
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  14 ( 1 9 7 9 )  8 3 1 - 8 4 0  

Tensile strength of composites with brittle 
reaction zones at interfaces 

SHOJIRO OCHIAI ,  Y O T A R O  M U R A K A M I  
Department of Metal/urgy, Faculty of Engineering, Kyoto University, Kyoto 606, Japan 

A theoretical model of the longitudinal strength of brittle fibre-reinforced composites 
with brittle reaction zones was presented for both cases of strongly and weakly bonded 
fibre/brittle zone interfaces. First, on the basis of the fracture mechanics, a model of the 
strength of the fibres coated with strongly adhering brittle zones was proposed as a 
function of the thickness of the brittle zones. Next, the conditions under which 
debonding occurs at the interfaces were investigated with the aid of the shear lag analysis 
proposed by Cox. The theoretical model was then examined using composites with 
strongly and weakly bonded interfaces. The proposed model agreed fairly well with the 
experimental results. Finally, the permissible thickness of the brittle zone below which 
no reduction in fibre strength appears was calculated, using the proposed theory, under 
the condition of strong interfacial bonding, for carbon, boron and silicon carbide fibres 
which are of practical use. The calculated values of the thickness were smaller than 1 pm. 

Nomenclature ab = tensile stress in bri t t le  zone 

z = distance f rom broken  end o f  bri t t le  zone abu = tensile s trength o f  bri t t le  zone 

a = radius o f  fibre ef = fibre strain at z = 0 

b = radius o f  compos i te  emp loyed  in theory  e~ = fibre strain at z = 0, at which no t ch  

consist ing o f  two componen t s  (f ibre and effect  arises 

bri t t le  zone)  e~  = fibre strain at z = 0, at which debonding  

c = thickness o f  bri t t le  zone occurs 
t 

V = volume fract ion in t w o - c o m p o n e n t  corn- e~ = fibre strain at z = 0 at f racture o f  bri t t le  

posite zone 

V'  = vo lume fract ion in th ree -componen t  efu = fracture strain o f  bare fibre 

composi te  emp loyed  in appl icat ion ebu = fracture strain o f  bri t t le  zone 

K c = fracture toughness o f  fibre ~f = fracture strain o f  fibre at z = 0 

G* = critical strain energy release rate o f  fibre ci  = thickness  o f  bri t t le  zone be low which 

E = Young ' s  modulus  fibre is not  degraded = m a x i m u m  per- 

G = shear modulus  missible thickness o f  bri t t le  zone in the 

a = tensile stress case o f  strong f ibre/br i t t le  zone interface 

ri = interfacial  shear stress c i i  = thickness o f  bri t t le  zone b e y o n d  which  

Ti ,  m a x  = m a x i m u m  in te r fac ia l shear  stress fibre fractures as soon as bri t t le  zone 

r zx = interfacial  shear s t rength fractures 

ae = tensile s t rength o f  t w o - c o m p o n e n t  com- u = displacement  
posite H = 2Gb/a 2 ln(b/a) 

t 
a e = tensile s trength o f  t h r ee -componen t  /3 = HEe/EfE b V b 

compos i te  p = root  radius o f  no tch  

a'co = tensile s t rength before  annealing o f  l '  = average length  o f s e g m e n t e d b r i t t l e z o n e  

t h r ee -componen t  compos i te  % = fracture surface energy 

* = yield stress o f  mat r ix  ao = lat t ice spacing Om 
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Subscripts 

c = composite 
f = fibre 
b = brittle zone 
m = matrix 

1. Introduction 
In artificial composites, interfacial chemical reac- 
tion between fibre and matrix often takes place 
during preparation and/or service. The reaction has 
been known as one of the causes of reducing the 
strength of composites. In most reported cases of 
the reaction, the formed reaction zones are brittle 
and fracture at small strains, thus forming circum- 
ferential notches. The formed notches hasten frac- 
ture of the fibres, resulting in loss of  composite 
strengths [ 1 -4 ] .  However, if the interfacial bond- 
ing between the fibres and the brittle zones is 
weak and, therefore, debonding occurs during 
deformation, the strength of the fibres will not be 
reduced because debonding will cause blunting of 
the notch-tip. This behaviour is inferred by the 
fact that transverse cracks in weakly bonded com- 
posites are able to be arrested by splitting [5-9]  
and the strength of such composites obeys the rule 
of mixtures [6, 8]. 

For the case of strong interfacial bonding 
between the fibres and the brittle zones, Heitman 
et al. [2] and Metcalfe and Klein [4] have at- 
tempted to explain the effect of  brittle zones on 
the strength of composites, using Griffith's theory 
and the idea of stress concentration factor, respect- 
ively. Their theories explained well their exper- 
imental results. However, their theories failed to 
describe the case of weak interfacial bonding. In 
general, the strength of composites is strongly 
affected by the interfacial bonding strength, so 
that a further study including both the cases of 
weak and strong interfacial bondings is needed. 

In this paper, a theoretical model of the strength 
of the fibres is first proposed as a function of 
thickness of the brittle zones for the case of 
strongly bonded fibre/brittle zone interface. Next, 
the conditions under which debonding occurs for 
a weakly bonded interface are theoretically made 
clear. The proposed model is then examined using 
Metcalfe's result [4] on boron fibre/brittle zone/ 
titanium alloy matrix composites with strong 
interfacial bonding and our results on tungsten 
fibre/brittle zone/aluminium matrix composites 
with weak interfacial bonding. Finally, for the 
case of strong interfacial bonding, the permissible 
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thickness of the brittle zone, below which no 
degradation effect of the brittle zone on the fibre 
strength exists, is calculated for carbon, boron and 
silicon carbide fibres which are of  practical use. 

2. Theory 
To analyse the effect of a formation of a notch, a 
two-component composite cylinder of an inner 
core of fibre and an outer case of brittle reaction 
zone, shown in Fig. 1, is employed. The radii of 
the fibre and composite are shown by a and b, 
respectively, the thickness of the brittle zone by 
c(= b - a ) ,  and the distance from the broken end 
of the zone by z. When the brittle zone fractures 
and a notch is formed in an early stage of defor- 
mation, the composite is able to be regarded as a 
rod with a circumferential notch. If  the interface 
is strong enough to permit the formed notch to 
extend into the fibre, a notch effect arises, result- 
ing in a reduction in fibre strength. On the other 
hand, if the exerted shear stress on the interface 
exceeds the interracial shear strength, debonding 
occurs and leads to no loss in fibre strength. To 
determine whether the notch effect or debonding 
occurs, we calculate the fibre strains at the notched 
section (z = 0 in Fig. 1) for the notch effect and 
debonding, and then compare them. Denoting the 
strain of the fibre at z = 0, at which notch effect 
arises, by e~, and that at which debonding arises 

E 

of a c 

Figure 1 Model for the analysis of the effects of forma- 
tion of a notch on the tensile behaviour of composites. 



by e~, we can expect that the notch effect will 
occur prior to debonding if e} ~ < e~, and debond- 
ing prior to the notch effect if e~ x < el .  In Section 
2.1 we deal with the case of a strong interface 
which allows the formed notch to extend into the 
fibre. In Section 2.2, we deal with the case of  a 
weak interface which in some cases prevents the 
notch from extending into "the fibre. In the follow- 
ing model we assume, for simplicity, that the 
fracture strain of the brittle zone is constant for 
the whole range of c. 

2.1.  No tch  e f f ec t  
The fracture toughness K e for a rod with a circum- 
ferential notch is given by [10] 

Ke = anet x/(rrc)F(a/b), (1) 

where On~t is the stress in the fibre at z = 0 and 
F(a/b)  is a function o fa /b ,  given by [10] 

F(a/b)  = �89 x/(a/b)[1 + �89 + ~(a/b) 2 

-- 0.363(a/a) 3 + 0.73 l (a/b)  4 ].  (2) 

The critical strain energy release rate of the fibre, 
Gg, for plane stress is given by [11] 

G: = Kgl&, (3) 

where Ee is the Young's modulus of  the fibre. As 
One r is equal to efE~, where e~ is the fibre strain at 
z = 0, the fracture strain of the fibre at z = 0, e~, 
is represented from Equations 1 and 3 by 

Ke 
ef = E fF(a /b )  x/(rre) (4) 

_ 1 /{ G*I (5) 
F(a/b)  ~/ \ Ef~re] " 

As the fibre strain at fracture of the brittle zone 
is ebuEc/EfV~ at z = 0, where Ee is the Young's 
modulus of the composite and eb~ is the fracture 
strain of the brittle zone, we define 

e'~ = ebuEelEfV, .  (6) 

Comparing the calculated values of  e~ with e} and 
the fracture strain of  the bare fibre efu, we can 
describe the variation of the fracture behaviour as 
a function o f  e. For a better description, we divide 
the variation into three regions, as shown in Fig. 2. 

Region I: when the brittle zone is thin and the 
effect of the intrinsic defects in the fibre is stronger 
than that of  the newly formed notch, the fibre is 
able to maintain its own full strength. This region 

corresponds to the calculated region of el > efu. 
In this region, the fibre is not degraded by the 
formed notch, and the composite strength, cr e, is 
given by 

% = eeuEfV,.  (7) 

With further increase in c, the effect of  the formed 
notch becomes more predominant than that of the 
intrinsic defects in the fibre, and the fibre strength 
begins to decrease at c = c I. The value of ci is 
calculated by substituting e~ = etu into Equation 
5, 

C I F(a/b)  2 * 2 = G e/rrefu Ef. (8) 

The value of ci is regarded as the maximum per- 
missible thickness below which the fibre is not 
degraded. 

Region II: the strength of the fibre decreases 
with increasing c and the fracture strain of  the 
fibre is given by Equation 5. This region corre- 
sponds to the range of e} < e~ < efu. In this region 
the fibre is able to deform after the formation of 
the notch until the stress level is favourable for 
the notch to extend. In this region, % is given by 

F(-aTb)~/ \ - - ~ e - ] "  (9) 

Region III: when the formed notch is large 
enough to break the fibre immediately, the fibre 
fractures as soon as the brittle zone fractures. 
This region corresponds to the range of e~ < e}. In 
the ordinary composite, the fracture strain of the 
composite never falls below ebu , since the notch is 
formed at first at ebu. In this region % is given by 

ac = %.co .  (10) 

The strength a e remains nearly constant with 
further increase in c since, in general, c is so small 
that V~ decreases very little. The thickness at 
which region III initiates, cii, is given by 

r 
e~ = e~, (I1)  

namely, cH satisfies Equation 12. 

2 * 2 c H F(a/b)  2 = Vi GeE~/rr(%uEe) �9 (12) 

In Fig. 2, the regions stated above are described 
schematically. Thus oe and fracture strain of the 
fibre at z = 0, ~ ,  are described as a function of e. 

Metcalfe and Klein [4] have already investi- 
gated the strength of composites (B/Ti40A and 
B/Ti75A) with a reaction zone of various thick- 
nesses using stress concentration factors at the tip 
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Figure 2 Variations of ~I and o e with c under the con- 
dition of strong interfacial bonding between the fibre and 
the brittle zone. 

o f  the formed notch. Our theory yields similar 
results to theirs but differs by the following two 
points. 

(i) We have applied fracture mechanics to the 
composite with a circumferential notch, while 
Metcalfe and Klein applied the idea of  stress con- 
centration at the notch tip. 

(ii) In their theory, Metcalfe and Klein used the 
stress concentration factor K = B(c/p) m , where p 
is the root radius of  the notch, and assumed that 
B = 1 and p = 0.3 nm (minimum cell size of  the 
reaction zone in B/Ti40A and B/Ti75A com- 
posites). However, these assumptions are arbitrary. 
In our theory, these assumptions are not used. Our 
theory allows us to predict the variation of  oe as a 
function of  c without such assumptions. 

In this section, interfacial shear strength was 
assumed to be strong enough for the interface not 
to fail. In ordinary composites, the interface often 
fails during deformation. The next section deals 
with such a case. 

2.2. I nterfacial debond ing 
To determine the exerted shear stress at the inter- 
face, we first calculate the stress distributions in 
the fibre and the brittle zone along the z-axis 
under the conditions where a notch is already 
formed. Following the shear lag analysis of  Cox 
[12],  the variation of  the fibre stress of(z) along 
the z-axis due to the transfer of  load from the 
fibre to the brittle zone is written by 

dodz) 
- H(uf--Ub),  (13) 

dz 

where H is a constant (defined later) and uf and 
u b are displacements of  the fibre and the brittle 
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zone, respectively. Differentiating Equation 13, we 
have 

d 2 a j ( z ) -  H ( d U f d u q  = H [ a f ( z ) a b ( z ) ]  

dz 2 \dz  dz]  [ Ef Eb J '  

(14) 

where of(z), ab(z ) are stresses of  the fibre and the 
brittle zone at z = z, and El,  E b are the Young's 
moduli of  the fibre and the brittle zone, respect- 
ively. If  the strain of  the fibre is ef at z = 0, the 
load borne by the cross-section at z = 0 is 

oc(z = o) = efE~V~. (15) 

At z = z, the load borne by the composite is 

%(z = z) = of(z)Vf + Ob(z)Vb (16) 

As the load borne by the composite must be con- 
stant at any cross-section, %(z)  is obtained from 
Equations 15 and 16. 

Ob(Z ) = [efEfVf -- of(z)Vf]/Vb (17) 

Substituting Equation 17 into Equation 14, we 
have 

d2o'f(z) _ H[ E E e efEfVf] 
dz ~ , -Ebb Vb " Of(Z) --Eb-~b ] '  

(18) 

where E e = Ef Vf + Eb Vb. The solution of  Equa- 
tion 18 subject to the boundary condition of(z = 
O) = efEf is 

efEfEb Vb . exp(--  X//3z) + efE~ Vf 
of(z) = Ee ~ , 

(19) 

where/3 = HEe/EfEbV b. Substituting Equation 19 
into Equation 17, we have 

Ob(Z ) _ 6fEIE b Vf [ 1 -- exp (-- x//3z)]. 
E c (20) 

The constant H is estimated by treatment similar 
to that of  Aveston and Kelly [ 13], and is given by 

H = 2Gb/a 2 In (b/a) (21) 

where G b is the shear modulus of  the brittle zone. 
The interfacial shear stress, ri, is calculated 

from Equation 22: 

7r(b 2 -- a 2) . dab(Z) 
~-i = 21ra dz 

= aefEfEb Vb X//3 exp (-- X//3z). (22) 
2Ee 



The maximum value, Ti,max, arises at z = 0 and is 
given by 

aefEfEb Vb X/13 
"/'i, max = 2Ec (23) 

When Zi,max exceeds the interfacial shear strength, 
r ~ , debonding occurs. The conditions under which 
debonding occurs are obtained for the following 
three cases. 

Case (a): debonding occurs as soon as the 
brittle zone fractures, if the interfacial bonding is 
extremely weak. In this case, as the fibre strain in 
the notched section (z = 0) is given by Equation 
6, we have ri,ma x at the fracture of the brittle 
zone 

T i ,  m a x  = aebuEb Wb N/•/2 Wf (24) 

by substituting Equation 6 into Equation 23. If 
the value of ri, max given by Equation 24 is higher 
than r / ' ,  debonding occurs as soon as the brittle 
zone fractures. This condition is written as 

ri,rnax = aebuEbVbX/[3/2V~ > r ~ .  (25) 

After debonding, the fibre deforms similar to the 
bare fibre, and thus the fracture strain of the fibre 
is always efu. Reduction in fibre strength due to 
the notch effect never occurs. 

Case (b): the composite is able to be stretched 
without debonding until ri, max given by Equation 
23 exceeds r zx, if 

r ~ > aebuEb Vb X//3/2 Vf. (26) 

At debonding, the fibre strain at z = 0, ef ~, is 
given by Equation 27, by substituting ef = eft and 
ri,max = r/ '  into Equation 23. 

ef ~ = 2Eer'~/aEfEb Vb X/(3. (27) 

In this case, if e~ is smaller than e#, the notch 
effect predominates over debonding and the fibre 
strength is reduced. On the other hand, if @ is 
smaller than e~, debonding predominates over the 
notch effect and thus the fibre strength does not 
decrease. 

Case (c): when r/~ is large enough and the value 
of e# given by Equation 27 is always larger than 
efu, the composite deforms to fracture without 
debonding. This condition is written as 

efu < 2EcrZX /aEfEb Vb X/13. (28) 

In this case, the strength of the composite is such 
as that shown already in Section 2.1. 

3. App l i ca t ion  
First, it should be noted that the prime ( ' )  is used 
to distinguish the composite strength and volume 
fractions of the components in real composites 
consisting of three components (fibre, brittle 
zone and matrix) from those of the two-compo- 
nent composite employed in the former sections. 

3.1. App l i ca t ion  to B /T i40A  and B /T i75A  
composites 

We will apply our theory to B/Ti40A and B/Ti75A 
composites whose data have been reported in 
detail by Metcalfe and Klein [4]. They have pre- 
sented collected data on the tensile strength of 
these composites with various thicknesses of the 
brittle zone (TiB2), and also normalized the 
strengths, %;' with respect to the strength before 
annealing, %0, as shown in Fig. 3, where O'co is 
858 MPa for B/Ti40A composite and 973 MPa for 
B/Ti75A. It was considered that these composites 
had strong interfaces, because if debonding had 
occurred, the reductions in composite strengths 
shown in Fig. 3 should not have taken place. 

The o' e for each region mentioned in Section 
2.1 is written as follows: 

t t , t 
Oc = efuEf V~ + am Vm for region I (29) 

1.0 

0 

O5 

C=C l 

o ? 

Tempi K BI T i40A B I T i 7 5 A  

"" 1233 �9 
1144 O �9 
IO33 ix �9 

8 9 4  m 

8 1 0  �9 

I I 
o 0,5 1.0 

Cl [am 

Figure 3 Variations of %/%o of B/Ti40A and B/Ti75A 
composites with c (after Metealfe and Klein [4]). The 
temperatures refer to the armealing temperatures. The 
solid and dotted curves represent the theoretical values 
for B/Ti40A and B/Ti75A composites, respectively. 
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, v~ . / ( E ~ C ~ ] +  , , 
- -  (7 m V ~ n  

~ F(a/b) ,v \ 7re / 

t I t gr t 
O" e = e b u ( e f v  i + EbVb) + omVxn 

for region II 

(30) 

for region III, 

(31) 

where V~, V~ and I'm are the volume fractions of 
the fibre, brittle zone and matrix, respectively, in 
the real composites. According to Metcalfe and 
Klein [4], V~ and Vm before annealing are 0.25 
and 0.75 respectively, o*  is the yield strength of 
the matrix which has been reported to be 364 MPa 
for Ti40A and 549 MPa for Ti75A. In the follow- 
ing calculations, the values of V~, V~ and V~a after 
annealing were taken to be 0.25 (a/a + c) 2 , 0.25 [1 
- ( a / a  + e) 2 ] and 0.75, respectively, and b (=  a 
+ c) was taken to be 50gm of the original fibre 
radius. 

No value for G* of the boron fibre has, unfor- 
tunately, been reported to date. Therefore, we 
deduced the value of G* as follows. Fig. 3 shows 
that, for c<0 .3 /1m,  a'e/a'eo remains constant 
(unity), but for c > 0.3/lm, it decreases. There- 
fore, we can regard the value of 0.3/~m as c,. In 
this case ci should satisfy 

I /( ]/ cre EfG + Ora Vm %0 

O'co [F(a/a + ci) ~ \  ~rci / (32) 

Substituting the above values of ore, %0 and Vm 
the equations of V~ and V~, which are functions of 
c, and the reported values o f E  e = 412GPa, E b = 
530 GPa, eeu = 0.0060 (4), for B/Ti40A composite, 
into Equation 32 we obtained G* = 15.8 J m -2 . 

! ! 

Oe/Oeo versus C curves were calculated theoreti- 
cally as a function of c. The value of cii was also 
calculated to be 1.5~m by substituting ebu = 
0.0025 [4], b = 50/1m and a =  50/~m--cl i  into 
Equation 12. The calculated results were super- 
imposed on the data in Fig. 3 where the solid and 
dotted curves refer to c/e/O'eo versus c curves for 
B/Ti40A and B/Ti75A composites, respectively. 

As a whole, the calculated curves agree fairly 
well with the measured ones. However, some 
discrepancy between the measured and calculated 
curves might arise from the following two reasons. 
(i) The tensile strengths and fracture strains of the 
fibre and the reaction zone might decrease with 
advancing interracial reaction. The brittle zone is 
considered to become weaker with increasing 
thickness since the thicker the zone, the more 

defects it has. The fibre is also considered to be 
degraded since W and B react in the fibre [14]. 
The reductions in efu and G* should lead to weak- 
ening of the composites, although it was assumed 
in the calculation that the fibre and the brittle 
zone maintain identical properties even after 
severe interfacial reaction. (ii) In our theory, static 
extension of notches was assumed. However, this 
may be an over simplification. 

Although our theory is based on the simple 
static extension of notches, it is believed that, if 
the variations of  efu and G* with advancing inter- 
facial reaction are taken into consideration, the 
strength of the composites is able to be described 
more precisely. 

Our theory explains well the experimental data 
for region I and the initial part of region II where 
the changes in properties of the fibre and the 
brittle zone are comparatively small and the 
formed notch does not extend until the stress level 
is favourable. This fact enables us to predict the 
permissible thickness (ci) of  the reaction zone for 
various fibre materials. In Section 3.3, this thick- 
ness will be calculated for some promising fibres. 

3.2. Application to W/AI composite 
As the as-supplied tungsten fibres with a nominal 
diameter of  500 #m are ductile and fail by neck- 
ing, they were made brittle by annealing in vacuum 
at 1573K for 5h. The W/A1 composite with an 
original V~ = 0.20 was fabricated by a vacuum 
hot-pressing technique at a temperature of-773 K 
with a holding time for 30 rain under a pressure of 
30MPa. The composite was then annealed in 
vacuum at 873 K for various times to form various 
thicknesses of reaction zone. The formed reaction 
zone was identified as WAll2 by a powder X-ray 
method. The fracture surfaces of  the as-fabricated 
and annealed composites are shown in Fig. 4a and 
b, respectively. Interfacial reaction is not found in 
the as-fabricated composite (a). On the other hand, 
in the annealed composite (b), the formed brittle 
reaction zone exhibits multiple fracture, and 
debonding especially at the fibre/brittle zone 
interface is clearly found. Measured values of o'c 
are shown in Fig. 5. Reduction in a'e of the an- 
nealed specimens is relatively minor although the 
brittle zone is extremely thick, compared with 
that of the B/Ti40A and B/Ti75A composites. 
According to the rule of mixtures, as the brittle 
zone, being segmented, cannot carry the applied 
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Figure 4 Fracture surfaces of the (a) W/A1 composite as-fabricated with c = 0, and (b) annealed with c = 27/zm. 

t Wl Brittle ZonelAl 

-0 _0_0 0 0 
o - O ~ o  
I~ 0 

0 
=E 200 

I I I 

0 20 40 60 
C l a m  

Figure 5 Variations of ae of W/A1 composite with c. 

load, the strength of  the composite is given by 

o; = afu V~ + a *  Vm, (33) 

if the formed notches do not extend into the fibre. 
By substituting into Equation 33 the measured 
average values of  O~u = 1.29 GPa, a *  = 34.3 MPa, 
and V~, V~ and Vm measured as a function o f  c, a 
a '  e versus c curve was calculated and superimposed 
(solid curve) on Fig. 5. The calculated curve fits 
well with the measured one. This result implies 
that the formed notch did not play a role in 
degrading the fibre strength. 

The reason why the formed notch could not 
degrade the fibre is attributable to the weak inter- 
facial bonding between the fibre and the brittle 
zone. To verify quantitatively this conception 
using the theory in Section 2.2, we should deter- 
mine 7/' , Eb, abu and ebu. E~ is already known to 

1.5 

n 

1.0 
b*- 

0.5 

Pull-out Test 
W/Bri t t le  ZonelAI 

@,,--@@ /o 
0 o 

I 
5.O 

l i d  
0 10.0 

O h  

Figure 6 Fibre stress crf of W/A1 composite with c = 
20 t~m at pull-out (open points) or fibre fracture (failed 
points) as a function of lid. 

be 412GPa [15],  and V~ and Vb of  every speci- 
men are measured experimentally. 

First ~.z~ was deduced by pull-out tests using the 
specimens containing a brittle zone of  20 pm thick 
and by observation of  the surface of  the pulled-out 
fibre. Fig. 6 shows the stress in the fibre at pull- 
out (open points) or fibre fracture (filled points) 
as a function of  the embedded length l divided by 
the diameter d. The observation of  the pulled-out 
fibre surface showed that the brittle zone adheres 
to the fibre in some parts (Fig. 7). This implies 
that debonding occurred at both the fibre/brittle 
zone and the brittle zone/matrix interfaces and the 
shear strength of  both the interfaces was probably 
identical. As a result, ~-~ was determined to be 
48.1 MPa. 

E b and G b were assumed to be 80GPa and 
30GPa respectively, since the chemical compo- 
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Figure 7 The surfaces of the W fibre pulled-out from the 
W/A1 composite with c = 20 urn. 

sition of  the brittle zone is WAll2 and, therefore, 
the elastic constants of  the brittle zone might not 
be very different from aluminium. 

%u was inferred from the multiple fracture of  
the zone in the following way. First we inferred 
that debonding at the fibre/brittle zone interface 
occurred prior to that at the brittle zone/matrix 
interface since the differences in the elastic con- 
stants between the fibre and the brittle zone were 
larger than those between the brittle zone and the 
matrix, and therefore stress concentration at the 
former interface should be higher than that at the 
latter. This inference seems to be supported by the 
fact that the brittle zone has completely detached 
from the fibre as shown in Fig. 4b. As a result, 
the multiple fracture of  the brittle zone is con- 
sidered to be a result of  stress transfer from the 
matrix to the brittle zone. Applying Kelly's model 
[16] to this composite, the stress of  the brittle 
zone ab at a distance z from the fractured part is 
given by 

-n'(b 2 -- a2)O'b = 2rrbrz, (34) 

where r is the interfacial shear stress. By substitut- 
ing eb = abu, ~" = r zx, and z = f ,  where l '  is the 

average length of  the segmented brittle zone, into 
Equation 34, %u is given by 

Obu = 2brAl'/(b 2 --a2). (35) 

For the specimen with c = 50 #m, a, b and l '  
were measured as 0.24, 0.29 and 0.1 mm, respect- 
ively. Substituting these values and ~-= 48.1 MPa 
into Equation 35, Crbu was calculated to be 105 
MPa. Then ebu was calculated to be 0.0013 by 
using the relation ebu = %u/Eb. 

In order to know when debonding at the fibre/ 
brittle zone interface occurred, e~ was calculated 
for all the specimens, using Equation 27. All the 
calculated values were smaller than ebu. For 
instance, e~ was 0.000 87 and 0.000 88 for c = 5 
and 50~tm, respectively, while ebu was 0.0013. 
This result implies that debonding occurs as soon 
as the brittle zone fractures, corresponding to case 
(a) in Section 2.2. Similarly, ri, max at the fracture 
of  the brittle zone was calculated using Equation 
24. As expected, all the calculated values were 
larger than r / ' .  For instance, Vi,ma x was 72 and 78 
MPa for c = 5 and 50gm,  respectively, while r 4 
was 48.1 MPa. 

In conclusion, in this composite, debonding at 
the fibre/brittle zone interface occurred immedi- 
ately the brittle zone fractured. This debonding 
prevented the formed notch from extending into 
the fibre. Thus the fibre strength was not reduced 
and the loss of  composite strength arose only from 
the reduction in effective cross-sectional area due 
to fracture of  the brittle zone and decrease in fibre 
diameter. 

3.3. Maximum permissible thickness of the 
brittle zone 

As shown already, the fibre strength begins to 
decrease when the thickness of  the brittle zone 
exceeds ci. For c < ci, the degrading effect by the 
formation of  the notch is negligible compared to 
that of  the intrinsic defects in the fibre, ci is re- 
garded as the maximum permissible thickness. The 
ci for promising carbon, boron and silicon carbide 
fibres was calculated using Equation 8 in which a 
was taken as the fibre radius. For silicon carbide 
fibre, G* was taken to be 45.9 J m -2, since the 
fracture surface energy %(= G* /2117] )has  been 
reported to be 22.9 J m -2 [18].  For carbon fibre, 
G* was, to a first approximation, inferred using 
Equation 36 

G*t2  = v ,  = Efao/20 [171, (36) 
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TABLE I The calculated values of the maximum per- 
missible thickness, ei, of the brittle zone for carbon, 
boron and silicon carbide fibres under the condition of 
strong interfacial bonding between the fibre and the zone, 
together with the values of Ef (Young's modulus), ofu 
(tensile strength), G* (critical strain energy release rate) 
and a (fibre radius) which were substituted into Equation 
8. 

Carbon Boron Silicon carbide 
fibre fibre fibre 

ci (~m) 0.17 0.28 0.62 
Ef (GPa) 245 412 441 
Crfu (GPa) 2.65 2.45 2.94 
G* (Jm -2) 16.5 15.8 45.9 
a (~m) 3.43 50 50 

where ao is the lattice spacing. In the calculation, 

ao was taken to be  0 .67nm [19].  For  boron fibre, 
the value of  G* obtained in Section 3.1 was again 

used. The values ofEe ,  crfu, Ge* and a used, and the 
calculated values of  c I, are summarized in Table I. 

All the calculated values of  c I are smaller than 
1/am. This implies that interfacial reaction should 
be rigidly controlled during preparat ion and/or 
service. In general, in order to obtain good wetting 
between fibres and matrix,  preparat ion should be 
carried out  at high temperatures for long times, 
which in turn leads to excessive interracial reaction. 
For  practical preparation and service, coating 
might be inevitable to promote wetting and also to 
prevent the reaction. 

In the above calculation, the fibre/bri t t le zone 
interface was assumed to be strong. However, in 
the case of  weak bonding, notch effect will not  
arise due to premature debonding. Therefore, 
making the interfacial bonding weak might be 
another way of  developing composite materials. 
This might be realized by addit ion of  some element 
into the matr ix  in order to yield weak interfacial 
bonding. The fact that the interfacial bonding 
strength becomes weak [20] if  the formation of  
the compound zone is forced to involve a reduc- 
tion in volume, encourages us. 

Of course, the above speculation should be 
applied only to the preparat ion technique for 
obtaining high-strength composites. If the inter- 
facial bonding is weak, several problems arise with 
this. For  instance, high transverse strength and 
good fatigue properties will not  be achieved. How 
we can prepare excellent composites with high 
longitudinal and transverse strengths, high duc- 
t i l i ty,  good fatigue properties,  etc., is the subject 
for a further study. 

Surface roughening on fibre surfaces, as well as 
the notch effect described in this paper,  has been 

offered as an explanation for fibre degradation 

[21, 22] .  The present theory is also applicable to 

surface roughening, as the roughness on fibre sur- 

faces may possibly be regarded as the source of  
notches. In a qualitative manner,  the permissible 
extent  o f  surface roughness corresponds to c I. 

4. Conclusions 
The strength of  fibre-reinforced composites with 
brittle reaction zones was studied for bo th  the 
cases of  strong and weak interracial bondings be- 
tween the fibre and the brit t le zone. A new model  
was proposed on the strength o f  composites. The 

proposed model  was in fairly good agreement with 
the experimental  results. By using the proposed 
model ,  the permissible thickness o f  the brit t le 
zone, below which the strength of  composites is 
not  reduced, was calculated for some promising 
fibres. The calculated values of  thickness were very 
small in the case of  strong interfacial bonding. It 
was suggested that a coating or making the inter- 
face weak was one way for developing high strength 
composite materials when interfacial chemical 
reaction takes place in them. 
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