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Abstract—The micromechanical fracture analysis of fiber-reinforced ceramics usually requires
explicit consideration of sliding at the fiber—matrix interface that is resisted by frictional shear stress.
But an interfacial debonding resistance may have to be overcome before frictional sliding can occur.
This paper presents an approximate calculation of the stresses needed to initiate and propagate
fiber—matrix debonding in the vicinity of a matrix crack. The results are used to define the parameters
of a crack-bridging model that serves to determine the effects of debonding and initial stress on the
matrix cracking stress of an aligned fiber composite, as well as their effects on overall composite
toughness.

1. INTRODUCTION

Matrix cracks bridged by intact reinforcing fibers are commonplace in ceramic fiber com-
posites. The micromechanical analysis of crack-bridging fibers is essential in order to
incorporate their effects into the study of the constitutive behavior and fracture of aligned
fiber composites, or aligned fiber layers within composite laminates. A widely used assump-
tion is that the fibers are held in the matrix solely by the presence of friction, and that
axial sliding along a fiber-matrix interface would occur under a critical, limiting value of
longitudinal shear stress. This assumption, together with some additional simplifications,
underlies the classical Aveston—Cooper—Kelly {ACK) matrix cracking stress [Aveston et al.
(1971) ; see also Budiansky et al. (1986) ; McCartney (1987)] and also recent results for the
strength of an aligned fiber composite containing an initial through-the-fiber flaw (Bud-
iansky and Cui, 1994).

In the present paper we extend the traditional modeling of frictionally sliding fibers to
include the effect of a debonding foughness at the fiber—matrix interface that must be
overcome before sliding can occur. In so doing, we are guided by the approach of Hut-
chinson and Jensen (1990), who overlaid the influence of interface toughness on an uncon-
ventional frictional sliding model, that in some respects is more ¢laborate than earlier ones.
Here we retain the constant friction, shear-lag model of Budiansky ez al. (1986) as the
starting point for building in the interface toughness effect. A popular and convenient way
to embody the mechanical effects on a composite of crack-bridging fibers is to introduce a
continuous distribution of non-linear springs that connect the opposing faces of a crack in
a homogeneous material. In this idealization, the spring law relating stress and displacement
is chosen so as to reproduce the overall tensile compliance of the prototype composite
material when it is fully traversed by a bridged matrix crack. Accordingly, we derive an
equivalent crack-bridging spring law that includes the influence of debonding toughness as
well as friction. We then go on to find results for the increase in the matrix cracking stress
produced by the introduction of debonding toughness. Finally, we give an estimate for the
effect of debonding toughness on the tensile strength of a composite containing a long
through-fiber flaw. Here the result is a strength reduction, but generally a small one.
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Fig. 1. Fiber and matrix.

2. SHEAR-LAG MODELS AND BRIDGING LAWS

2.1. Stress analysis

We contemplate an aligned fiber composite under tension containing a long matrix
crack normal to the fiber direction, and analyse the fiber—matrix interaction on the basis of
a single composite cylinder (Fig. 1). The fiber of radius a is assumed to maintain radial
contact with the surrounding matrix cylinder, whose outer radius is chosen to give the right
fiber and matrix volume concentrations ¢y and c,, = 1 —c¢. The lateral sides of the matrix
cylinder are assumed traction free, and a uniform axial strain is imposed at z = o0, pro-
ducing the far-field, average fiber and matrix stresses of” and o;. Thus the average composite
stress ¢ = ¢;07 +c,0r is resisted by the fiber stress o/cy at the matrix crack. Axial sliding
occurs at the fiber-matrix interface in the interval 0 < z < £, where the longitudinal shear
stress is equal to a limiting frictional stress 7,. The magnitude of ¢, which could be zero,
will come out from the solution. The fiber and matrix Young’s moduli are E; and E,, the
composite Young’s modulus is E = ¢E+c E,, and the far-field stramn i1s
o/E = 6’ |E; = 63 |E,. Poisson’s ratio effects are ignored in these last two equations.
Finally, for simplicity of exposition, we postpone consideration of initial stress, which can
be handled efficiently after we look at the combined effects of frictional shear resistance
and debonding toughness.

According to the shear-lag solution given by Budiansky et a/. (1986), the average fiber
and matrix tensile stresses o((z) and a,,(z), and the interface shear stress 7;(z) are given by

o¢(z) = o/cr—215z/a
Gm(z) = (2Cf/cm)TSZ/a

Ti(2) = 15 (1)

for 0 < z < ¢, and by

01(z) = 07 + [(en/cr) 0% —2rst ja] 7~
On(z) = 03 — (035 — (2erfcn) st Ja] 0

7(2) = (p/D(em/er)om — 25t [al e P @

for z > ¢. The shear-lag parameter p is defined by
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where vy, is the Poisson’s ratio of the matrix, and where the utility constant B is given by

2¢3 1/4
B= [—610gc[-—3cm(3~cr)] @

(for ¢;=0.4, B=x0.85; for ¢;— 1, B—1). The tensile stresses given by eqns (I, 2) are
continuous at z = £, but not necessarily the interface shear stress.

2.2. Zero interface toughness ; spring bridging law

If the debonding energy release rate %y, of the fiber—matrix interface vanishes, ¢ will
remain equal to zero until the interface shear stress at z = 0 reaches 5. This will happen
when the applied stress ¢ becomes equal to the critical value

2¢;E \ 14
Os = (CmEm) P . &)

For ¢ > o the sliding length ¢ is set by the condition of interface shear continuity at z = Z,
and is given by

ta=[SEm) o L 6
ja= oE 21:5_,0' ©)

The second term is usually quite small, less than unity. Note that we can rewrite eqn (6) as

fla= (cmEm> G~ 0Oy )

C[‘E ZTS

for ¢ > 0.

A spring bridging law can now be formulated by application of the approach intro-
duced by Hutchinson and Jensen (1990). The matrix-cracked composite (see Fig. 2) is
stretched uniformly at z = + L by an average stress o, and the same stress is applied to the
spring model, which consists of two homogeneous slabs having the composite modulus E,
and connected by springs that stretch an amount 2v. For equality of the end displacements
W in model and prototype, the spring stretch must satisfy

Fig. 2. Fiber bridging prototype and spring model ; the average applied stress is a.
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J‘L a+(2) oL
U=

PR (8)

)

Letting L — oo, and substituting o;(z) from eqn (1), with £ specified by eqn (7), leads to the

bridging law
. 2(“5) (”) for o < o5 (92)
[7] Ta Ta

2 2
- (—"—) n (“S) for o > o5 (9b)
Oa Oa

2Cf€-_v%f—s . (10)

To compare with earlier studies, we note that the spring relations given in eqns (9) are
identical with those exhibited in a different notation by Marshall and Cox (1988) and
Budiansky and Amazigo (1989). They are fully consistent with the energy analysis of matrix
cracking presented by Budiansky et al. (1986), which covered the full range of frictional
resistance 1. The classical Aveston—Cooper—Kelly theory (Aveston et al., 1971) for matrix
cracking in the presence of frictionally sliding fibers incorporated the widely used “large
slip”” assumption, in which the 1/p term in eqn (6) for the slip length ¢ is dropped, and all
deformations associated with the exponentially decaying stress contributions in eqns (2)
are ignored. This is equivalent to dropping the gy terms in the spring relations [eqns (9)],
which gives the quadratic bridging law

v A%
() )

for all values of 6. While this simplified spring law appears to be quite adequate when
interface sliding is resisted only by realistic magnitudes of constant friction, it will be
necessary to build on to the more accurate relations in eqns (9) when we introduce the
effects of debonding toughness.

2.3. Non-zero debonding energy ; spring bridging law

We now seek to incorporate the influence of a debonding toughness into our shear-lag
analysis, following the scheme that was used by Hutchinson and Jensen (1990). (We note,
in passing, that in the sliding region adjacent to the matrix crack, the shear-lag model of
Hutchinson and Jensen is more sophisticated than the present one, but in the spirit of the
large slip approximation, they ignore the details of the exponential decay zone.) Although
radial stresses do not enter into our analysis, we will assume that radial displacement
continuity is maintained in the sliding regime, so that the condition for mode II debonding
must be met for propagation of the sliding boundary. We first contemplate the composite—
cylinder configuration shown in Fig. 3, wherein a very long, zero friction, debonded zone

T

z

!4 £ | z-/

Fig. 3. Zero friction debonding ; average stress is o, at z = 0.
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is propagating under a critical value o, of the average applied stress ¢ at z = o0. An
elementary energy release calculation gives

|[E.E%
op = 2¢; ﬁ (12)

for this debonding stress in terms of the critical energy release rate %, for mode II interface
debonding. Except for the neglect of Poisson’s ratio effects, this is an exact three-dimensional
result, but now we will use it in an approximate fashion to modify the shear-lag theory to
take debonding toughness into account. The shear-lag approximation to the stresses in
(z—7¢) > 0 (Fig. 3) is given by eqns (2) with tg = 0, and so the interface shear stress 7;(z) at
z = £, just beyond the tip of the zero friction interface crack is

(") = (%) oz, (13)

Of course, the three-dimensional shear stress is singular at z = £* but within the framework
of shear-lag theory, it makes sense to set a5 = (£,/E)op in eqn (13) in order to define a
critical interface shear stress 7, required for debonding as

pemErn
= . 14
o ( 2e.E )"D (14)

We think of 7, as a cohesive shear strength of the interface that may not be exceeded by
the shear stress 7;(z). Hence, in our shear-lag theory, the value of oy, given by eqn (12)
represents the critical applied stress for continued debonding of a zero friction sliding zone
of arbitrary length ¢.

To establish a general criterion for continued interface debonding (see Fig. 1) in the
presence of sliding friction 75 along a debonded zone of arbitrary length ¢/, we take the
decisive step of postulating the condition

(") = max (TD). (15)
Ts

The idea is this: in our shear-lag theory, wherever interface sliding occurs t;(z) = s, so if
Tn < T,(£7) < 75, extension of the debonded zone is prevented by friction, even though t; is
sufficiently high to overcome the cohesive resistance 1y, of the interface. Hence, for 1p < 7,
all of the shear-lag results for zero debonding toughness, as well as the bridging law in eqns
(9), continue to apply. But for 7 > 15 (or equivalently, ap > a5) there can be no debonding
for ¢ < op in which case we must have £ = 0. Then, for ¢ > o, > g5, we may set 1{(£*) = 1p
in eqn (2) in order to calculate the debonding length #, and we find

tla = (cmEm>"_“D . (16)

This, of course, is just eqn (7) with o5 replaced by op, but now the interface shear stress is
not a continuous function of z, but jumps from 74 to 1, at z = £. Repeating the calculation
of the spring displacement specified by eqn (8) gives, for ap > g, the spring law
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v os\ /(o
= (%) (a) for o < op (17a)
6\ [op)° Os\ (0D
=[—| - (2] +2(=2)(=2] fore > op. (17b)
Ta Ta Oa OA

The bridging law still has a continuous slope, and reduces to eqns (9) for o5 = op.

It may be useful to record a uniformly valid form of the bridging law. Note that
according to our shear-lag analysis, the value of the applied stress (Fig. 1) that initiates
sliding is

Op
o Emax( ) (18)

Os

It follows that the bridging law may be written as

L <ﬁ> (i) for o < o, (192)
a Oa Oa
2 2
- (i> — (“‘) +2 (ﬁ> (ﬁ> for o > a,. (19b)
Oa (N Op/ \Oa
These reduce to eqns (9) for o < g, to (17) for o > g5, and to both for o, = os.

3. MATRIX CRACKING STRESS

3.1. Calculation via spring complementary energy

The matrix cracking stress o, defined as the value of the far-field average stress o
needed to propagate a single, long matrix crack through the composite (Fig. 4), is readily
found by setting the crack front energy release rate ¢,%,, equal to the rate of potential
energy loss in the composite as the crack front advances. Here 4, is the critical mode I
toughness of the matrix material, and the factor ¢, takes into account the area reduction
due to the fibers. The potential energy calculation is facilitated by use of the spring law
v (o) in the spring bridging model (Marshall and Cox, 1988 ; Budiansky and Amazigo,
1989). Thus the potential energy release per unit crack advance (per unit thickness) is
simply

)

Fig. 4. Long matrix crack propagating under stress o,,.
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Qo) = 2|:—'|‘aadv (0)+ov (a)]

0

- zj”v(a) do. (20)

0

This is actually the complementary energy of the springs, and the matrix cracking stress
0., satisfies

Q (amc) = Cmgm- (21)

Equation (20) for the complementary energy embodies the assumption that 6 = 0 atv = 0,
and will need modification later when we consider initial stresses.

3.2. Aveston—Cooper—Kelly (ACK) matrix cracking stress
Using the simplified bridging law [eqn (11)] in eqn (20) leads to the primitive energy
expression

2 6’a
0u@) =3 @2)
OA
and writing
QO (ogxc) = Cmgm (23)

gives the classical matrix cracking stress of Aveston et al. (1971)

6c E.E? ngm]lﬂ 24)

0% = [(3/2)0hcn®nl " = [

cmEla

for frictionally sliding fibers. We will use this as the baseline quantity with which to compare
the results of other calculations. Henceforth, we can use the equivalence

Q (Ome) = Qo(ome) 2%

which follows from eqns (21) and (23) to determine other values of the matrix cracking
Stress Oy

3.3. Matrix cracking stresses of Budiansky—Hutchinson—Evans (BHE)

The extended results for o, found by Budiansky et al. (1986) for arbitrary friction
magnitudes (but no debonding toughness) follow from the complementary energy func-
tional

2
0 (o) = f[asaz] fors < o (262)
A
2a 2__ 3
= 3—2 [6° +3005 —~03] foro > ag (26b)
Oa

obtained by the substitution of eqn (9) into eqn (20). Using eqn (26a) in eqn (25) gives 0.,
equal to the “no-slip” matrix cracking stress o, defined by
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)’ 6c2EE? V[ %, 12
asz=B = o (27)
3O'S Crzn(l +Vm) aEm
But this equals ¢,,. only if o, is smaller than the critical stress og that produces interface
slip. The more usual situation is that g5 < o,,, and then g, must satisfy the cubic equation

O-Snc + 3O-mco-g - O'g = (6210)3 (28)

deduced from eqns (25) and (26b). The transition between the slip and the no-slip results
occurs when eqn (28) is satisfied by ¢, = 0, ; this occurs for 6, = 0, = (1/3)7a2..
In terms of the non-dimensional ratios

A= JZ‘C and f= 0_05 (29)
amc O-mC
eqn (28) gives the slipping fiber result
B35 =1 (30)

and this provides the solid part of the curve for A versus f in Fig. 5, valid up to
A= p=(1/3)"” = 0.693. (Note that although A is a decreasing function of f, 6., increases
with increasing t5.) For § > (1/3)'?, o, stays equal to the no-slip matrix cracking stress
6. From the connection

os _1 (GL) (3la)

0'0 3 Oy

mc

that follows from eqn (27), we have 4 = (38)~"?2 for B = (1/3)'?, as shown by the “no-
slip”, dashed part of the curve in Fig. 5. It is commonly thought, however, that in the
absence of interface sliding, matrix cracks would tend to propagate dangerously into the
fibers. The essential message of Fig. 5 is that in the absence of debonding energy, the ACK
o, is higher than the BHE matrix cracking stress. However, for the modest values of
as/al,., less than 0.2, that usually apply, the difference is small.

Equation (31a) permits the use of ¢%./a,, as an alternative non-dimensional measure
of the size of the sliding friction. In fact, BHE displayed the results of Fig. 5 in a different
manner by plotting o,,./0,, versus ¢2_/o,.

|
]

w
Lt

[e:]
TTT1 7V
L1t

Q
Urnc/amc
g
T
L

A=

1T
4
4
11t )

T 17177

(23 VS S N S Y VN P S VA WSO S TN W DU NN SO S
4 .6 8

=05/ V?nc

Fig. 5. Effect of friction on matrix cracking stress; ¢,,, = o, for § = (1/3)'” = 0.693.
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3.4. Effect of debonding energy

For 0 < o < 05, the BHE results of the previous section continue to apply. To derive
the new results required for o, > s, we substitute the spring law (17) into eqn (20) for the
complementary energy Q (o) to get

2
0(0) = a—f[ascﬂ] for o < ap (31b)
A
2a )
= 3—2[0 —3gap(op —205) +0p(20p —305)] fora > op (3l¢)
Ta

and then eqns (25) and (31c) give
Oine = 30mc0p(0p — 205) + 05 (20p, — 305) = (o5c)’ (32)
for a,,. > op. For increasing op, the transition to the no-slip matrix cracking with o, = o,

implied by eqn (31a) will occur when eqn (32) is satisfied by o,,. = o ; this gives the critical
value o, = /(6%)*/(305) for no-slip cracking. Introducing

o0 =— (33)

in addition to the ratios defined in eqn (29), we can now summarize the results of this
section for matrix cracking in the presence of both friction and debonding toughness as
follows:

PP =1 for & < ff < (1/3)'3 (34a)
A2 =3la(e—28) +a*Re—3B8) =1 forf<a< (3" (34b)
i=m o 3pn for > (1/3)" ora > (38)~ 2. (34c)

mce

Where the cubic equation (34b) for 4 has more than one real root, only the largest one is
physically meaningful ; the others correspond to either negative v or negative o.

Figure 6 shows examples of 4 versus o for three values of §, namely f = 1/12, cor-
responding to o,,/0%. =2, f = 0(6,,/6% = o)and f = (1/3)"% (6, /00 = (1/3)'?). Also,
the solid curve of Fig. 5 is reproduced as a dotted line. Its significance here, as implied by

4||II'IITIIlll|l||||l1l||lll|l TT
: / j
3 A=0
o © F 4
g) 2— B8=1/12 7
bE L / N
I B 7
- _/ ]
1 .
E T #=.693 .
o‘ljllllllllllllllllllIIIIIIIIIlI'IIll_
0 .5 1 1.5 2 2.5 3 3.5 4

a=aD/q3C

Fig. 6. Effect of debonding toughness on the matrix cracking stress; 8 = ag/a..
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Fig. 7. Matrix cracking stress in the presence of friction, debonding toughness, and residual stress;
here § = 5¢/05 and oy = (E/E,)oR.

eqns (30) and (34a), is that for f < (1/3)"3, the value of 1 stays constant between o = 0 and
the point on the dotted curve where a equals B. As illustrated by the example for § = 1/12,
the ensuing variation of A with « follows a rising trend, but must ultimately level off at the
value of ¢,,/00, that corresponds to B according to eqn (31). This transition to no-slip
matrix cracking is smooth but rapid, and is completed where 1 = «. The limiting result for
B = 0 corresponds to the use of an approximate “large slip” bridging law, analogous to the
one used by ACK for zero debonding energy. For the case # = (1/3)'”, we have A = (1/3)'”
for all a.

3.5. Effect of residual stresses

The effects of residual stresses on matrix cracking can be taken into account easily by
modifying the bridging law in the way that was explained by Marshall and Evans (1988)
and Marshall and Cox (1988). If there are self-equilibrated residual stresses of and o in
the fibers and matrix (with cof + c,0K = 0), then the matrix would be stress free, and the
matrix crack would be closed, under the application of the far-field stress

ox = (E£> ox. 39t

Hence, if the functional connection between v and ¢ is v = f (o) in the absence of residual
stress, it becomes v = f (6 +0y) for og # 0. It follows that the complementary energy should
be written as

0 (o) = J vdo = J+ f(o+0x) d(o +0r). (36)

Accordingly, the results of the previous sections continue to apply, with the non-dimensional
stress parameter A re-defined as

Ome + OR

0
Ome

A (37

and now Fig. 7 shows how A = A(a, f) varies with « for a range of values of . Note that
residual compression in the matrix (og < 0) gives an increase in the matrix cracking stress.
With 4 re-defined by eqn (37), the results for 2(0, B) that are displayed in Fig. 5 agree with
those of BHE found by a quite different approach for the combined effect of only friction

t Note that oy is the negative of the quantity og used by Marshall and Cox (1988).
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and residual stress. Summing up the results, we have that the matrix cracking stress a,,,.(«, )
in the presence of friction, debonding energy and residual stress is

amc(as B) = A(a’ ﬁ)agw —0gr (38)

while the matrix cracking stress in the absence of debonding energy is

amc(o’ B) = A(O’B)agw —OR- (39)

Note that the change in o, produced by the introduction of debonding energy, given by

AGe = [4(0,8) ~ 4(0,8)]om (40)

is independent of oz. We remark, finally, that for sufficiently small values of the friction
parameter f, the top curve in Fig. 7, corresponding to the simplified equation

A3 4+24% =1 41)

given by eqn (34b) for f = 0, might constitute an adequate approximation up to the value
of a for which A becomes equal to (38) '/ Then, for still larger «, A would be kept at this
no-slip value,

3.6. Two specific examples

Data for two composite materials, namely silicon carbide fibers in a calcium—alumino-
silicate glass ceramic matrix, and silicon carbide fibers in a silicon carbide matrix, are shown
in Table 1 (Domergue et al., 1994) The physical and geometric values given in the top block
are nominal ; in particular, the frictional resistances and the debond toughnesses have large
uncertainties of 30-50%. All of the remaining quantities were calculated.

The magnitudes predicted for the increases Ao, in the matrix cracking stress that are
provided by debonding energy are not insignificant. In these examples they make up for
more than half of the reductions oy in the matrix cracking stresses that are caused by

Table 1. Data for two composite materials

material SiC/CAS SiC/SiC
debonding toughness 5, (J/m?) 1 4
matrix toughness %,, (J/m?) 25 10
matrix modulus E,, (GPa) 100 300
fiber modulus E; (GPa) 200 200
matrix Poisson’s ratio v, 0.2 0.2
sliding shear stress tg (MPa) 20 100
residual stress parameter o (MPa) 120 200
fiber radius a (um) 7 7
fiber concentration ¢; 0.4 0.4
composite modulus £ (GPa) 140 260
utility constant B 0.85 0.85
utility constant p 2.27 3.09
oy (MPa) 355 325
0 (MPa) 952 553
as (MPa) 16.5 374
ap (MPa) 207 325
Oos/ OO 2.68 1.70
o= 0p/0l 0.582 1.000
B = as/cl, 0.046 0.115
A, ) 1.19 1.35
A(0,8) . 1.00 0.99
O, f) (MPa) 302 239
mc(0,5) (MPa) 235 122
Ao (MPa) 67 117

O nc(®8)/ 0 (0,8) 1.29 1.96




326 B. Budiansky ez al.

residual stresses. Note the ratios o..(a, B)/6..(0, f) of matrix cracking stresses with and
without the presence of debonding energy: 1.29 for SiC/CAS and 1.96 for SiC/SiC. If
residual stresses were absent, these ratios would be lower; 1.19 and 1.36, respectively.

4. TOUGHNESS AND STRENGTH

We will now estimate the effect of debonding toughness on the longitudinal strength
of the aligned fiber composite when it contains a through-the-fibers crack. The strength
problem has been studied in detail by Budiansky and Cui (1994) for the case of large fiber—
matrix slip without debonding resistance, and it is complicated. We will limit ourselves here
to consideration of very long cracks (Budiansky and Amazigo, 1989), and just assess the
change in the effective, long crack composite roughness when debonding resistance is
introduced. In addition, we will neglect the influence of the intrinsic matrix toughness in
the calculation. The studies by Suo et al. (1993) indicate that this last approximation should
be acceptable, especially since it will be made for both the cases of friction alone, and
combined friction and debonding resistance, that are being compared. For the sake of
clarity, we neglect residual stresses temporarily.

The energy input per unit crack advance provided by a far-field stress intensity factor
K is proportional to K% But also, because we are neglecting the toughness of the matrix,
this energy input during through-fiber crack growth must be balanced just by the crack tip
bridging strain energy loss V (¢S), where S is the fiber strength and V (o) is the spring
energy defined by

a

Vo) = ZJ odv (6) = 20v(6)—Q (0). (42)

0

It follows from eqns (9), (17), (26) and (27) that the strain energies V5 and V', for fibers
without and with debonding energy are

Vs(o) = l:iz [2os0”] foro < o4 (43a)
OAl

= [612 [40°/3+203/3] for ¢ > a5 (43b)
Al

Vp(o) = |:i2 [2os0’] foro < op (44a)

OAa

— L%] [46°/3 —40D/3+206503] foro > ap. (44b)
A

Accordingly, for the interesting case of ¢S > ap > gy, the ratio [Fp(ceS)/Vs(c:S)]'? of the
corresponding long crack toughnesses Ky, and K is

op \’ 30 12
- (35) (- 3)
& CfS 20'D

= . (45)

For sufficiently long cracks, this is also the ratio of the composite tensile strengths with and
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Fig. 8. Effect of debonding resistance on composite toughness.

without fiber-matrix debonding resistance. The result in eqn (42) is illustrated in Fig. 8 for
op/0s = 2, 5 and co. Toughness and strength are reduced for op, > o5 because debonding
resistance decreases the compliance of the bridging fibers. This, in turn, increases the
concentration of fiber stress at the tip of the unbridged crack.

It is unlikely that practical designs would tolerate values of op/(cpS) anywhere near
unity. We want a substantial amount of sliding to occur in the critical fibers at the crack
tip before they fail in order to alleviate their stress concentration. For op/(csS) less than
1/2, the strength reduction due to the debonding toughness is less than 7% for all values of
op/os. Furthermore, for cracks of finite size, the knock-down in strength would be still less
than that given by eqn (45) and including the influence of matrix toughness would further
alleviate the weakening effect of debonding toughness. For the examples in Table 1, with
an assumed fiber strength S = 2 GPa, the values of Kp/Kg given by eqn (45) are 0.99 for
SiC/CAS and 0.97 for SiC/SiC.

Finally, we note that residual stresses are easily taken into account by replacing ¢S in
eqn (45) and in Fig. 8 by (¢.S+0g), where oy is defined by eqn (35). The results are then
valid for (c;S+0g) > 6p > 05. With the influence of oy included, the predicted values of
Ky /K for the examples of Table 1 are even closer to unity.

5. CONCLUDING REMARKS

We have shown how to estimate the effect that a fiber—matrix interface debonding
toughness has on the matrix cracking stress. In addition, an explicit formula has been
presented for the approximate influence of debonding toughness on the overall composite
toughness associated with large flaws. A significant finding is contained in the contrast
between these two results for a practical range of parameters. Appreciable increases in the
matrix cracking stress can be produced by the introduction of interfacial debonding resist-
ance, with a negligible accompanying reduction of the overall composite toughness.
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