.,  Nicalon™/CAS-TI
& e,
£ K
5 303 .
£ T :
E .
= 298}

L ! 1 1oty
235 0.5 1.0 1.5 2.0

Normalized axial dismnce(Z/Llw)

Fig.6 Temperature distribution along symmetric
plane of a double edge specimen

the frictional heat disspation amount of Eq.
(14) . The disspation should be equal to the me-
chanical work rate of Eg. (13) to give 5 25 M Pa
for the interfacial shear-stress value. Note that
the reported shearof the-same system was 5 3
M Pa which-was'eval uated on the bas s of the ex-
perimental-hysteres s loop'®.

Matrix Rzt PR,

- )
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fiber— S LN AT )

N7 I»,,/" ) A
20% - 710%™
10% r s

et e it Y e

(a)

Concentr |I:-1|
fiber =

20%

10%

Fig.7 Fiber concentrated specimens:
(a) case1;(b) case 2.

When fiber bundles in CMCs are bias
packed during manufacturing ,thefrictional heat-
ing may be somewhat different due to packing
variation. To examine this,two extreme exam-
plesof Fig.7 were numerically smulated by u-
sing the finite element method. The computa
tional resultsfor surface temperature are shown
in Fig. 8. The fiber packing of Fig.7(a) shows
0. 5% deviation of interfacial shear compared to
the perfect uniform packing and Fig. 7(b) case
leads the interfacial shear to 5 1% different
from the perfect fiber packing one. Thus,the in
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dtu interfacial shear is reasonably estimated
with thefrictional heating method despite of un-
even fiber packed CMCs.

313

3ilF

3097

307F -*-Uniform
—»—Concentrated 1
—a- Concentrated 2

Temperature/K

305¢

W02 04 06 08 10

Normalized axial distance(Z/LPF)

Fig.8 Temperature differences due to fiber
packing variations

5 Conclusions

The unidirectional continuous fiber rein-
forced brittle matrix compostes when subjected
to a uniaxial tendle load are consdered to ana
lyze the tendle strength. The matrix is assumed
to be homogeneous and isotropic €lastic materi-
als and the fiber to have We bull stati stical~char-
acteristics for its-tendle strength. The analyss
provides new physcal\indgghts for the-tendle
strength of the brittle matrix'compostes.tn par-
ticular ,it shows how the role of interfacial fric-
tion force as well as)mean fiber-strength influ-
ences on the composite strength. The equation
for predicting the tensle strength is derived. The
derived equation is very sendtive to the fiber
strength data. And thusin order to use the equa-
tion a caution should be placed to have the accu-
rate data for a composte. The model of this re-
search would give a upper limit of the strength.

From this study we also conclude that the
second order temperature distribution over the
gage section should improve the interfacial shear
estimation accuracy from the fractional heating
measurements. As a result, two temperature
measuring points over the gage section should be
required for the improved calculation. However
fiber packing variationsin CMCs do not effect on
estimated interfacial shear by usng the method.
In the case of fiber failuresin CMCs,the thermal
stress has an effect oninterfacial shear level. The

influence may be adverse in the mechanical capa
bility of CMCsfor some thermal expanson mis
match between fiber and matrix. However Nical-
on/CAS of this study showed a little effect of
order of 1 MPa at most.
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