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Diametral compression tests of silicon carbide 
fibre-reinforced glass 
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Central Engineering Laboratories, Nissan Motor Co., Ltd, Yokosuka, Kanagawa 237, Japan 

Diametral compression tests were carried out for unidirectionally aligned silicon carbide fibre- 
reinforced borosilicate glass. The fracture load dependence on the angle between the loading 
axis and the fibre alignment was investigated. The stress components in the fibre-aligned 
plane were calculated to evaluate the effect of the shear stress on fracture. Weibull statistics 
were employed to estimate the fracture load dependence on the fibre orientation angle. 
Assuming m = 5 to 10, the contribution of shear stress to the fracture of silicon carbide fibre- 
reinforced glass was found to be negligible. 

1. Introduction 
Fracture of brittle materials is believed to occur when 
the stress intensity factor for the worst pre-existing 
crack reaches the critical value. This critical value 
coincides with mode I fracture toughness, Klc, when 
the normal tensile stress is applied to the crack. The 
critical value for a crack exposed to the complex load- 
ing of tension and shear should, however, be given by 
the mixed-mode fracture criterion. 

Although several expressions have been proposed 
for the mixed-mode fracture from theoretical view- 
points [1-4], it has been difficult to determine an 
adequate expression for experimental adaptation. 
This is partially owing to the experimental difficulty in 
finding the mixed-mode fracture criterion, which is 
determined not only from the stress initiating the 
crack propagation, but also from the angle between 
the main crack and the direction of the crack exten- 
sion. Furthermore, crack extension under mixed- 
mode loading tends to change the angle for reducing 
the shear components of the crack [1, 5, 6], whereas 
the angle at initiation is strongly affected by-the micro- 
structure and the cleavage characteristics of the 
material. 

Unidirectionally fibre-reinforced materials have the 
capability to control crack extension during complex 
loading because the crack tends to propagate along 
the fibre axis. This is also an advantage when inves- 
tigating the mixed-mode fracture criterion because it 
makes simplified expression possible. The objective of 
the present study was thus to explore the mixed-mode 
fracture criterion in diametral compression tests on 
fibre-reinforced glass. 

2. Experimental procedure 
The disc specimens used in this study were made of 
silicon carbide fibre-reinforced borosilicate glass 
produced by Nippon Carbon Co., Japan. The silicon 
carbide fibres were Nicalon, also made by Nippon 
Carbon Co., and unidirectionally aligned along the 
disc plane having a fibre volume fraction of 50%. The 

composite had a density of 2.3 g c m  - 3  , and the dimen- 
sions of the disc specimen were 20 mm diameter and 
5mm thick. The diametral compression tests were 
carried out using a universal testing machine having a 
crosshead speed of 0.5 mm rain 1. Writing paper was 
inserted between the compression plate and the disc 
specimen to prevent the specimen from rolling. In 
order to measure the angle between the fibre align- 
ment and the loading axis, photographs of the specimen 
were taken after fracture occurred accompanied 
by a sudden load drop. 

3. Results and discussion 
Fig. 1 shows the results of fracture load during the 
diametral compression tests against the angle between 
the loading axis and the fibre alignment. For an angle 
smaller than 30 ~ , the fracture load increases with 
increase in the angle. Specifically, the fracture load, 
which is approximately 4000N at 5 ~ increases to 
6000 N at 30 ~ In this case, the cracks are introduced 
into the disc plane along the fibre axis. For angles 
greater than 30 ~ , the crack propagates along the side 
plane of the disc. The fracture load is an approximately 
constant value of 6000 N though considerable scatter- 
ing is observed. 

Typical cracks produced in the disc specimens are 
shown in Fig. 2. Vertical cracking along the fibre plane 
is observed when the loading axis is approximately 
parallel to the fibre axis (Fig. 2a). Fracture at an angle 
of 10 ~ is shown in Fig. 2b. Here, the crack arrested in 
the middle of the disc seems to have been initiated 
from the lower loading point of the disc. Crack propa- 
gation at an angle of 25 ~ is shown in Fig. 2c. In this 
case, the crack starts from the upper loading point and 
extends to the opposite side of the specimen along the 
fibre plane, resulting in fracture with sliding of the 
cracked plane. Finally, fracture at an angle of 85 ~ is 
shown in Fig. 2d. Vertical cracking is observed in the 
side of the disc with no cracks being produced in the 
disc plane. 

Because the diametral compression strength shows 
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Figure 1 Fracture load in diametral compression tests of silicon 
carbide fibre-reinforced borosilicate glass plotted against the angle 
between the loading axis and the fibre alignment. (e) Fracture in the 
disc plane, (B) fracture along the side of the disc. 

no dependence on the fibre orientation at angles greater 
than 30 ~ , it is concluded that the tensile stress in the 
thickness direction governs the fracture. On the other 
hand, the fracture load dependence on an angle smaller 
than 30 ~ suggests that the stress state in the inclined 
plane along the fibre governs the fracture. 

At the loading points of the fractured specimen, 
crushed zones caused by the compression were 
observed in the range of almost one-tenth of the disc 
diameter. Thus, it is assumed that the stress distribu- 
tion can be given by the elastic theory incorporating a 
minor correction. 

Fig. 3 shows the configuration of the disc specimen 
under diametral compression. The elastic stress corn- 

ponents are given by [7] 

I '1 ~x = - 2 P / ~ t  ( R  - y ) x 2 / r  4 + ( R  + y ) x q r  4 - 

(la) 

I 11 tTy = -2P/Tz t  (R - y)3/r4 4- (R 4- y)3/r4 - - ~  

(lb) 

and 

's xy  = 2P/~tt [(R - y)2x/r4 - (R + y)2x/r~] 

(lc) 

where r~ = [x 2 + (R - y)2]~a, r2 = ix 2 4_ ( R  4- y)2]~/2,p 
is load, R is the disc radius, and t is the disc thickness. 
The normal stress, an, and the shear stress, ~, in the 
inclined plane having an angle 0 are given by [8] 

a, = a.~cos 20 + %sin 20 + , ,ys in20 (2a) 

and 

= [ - ( a x -  %)/2] sin 20 + ~xyCOS20 (2b) 

The normal and shear stress components in the arbi- 
trary plane can be calculated by substituting Equation 
1 into Equation 2. 

Fig. 4 indicates the tensile and compressive stress 
regions of the normal stress in the inclined plane. 
When the inclined angle is 0 ~ the normal stress 
through the loading axis is tensile and the compression 
region does not appear on this axis of the disc. Inclin- 
ing the angle, however, leads to expansion of the 
compressive stress region in the inclined plane passing 

Figure 2 Cracks observed in the diametral compression tests. Angles between the fibre alignment and the loading axis are (a) 5 ~ (b) 10 ~ (c) 
25 ~ and (d) 85 ~ 
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Figure 3 Stress under diametral compression. Stress components  
are shown for the inclined plane having angle, 0, from the loading 
axis. 

through the loading point. This region starts from 
the opposite side of the loading point while the normal 
stress of the inclined plane at the loading point 
remains tensile. 

Fig. 5 shows (a) the normal and (b) shear stress 
components in the inclined plane through the loading 
point plotted against the distance from the loading 
point. Calculation was done with P = 1, t = 1 and 
R = 0.5. When the angle, 0, is 0 ~ the tensile stress is 
a constant with r = 0 throughout this inclined plane. 
However, inclining the angle leads to a reduction in 
the normal tensile stress components and the appear- 
ance of the shear stress components. The stress com- 
ponents depend on the distance from the loading 
point, and the maximum tensile stress, o-*, exists at the 
loading point. This value is obtained by letting rl = 0 

(e) t 

t t 
Figure 4 Normal stress components  in the inclined plane with angle, 
0, indicating compressive stress regions with hatched areas. (a) 
0 = 0 ~ 0 - 10 ~ 0 = 20 ~ , (d)  0 = 30 ~ 
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Figure 5 Stress component  in the inclined plane through the loading 
point plotted against the distance from the loading point: (a) normal  
stress, (b) shear stress. 

and r 2 = 2R in Equation 1 

~* = ( P / ~ t R )  cos 2 0 (3) 

with the corresponding shear stress 

~* = ( - P / g t R )  sin 0 cos 0 (4) 

Although the stress states at the loading point seem 
to determine the fracture load on the basis of observa- 
tion of the crack produced in the disc specimens, the 
complex biaxial stress states in the fibre-aligned plane 
fundamentally govern the fracture. Assuming that the 
pre-existing microcrack for producing the brittle frac- 
ture is located along the fibre axis, the crack extension 
under mixed-mode loading determines the fracture. 
Considering that the crack extension in the silicon 
carbide fibre-reinforced glass composite is limited to 
the direction along the fibre axis, the expressions for 
the mixed-mode fracture can then be simplified. The 
maximum normal stress criterion [1] is, for example, 
reduced to the simplified expression 

KCR = K l c  (5) 

Although the effect of the shear stress on the frac- 
ture of the composite under the diametral compres- 
sion must be evaluated, the conventional expressions 
such as the non-coplanar energy release rate [3] and 
the minimum strain energy density [4] cannot be readily 
applied to the compressive stress region because they 
are reduced to the expression 

KCR = ( K  2 + K ~ )  ~/2 (6) 

This suggests the peculiar conclusion that the com- 
pression has the same effect on fracture as the tension, 
if we can define the negative K~ corresponding to it. 
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Moreover, even if the fracture does not occur in the 
compressive stress region, this expression results in a 
singularity of the criterion at a n = 0. 

The expressions for the criterion applicable to the 
compression region should be chosen for the fracture 
analysis of the diametral compression tests. A practical 
expression for the mixed-mode fracture has been 
proposed under the Kl and Kn mode loading to be [9] 

KI/K,c + (KII/K, Ic) 2 = ] (7) 

This expression is applicable to fracture which 
includes the negative K~ region, provided the stable 
crack extension is negligible prior to catastrophic 
failure. 

In order to evaluate the effects of shear stress on 
brittle fracture, we also have to consider the statistical 
aspect. The equivalent stress defined in the multiaxial 
stress state has been proposed [10] for explaining the 
statistical effects using the Weibull distribution func- 
tion [11]. The equivalent stress, G,  for Equation 7 can 
be defined by 

= �89 + + (8) 
where k is the ratio o f K i c / K l l  c . It should be noted that 
this equivalent stress is identical to the expression for 
the maximum normal stress criterion when k = 0. 

The expression for the Weibull distribution func- 
tion using the equivalent stress is given by 

F = 1 - exp [- Iv(Gla~ dV] (9) 

where F is the failure probability at volume, V, m is the 
Weibull modulus, and 60 is a scaling factor dependent 
on the material. In the diametral compression tests, it 
is noteworthy that ae as a function of the inclined 
angle, 0, is proportional to the applied load, P. We can 
thus define the normalized equivalent stress as a* = 
G/P. Equation 9 then becomes 

F : 1 - exp [--(P/ao) m fv ~*" dV] (10) 

Letting the failure probability,F, be constant, we 
obtain the relation 

fv a*m dV = constant (11) P(O)  m 

where P(O) is the fracture load for the inclined angle, 
0, at the fracture probability, F. Thus, P(O) relative to 
P(0) for 0 = 0 is expressed as 

" ( 0 ) / ' ( 0 )  : [Ivcr*(O)mdV] 'Ira 
fVff~e (O) m dVJ (12) 

Fig. 6 shows the P(O)/P(O) ratio, which is calculated 
from Equation 12 using the maximum normal stress 
criterion (k = 0) plotted against the inclined angle 
with a parameter of the Weibull modulus. The frac- 
ture load dependence on the inclined angle obtained 
from the diametral compression tests agrees with the 
calculated results for m = 5 to 10, which seems to be 
a reasonable value if we consider the scattering of the 
fracture load. This suggests that the maximum normal 
stress criterion governs the fracture. 

3 9 0 4  

R 

R 

m=S 
. . . . j ~  m=10 

m=20 

I I 
0 10 2 0  3 0  

0 (deg l  

Figure 6 Computed fracture load dependence on the inclined angle. 
The fracture in the diametral compression tests is assumed to occur 
in the fibre-aligned plane being governed by the max imum normal  
stress criterion. 

Nevertheless, consideration of shear stress on frac- 
ture results in an infinite shear component in the 
vicinity of the loading points (see Appendix). This 
would be a cause for the compressive local fracture 
under the loading points. In order to evaluate the 
effects of the shear stress on fracture, the calculation 
should be done under the assumption that the stress 
component near the loading points does not contri- 
bute to catastrophic failure. An analysis of the crushed 
zone size of the disc specimen suggests that the zone 
radius causing local fracture is approximately 
R* = 0.1R. 

Fig. 7 shows the calculated results of the P(O)/P(O) 
ratio for the case of R* = 0.1R plotted against the 
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Figure 7 Computed fracture load dependence on the inclined angle 
for different k values with a damaged zone correction. Fracture in 
the diametral compression tests is assumed to occur in the fibre- 
aligned plane being governed by the mixed-mode fracture criterion. 
(a) k = 0, (b) k = 0.2, (c) k - 0.5. 



inclined angle, 8, for different k values. This was done 
under the assumption that the stress components 
within the circle having the radius R* under the load- 
ing point do not contribute to catastrophic failure. 
The increase in the fracture load with greater angle 
inclination is recognized for the cases of k = 0 and 
0.2, while in the case of k = 0.5 the fracture load is 
almost completely independent of the inclined angle. 
The increase in the fracture load dependent on the 
inclined angle is greater when the ratio k, is smaller. 

The considerable scattering of the data observed in 
the diametral compression tests suggests that the m 
value is relatively low: m = 5 to 10. The fracture load 
dependence on the inclined angle thus indicates that 
the k value is smaller than 0.2 even if we consider the 
effect of the local fracture under the loading point. 
The fact that the calculation for the case of the low k 
value where m = 5 to 10 agrees with the experimental 
results indicates that the effect of the shear stress on 
fracture is negligible. 

4. Conclusion 
Diametral compression tests for the unidimensionally 
aligned silicon carbide fibre-reinforced borosilicate 
glass were carried out, and the following conclusions 
were obtained. 

1. When the angle between the loading axis and the 
alignment of the silicon carbide fibre is smaller than 
30 ~ , the crack extends along the fibre in the disc plane. 
This crack is initiated from the loading point and the 
fracture load increases with the increasing angle 
inclination. 

2. From the stress analysis of the diametral com- 
pression tests, the fracture load seems to be governed 
by the normal tensile stress component applied to the 
plane along the fibre. 

3. When the angle between the load axis and the 
silicon carbide fibre alignment exceeds 30 ~ , the frac- 
ture occurs in the side of the disc at a nearly constant 
fracture load. 
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Appendix 
Combining Equations 1 and 2, the shear stress, z, in 
the inclined plane with angle, 0, is obtained as 

r = P / z t  {[cos 81 sin 2(01 - O)]/r, 

- [cos 82 sin 2(82 + 8)]/r2} (A1) 

where 0~ and 82 are the coordinate angles shown in 
Fig. 3. Stress near the upper loading points can be 
given by letting r 2 = 2R and 82 = 0. Then, Equation 
A1 can be reduced to 

z = P/~t{[cos O~ sin 2(01 - -  8)]/r  1 --  [sin (28)]/2R} 

(A2) 

This equation indicates that the maximum shear stress 
becomes infinite when q approaches zero. 
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