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Reduction in energy release rate for mode |
fracture of a fibre with a cracked coating layer due
to small-scale interfacial debonding

S. OCHIAI, M. HOJO
Mesoscopic Materials Research Center, Faculty of Engineering, Kyoto University, Sakyo-ku,
Kyoto 606, Japan

In order to predict the effect of small-scale interfacial debonding on the energy release rate at
a crack tip for mode | fracture of a fibre with a cracked coating layer, an approximate
calculation method has been presented. The relation of debonding length, thickness of the
coating layer and ratio of elastic modulus of the coating layer to that of the fibre, to the
energy release rate of the fibre was calculated for some examples. It was demonstrated that
small-scale debonding reduces the energy release rate and, therefore, effectively prevents

reduction in fibre strength.

1. Introduction

When a fibre is coated . with low-failure-strain
material, the strength is sometimes reduced. One of
the reasons for the reduction could be attributed
to the propagation of the crack formed by premature
fracture of the coating layer [1-6]. In this case,
if the interfacial bonding strength between fibre
and coating layer is high, the formed notch extends
into the fibre, and the fibre is broken in Mode I,
as schematically shown in Fig. la. As a result,
the strength of the fibre is seriously reduced. On
the other hand, if the bonding strength is low, debond-
ing occurs at the interface, as shown in Fig. 1b. In
this case, the crack-tip is blunted and the reduction
in fibre strength is not serious [3,7]. However,
if debonding occurs in a large scale along the length,
the efficiency of stress transfer from matrix to
fibre becomes low when fibres are embedded in
a matrix, resulting in a low strength of composites
[8,9]. Thus, in order to prevent reduction in fibre
strength and also to retain high efficiency of stress
transfer in composites, small-scale debonding is
required.

Although the importance of small-scale debonding
has been recognized in this field, the relation of
debonding length to fibre strength has not been
clarified until now. In the present paper, in order
to predict the energy release rate for mode I fracture
of a fibre at the crack tip after small-scale interfacial
debonding, an approximate calculation method will
be presented. Some calculation results concerning
the dependences of the energy release rate on debon-
ding length, thickness of the coating layer and
elastic moduli of fibre and coating layer, will be
shown.
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2. Calculation method

2.1. Relationship of energy release rate to
compliance

The strain energy release rate of a fibre, A, is given by

[10]
b= (P?/2) [dC(5)/dS] (1)

where P is the applied load, C(S) is the compliance for
crack of area § and dS is the increment of cross-
sectional area of the crack. In this work, A is calculated
by modifying Equation 1 into the form

A = (P%)2) { lim [C(S+ AS)— C(S)]/(AS)} 2)
AS -0

The C(S)and C(S + AS)are calculated by the method

shown in Section 2.2, and fracture of the fibre is

regarded to occur when

= 3)

where A is the critical strain energy release rate.

2.2, Modelling

The shear-lag analysis technique has been known to
be useful to calculate stress concentrations in the
fibres adjacent to broken fibres in fibre-reinforced
composites [11-15]. This technique has also been
applied successfully to calculate the energy release
rates for modes I and II for notched multifibre-rein-
forced plastics by Narin [16] and for a single-fibre
composite in which a broken fibre is embedded in
a matrix, by Fukuda [17]. In this analysis technique,
the stress distribution in the longitudinal direction
is- calculated by ignoring radial and circumferential
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stresses. On  this point,  this technique is- not
rigid. However, for approximate estimation, it is
known to be useful. Also it has the advantage that the
calculation procedure is simple. In this work, this
technique is extended for the following model coated
fibre.

The fibre has a radius R; and length L which is
taken to be infinite in the calculation, cross-sectional
area S, Young’s and shear moduli E; and Gy, respec-
tively, and the coating layer has an outer radius R,,
cross-sectional area S;, Young’s and shear moduli,
E, and G, respectively. The coating layer with a thick-
ness a{ = R, — Ry) is broken at X = 0, as shown in
Fig. 1a. Between Young’s, E, and shear, G, moduli, the
relation

G = E/[2(1 +V)] Q)

is assumed, where v is the Poisson’s ratio.

Let us consider the situation where debonding has
occurred by D in length below and above the crack.
There are two regions, as schematically shown in
Fig. 1b: region A(X > D) where coating layer adheres
to the fibre, and region B (0 < X < D) where inter-
facial debonding has occurred. When interfacial bond-
ing is strong, region B does not exist and only region
A exists, as shown in Fig. la. _

The fibre and coating layer are regarded to be
composed of N1 and N2 elements, respectively, as
shown in Fig. 2a. The total number of elements is
N(= N1+ N2). The element in the centre is num-
bered 1, the next one 2, and then 3, 4, ..., N outwards.
The cross-sectional area of the i element is given by S;.
The interface between i — 1 and i elements is expressed
as the i — 1/iinterface. The outer and inner radii of the
ith element are denoted R; and R;_ ;, respectively, and
the distance of the centroid from the inner surface of
ith element as C;, as shown in Fig. 2b. The displace-
ment from X = 0 of the ith element is denoted U, and
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Figure I Schematic representation of the non-debonded (A) and
the debonded (B) regions. The arrows show the direction of the
crack propagation. (a) and (b) correspond to the cases without and
with interfacial debonding between fibre and coating layer, respec-
tively.
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that of the interface between i — 1 and ias U;_ ;. The
Young’s and shear moduli of the ith element are
shown by E; and G, respectively. If the ith element
exists within the fibre, E; and G; are given by E; and
Gy, respectively, while, if it exists within the coating,
they -are given by E, and G,, respectively.

2.3. Equations for stress equilibrium
For Region A, the interfacial shear stress at the i/i + 1
interface, 1, , 1, is approximately given by [18]

Tyiv1 = Gi(Ui/i+1 —U)/R; - C;—R;_y)
= Git1(Uis1 — Uyiv1)/Ciny o)
Eliminating Uy in Equation 5, we have
Tiji+1 Hy(U;s — Uy) (6)

Hi = GiGi+1/[GiCi+1 =+ Gi+1(Ri - Ci - Ri—l)] (7)

For region B, the shear stress 1;;4; for i N1 is also
given by Equation 5, and the shear stress Ty, /N1+1 18
given by zero. The forces acting on the ith element are
shown in Fig. 2b where P; is the load at X = X in the
longitudinal direction. The equations for stress equi-
librium for regions A and B are given as follows.

Region A
S1E1(d*U,/dX?) + 2rnRyTy5 = 0 8)
SE;(d*U;/dX?) + 2n
(Rityr1 —RiziTi—qy) = 0@ = 2to N—1) (9)
SyEn(d*Uy/dX?) — 2nRy_1ty-yn = 0 (10)
Region B
SiE((d*U,/dX?) + 2rnRty, = O (11)
S;E/(d*U;/dX?) + 2n
(RiTiji+1 — Ric1Tizqy) = 0
i = 2toN1-1) (12)

Fibre [zoaiing

Element {2 NiMa-A

L/2 = X+d X

Crasked - 21tH,.r,-,,-+,T 512713,,,:,,,4

coating ¢ !
layer 9 e 0 5
’/j( —’—'::::::‘jk\
e IR
i b)=X
———————— -/ “Centroid
ili+1 i
interface l interface
i
(a) (b)

Figure 2 (a) Modelling for application of shear lag analysis. The
fibre and coating layer are divided into N1 and N2 cylindrical
elements, respectively. (b) Equilibrium of force in the ith element.



SNlENl(dZ UNl/dXZ) -+ 2n

(—RN1-1TN1—1/N1) = 0 (13)
Swi+1En1+1(d*Uy141/dX?) + 2n
(RN1+1TN1+1/N1+2) =0 (14)

S:E«(d*U;/dX?) + 2n
(RiTyjivg — RicqTimqp) = 0
(i = Nl+2toN—1) (15)
SyEn(d*Uy/dX?) +2n(—Ry-1Ty-18) = 0 (16)

2.4. Non-dimensionallization
In order to obtain a convenient form for the problem,
a non-dimensionallization has been performed in the
shear lag analysis [11-17]. In this work, the ordinary
expression of non-dimensionallization was modified
for the present problem as follows

R, = Ry (17)
Ci = Ree; (¢ = [(F7 +ri-0)/2]"? —rim1) (18)
S; = S¢s; = mRZs (19)
E; = Ee; (20)
G; = Gy (21)
H; = Gih/R;

(h = gigi+1/1giCiv1 + giv1(ri—ci —1r;-)]) (22)
Ui = 1toN) = o R{INEG)} (23)

X = Re(E/Ge)"?x (24)
L = Rf(Ef/Gf)llzl (25)
D = Ri(E/Gy)'?d (26)

where of is the average fibre stress at X =0 (= net
fibre stress). r;, ¢, Si, e, i M, 4;, x, [ and d are
non-dimensionallized forms of R;, C;, S;, E;, G;, H;,
U,, X, L and D, respectively.

Under this non-dimensionallization, du;(x)/dx
(denoted K;(x)) is given by
Ki(x) = du/dx = {dU;(X)/dx}/(cc/E) (27)

Equation 27 shows that K;(x) is the magnitude of
strain normalized with respect to the average strain of
a fibre at x = 0. Substituting Equations 17-26 into
Equations 8-16, and letting

2rihif(e;s;)) = my (28)
2ri1hiifles) = m (29)

we have following simplified equations.
Region A
d?uy Jdx? + my(uy —uy) = 0 (30)
d?u;/dx? + myt;o o — (my + m)w; + mu;_; = 0
i =
d2uy/dx? — ny(uy —tuy_4) = 0 (32)

1toN—1) (31)

Region B
d%u; /dx? +my(uy —uy) = 0 (33)
d2?u;/dx® + mgt o — (m +m)us +muy ;. = 0
(i = 2to N1 —1) (34)
A2uy, /Ax? — gy Uy —tns ;) = 0 (35)
gy +1/dX® + mys 4 (U2 — tnie1) = 0 (36)
d?u;/dx? + myuy g — (m; + n)uwy +mu;_y = 0
(i = Nl+2toN—1) (37)
d2uy /dx? — ny(uy —uy_;) = 0 (38)

2.5. General solution of u;

When L is taken to be large enough, the strain of all
elements dU;(X)/dX at X = L/2 are equal to each
other, given by

dU(X = L/2)/dX = R? o;/[R?E; + (RZ — R})E,]
(39)
Substituting Equation 39 into Equation 27, we have
KX = L/2) = R}/[R? +(RZ— R?)(E./E)]
(@ =

The general solutions of u;s for regions A and B are
given as follows under the condition of Equation 40.

1to N) (40)

Region A

N-1 )
u{i = A_}Bl,] eXp( - ij)
j=1

+ {RP/[R? + (RZ — RZ)(E/Ef)] x + Ay
(41)

where A;s are unknown constants, (k;)*s (k; > 0) are
eigen values except zero for the matrix Ty given by

le — my
— Ny My +H, —m, 0
—n ms +n —m
TN': ........ E R L (42)
—HAy—1 My_y T Hy-1 —My_g
| O — Ny Ny

2029



and B; ;s are constants given by
By j=1 (j = ltoN—1) (43)
B,; = (1—k}/m)By; (j = ltoN—1) (44)
Bi; = (L+m_y/myy—kijm_1)Bi_y;
—(m—y/m;—1)B;—5 ;@ = 3toN,j = 1toN—1)

(45)
Region B
2{Ny-1)
u? —_ Z CjDi’jeXp(ij) + C2N1_1x + C2N1
i=1
(i = 1to N1 (fibre clements)) {46)

2N1+2(N2—1)

uf = Y

J=2N1+1
(@ =
where C;s are unknown constants, (v;)*s and (w;)*s

are eigen values except zero for the following matrices
Ty and Ty, respectively.

CjDi,jeXp{ij} + C2N_1x + CZN

N1 + 1 to N (coating clements))  (47)

my —my
— Ny m2+n2 - My
— N3 m3+n3 ~— M3
Ty, =
— Ani-2
0
Myg+1 — My1+1
—Nyi1+2 Myi+2 T AN1+2 — MN1+2
Ton — — N1 +3 My1+3 T AN1+3
N2 =
0

and D, ;s are constants given by
Dy; = 1(j = 1to2(N1—-1) (50)
Dy ;= (1—=vi/m)Dy,; (j = 1to2(N1—1))
(1)
Di; = (L4m_yfmy —vi/m1)Diy
— M-y /m;—)Di—5 ;(i = 3to N1,
j=1t0 2N1-1) (52
Dyi+1,; = 1 (j = 2N1+1t0o2N1+2(N2—-1))
(53)
Dyisa; = (1 _sz/mN1+1)DN1'+1,j
(j = 2N1+1to2N1+2(N2—1)
Dij = (0 +mnyjmy—wi/mi_y)
Di_y,j— -y /mi—1)Di—3
(i =Nl+3toN,j = 2N1 +1t0o2N1+2(N2 —1))
(55)

(54)
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2.6. Boundary conditions

The unknown constants, 4;s (j = 1 to N) in the case
of no debonding, and A;s (j=1to N)and C;s(j =1
to 2N) in the case of debonding, could be solved from
the following boundary conditions. For the present
aim, the following situations (i)—(ii1) were taken for the
reason given later. In this section, only the conditions
for the case of debonding are shown. For the case of
no debonding, the same conditions can be used by
setting d = 0.

Situation (i): no fibre elements are broken

ud0) = Ofori = 1to N1 (56)
KP}0) = Ofori = N1+1toN (57)
ubd) = ubdfori = 1toN (58)
K¥d) = Kid)fori = 1toN (59)
Situation (i) the fibre element N1 is broken
uf(0) = Ofori = 1toN1—1 (60)
KP©) = Ofori = NltoN (61)
Equations 58 and 59.
0
(48)
Myi-2 T ANy—2  —Myi—2
—AN1-1 Ayi-1
0
— My1+3 (49)
—Hy—1 My—g+AN—1 — My
— Ny Ny

Situation (iii): the fibre elements N1 and N1 — 1 are
broken

i

ul0) = Ofori
K?©0) = Ofori
Equations 58 and 59.

1toN1—-2
Nl—-1toN

(62)
(63)

Il

2.7. Strain energy release rate, A

Assuming that L is large, exp( — k;I/2) in Equation 41
is nearly zero, where [ is a non-dimensional form of
L given by Equation 25. In such a situation, the
non-dimensional displacement of all fibre elements at
x =12 is given by [R?/{R? + (R? — Rf) (E./E0)}]
(1/2) + Ay. Denoting the non-dimensional displace-
ment at x = I/2 for crack area S as u(S) and the non-
dimensional value of Ay for crack area S as Ay(S),

u(S) is expressed as
u(S) = [RP/{R?+ (R~ R})

(E</Er)}] (1/2) + Ax(S) (64)



The non-dimensional displacement, u(S), is converted
to a real one, U(S), via Equation 23 as follows

US) = u(S)oeR[1/(EG)]* (65)
The compliance for crack area S, C(S), is then given by
C(S) = 2U(S)/P (66)

where P is the applied load. Now let the crack propa-
gate by AS. For crack area S + AS, the compliance
C(S + AS) 1s given by

C(S+ AS) = 2U(S + AS)/P (67)
Setting P = m R? o; and combining Equations 23,
64-67 with Equation 2, we have
X/sz = mRF[1/(EGe)]'?

AS -0

( lim 7R {[An(S + AS) — AN(S)]/AS}> (68)

A/o? is independent of o;. In the present work, A/cf
was calculated as follows. S was taken to be the
cross-sectional area of the coating layer and Ay(S) was
calculated by using the boundary conditions for Situ-
ation (i). Next, AS (described as AS;) was taken to be
the cross-sectional area of N1 element (AS; = Sy1),
and the unknown constant Ax(S + AS;) was obtained
by using the boundary conditions for Situation (ii).
Then AS(AS,) were taken to be the sum of the cross-
sectional area of N1 and N1 — 1 elements and the
unknown constant Ay (S + AS,) was obtained by using
the boundary conditions for Situation (iii). The value of
A/c? was calculated from Equation 68 with the linear
extrapolation of [Ax(S + AS) — Ax(S)]/AS to AS =0.

In the present work, R; was taken to be 5 um, and
a and D were varied up to 1 and 3 pum, respectively.
The calculation was carried out for the combinations
of (A) E;=200GPa and E.=400GPa and (B)
E;; = 400 GPa and E, = 200 GPa. The former repres-
ents the case where the coating layer has higher elastic
modulus than the fibre and the latter the reverse case.
For calculation of fibre stress at which the crack
propagates into the fibre at X = 0, A, was taken to be
3J/m~2. The Poisson’s ratios of both fibre and
coating layer were assumed to be 0.3. N1, N2 and
S:(i =1 to N) were taken as follows, due to the limit-
ing capacity of the computer used. N, was taken to be
12. N1 was taken to be the integer of R}N2/
[(R¢ + a)> — R}] when RFN2/[(R; + a)* — R?] < 41
and 41 when RZN2/[(R; + a)> — R}] > 41. In both
cases, S; was taken to be equal for i =2 to N and
S was taken to be the residual. This kind of simplifi-
cation in the shear-lag analysis has been known to
give a fairly good description of stress concentrations
at a notch tip [13, 14].

4.

4.1. Influence of interfacial debonding on
energy release rate at X=10

Fig. 3 shows the influence of interfacial debonding

length on the variation of /67 at X = 0 as a function

of a for case (A) (E; = 200 GPa and E_ = 400 GPa).

Figs 4 and 5 show the variation of A/c# and the energy
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Figure 3 Influence of interfacial debonding length on the variation
of A/c? at X = 0 as a function of thickness of the coating layer, a, for
case A (E; = 200 GPa and E, = 400 GPa).
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Figure 4 Variation of A/c# as a function of debonding length, D, for
(1-3) E;=200GPa, E,=400GPa, (4-6) E;=400GPa, E, =
200 GPa. a: (1,4) 0.1 pm, (2, 5) 0.3 um, (3, 6) 0.6 um.

release rate, A, normalized with respect to that for
D = 0 (o debonding) Ay, respectively, as a function of
D for various combinations of the values of a, E; and
E.. The following features can be read from Figs 3-5.

1. For a given thickness, g, the longer the debond-
ing length, D, the smaller becomes A/c?; namely, the
interfacial debonding reduces the energy release rate
at X = 0 and the energy release rate is reduced with
increasing debonding length. Even when D is small,
the energy release rate is reduced effectively.

2. For a fixed interfacial debonding length, the
A/o? increases with increasing a. This indicates that
when the coating layer is thick, a long debonding

length is required to realize much reduction in energy

release rate.

3.In case (A) (E;=200GPa and E =
400 GPa), the A/c? at D = 0 (no debonding) is high
and also it requires long debonding to achieve low
energy release rate, while in case (B) (E; = 400 GPa
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Figure 5 Variation of energy relea_lse rate of a fibre at X =0, A,
normalized with respect to that for no debonding (D = 0), A, as
a function of debonding length D. Curves 1-6 as in Fig. 4.

and E, = 200 GPa), the A/c} at D = 0 (no debonding)
is low and it requires a relatively short debonding
length to achieve a low energy release rate. This means
that in the case of low-modulus fibre with high-
modulus coating layer, the strength is low at D =0
and also even after debonding, the strength cannot
become high unless the debonding length becomes
long.

4. The relative reduction rate of the energy release
rate (A/Ap) is high when the thickness of the coating
layer is large, E; is low and E. is high.

4.2. Stress of the fibre at propagation
of the crack at X=10
4.2.1. Stress of the fibre at propagation of
the crack at X = 0 when no interfacial
debonding occurs
Fig. 6 shows the variation of fibre stress, o, at which
the formed crack propagates into the fibre at X = 0.
In addition to the variations for cases {A) and (B), the
variations for the cases of E; = E, = 200 and 400 GPa
are presented in order to compare the calculation
results based on the linear elastic fracture mechanics
(LEFM). The following features can be read.
1. According to the LEFM [10], if E; is equal to E_,
the fibre strength for the plain strain condition will be
given by

of = (U/Y){Ed/[01 - V) ma)]}'*  (69)

where Y is the finite width correction factor. The
broken curves show the calculation results based on
Equation 69. The difference in o { values between the
present method and LEFM is about 10%. This means
that the present method is not rigid, but it can be used
to a first approximation.
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o, (GPa)
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Figure 6 Variation of fibre strength at X =0, 6 ¥, as a function of
thickness of the coating layer, a, for the case where no interfacial
debonding occurs. (1) E¢ =200 GPa, E,=400GPa; (4) E;=

400 GPa, E. =200 GPa. Curves 2 and 3 show the calculation
results based on the linear elastic fracture mechanics for the case of
E,=E;=(2) 200 and (3) 400 GPa. Taking the case of E;=

400 GPa, E, = 200 GPa and an original fibre strength 8, = 3 GPa
(curve 4) as an example, the practical strength of the fibre at X =0
varies along ABC. In this case, below the critical thickness of the
coating layer at B, a,, the fibre strength at X = 0 is given by 6J,.

2. In the case of E; = E., when the fibre has high
clastic modulus, o ¥ becomes high, as anticipated from
Equation 69. It is suggested that if a high-modulus
fibre is employed, the reduction in fibre strength is
relatively small in comparison with that in low-
modulus fibre, if the A, value is the same.

3. When a is very small, of becomes higher than
the original strength (denoted cp). In such a range of
a, the fibre strength is determined by the intrinsic
defects contained in the fibre. Then, the strength will
not be given by of but by o . Namely, defining the
thickness, which satisfies 6§ = o2, as a,, the strength
will be given by o, for a < a,and by 6 ¥ for a > a,. If
op, is taken to be 3 GPa, the strength for the case of
E; = 400 GPa and E, = 200 GPa will not be reduced
below the thickness corresponding to B and it will be
reduced along BC, as shown in Fig. 6.

4. The strength of fibre is reduced much when E; is
low and E, is high. On the other hand, the reduction is
relatively small when E; is high and E_ is low. This
means that if interfacial bonding is too strong to
prevent interfacial debonding, low-modulus fibre with
a high-modulus coating layer cannot achieve high
strength when the failure strain of the coating layer is
very low in comparison with that of the fibre.

4.2.2. Stress of a fibre at propagation of
the crack at X=0 when interfacial
debonding occurs

Fig. 7 shows the influence of interfacial debonding

length D on the variation of fibre stress, of, at the

propagation of the crack into a fibre at X =0 as



o, (GPa)

1 | | 1

0 0.4 08 0 0.4 0.8
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Figure 7 Influence of interfacial debonding length, D, on the vari-
ation of fibre strength at X = 0, o, as a function of thickness of the
coating layer, a, for (a) E; =200 GPa and E.=400.GPa, and
(b) E; =400GPa and E,=200GPa. Taking the case of
o, = 3 GPa, E; = 400 GPa and E, = 200 GPa, the practical fibre
strength at X = 0 varies along ABC when no interfacial debonding
occurs (D = 0), but it varies along ADE when the debonding length
is 0.3 pm.

! (GPa)

D (pm)

Figure 8 Increase in fibre strength at X = 0 with increasing inter-
facial debonding length D. Taking the case of 6, = 3 GPa, a = 0.6,
um, E;=200GPa and E.=400GPa (curve 3), the practical
o value varies along ABC. In this case, beyond the critical debond-
ing length at B, D., the fibre strength at X =0 is given by c,.
Curves 1-6 as in Fig. 4.

a function of thickness of the coating layer a for
(a) E; =200 GPa and E, = 400 GPa, and
(b) E; =400 GPa and E, = 200 GPa. Fig. 8 shows
the variation of o f with increasing interfacial debond-
ing length, D. Figs 7 and 8 show that (i) the longer the
debonding length, D, the higher becomes of for
a given thickness, g, (i) of decreases with increasing
a for a fixed interfacial debonding length, and
(iii) when the ratio of E_/E; is high, 6 { is low for given
values of g and D.

The calculated values of o, however, do not cor-
respond to practical values, because in the range of
of > o2 (original fibre strength without coating
layer), the fibre stress at fracture is determined by the

€
=5
‘QZ E.=200 GPa
E.=400 GPa
2+ i
E.=400 GPa
E,=200 GPa
I !
0 0.3 0.6 0.9
a{um)

Figure 9 Variation of the critical debonding length, D, as a func-
tion of thickness of the coating layer, a, for case A, E; = 200 GPa
and E_ =400 GPa, and for case B, E,=400GPa and E, =
200 GPa.

intrinsic defects contained in the fibre as stated in
Section 4.2.1. Taking the case of o, =3 GPa,
E; =400 GPa and E,=200GPa in Fig.7b as an
example, because o} is higher than oy, up to B and
D for D =0 and 0.3 pm, respectively, the practical
of value cannot exceed the o2, value. In these ranges,
of is given by o/,. As a result, the practical c§ varies
along ABC when no interfacial debonding occurs
(D =0) and it varies along ADE when debonding
length is 0.3 pm.

Also taking the case of o, =3 GPa, a = 0.6 um,
E; =200 GPa and E, = 400 GPa (curve 3 in Fig. 8),
the practical of value varies along ABC. In this case,
the debonding length at B corresponds to the critical
debonding length D, below which practical value of
of is given by o},. Fig. 9 shows the variation of D, as
a function of thickness of the coating layer a for case
(A) E; =200 GPa and E, =400 GPa, and for case
(B) Er =400 GPa and E, = 200 GPa. It is suggested
that, the thicker the coating layer, the longer the
debonding length which is required to recover the
strength of fibre, especially when the elastic modulus
of the coating layer is higher than that of the fibre.

5. Conclusions

1. The energy release rate decreases with increasing
debonding length. It is emphasized that the energy
release rate is effectively reduced by small-scale de-
bonding.

2. The energy release rate increases with increasing
thickness of the coating layer for a given debonding
length.

3. The higher the ratio of Young’s modulus of the
coating layer to that of the fibre, the higher the energy
release rate becomes.

4. The strength of fibre at X = 0 increases with
increasing debonding length below a critical debond-
ing length, beyond which it is given by the original
fibre strength.
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