
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 )  1 2 1 8 - 1 2 2 8  

The fracture of boron fibre-reinforced 6061 
aluminium alloy 

M. A. WRIGHT,  D. WELCH, J. J O L L A Y  
University of Tennessee Space Institute, Tullahoma, Tennessee, USA 

The fracture of 6061 aluminium alloy reinforced with unidirectional and cross-plied 
0/90 ~ , 0/90/+ 45 ~ boron fibres has been investigated. The results have been described in 
terms of a critical stress intensity, KQ. Critical stress intensity factors were obtained by 
substituting the failure stress and the initial crack length into the appropriate expression 
for KQ. Values were obtained that depended on the dimensions of the specimens: It was 
therefore concluded that, for the size of specimen tested, the values of the critical stress 
intensity, KQ, did not reflect any basic materials property. 

1. Introduction 
There have been a number of attempts to describe 
the failure of fibre-reinforced materials. The 
results of some early two-dimensional work of 
Hedgepeth [1] enabled calculation'of the stress 
concentration factors associated with multiple 
adjacent broken fibres. Zender and Deaton [2] 
used Hedgepeth's results to calculate, and exper- 
imentally verify, the fracture strength of a re- 
inforced polymer that contained cut Dacron 
fibres. The importance of matrix plasticity was 
noted by Hedgepeth and Van Dyke [3] who 
reported that the elastic stress concentration 
factors were appreciably reduced when the matrix 
began to flow. 

Three-dimensional stress analysis is extremely 
difficult and time-consuming to carry out; thus, 
there have been a number of  attempts to describe 
the failure of fibre-reinforced materials using the 
macroscopic concepts of linear elastic fracture 
mechanics. A number of  authors have studied 
reinforced polymeric materials [4-7]  and others 
have studied reinforced metals [8 -11] .  This type 
of approach appears to have been reasonably 
successful despite the fact that very few authors 
have commented on any size effect that might 
have influenced the results that they obtained. 

In the following paper, experiments are pre- 
sented in which the strengths of centre-notched 
and compact tension specimens of 6061 aluminium 
reinforced with unidirectional and cross-plied 

0/90 ~ 0/90/+ 45 ~ boron fibres were obtained. The 
results indicated that the values of critical stress 
intensity (KQ) depended on specimen size, and 
thus they did not reflect any basic materials 
property. 

2. Experimental technique 
2.1. Material specification 
The unidirectionally, reinforced material was 
fabricated by the AVCO Corporation, Lowell, 
Massachusetts, and the cross-plied material was 
obtained from DWA Associates, Van Nuys, 
California. In general, both fabrication processes 
were similar and consisted of applying a pressure 
of several thousand psi to foil-filament arrays at a 
temperature of  about 500 ~ C. After fabrication, 
the material was cooled in air. Individual speci- 
mens were cut from the panels using a diamond- 
impregnated wheel. Notches having a root radius 
of 12.5 x 10 -a in. were cut using the electric 
discharge-method (EDM). 

2.2. Unid i rec t iona l ly  re inforced  mater ia l  
Three groups of centre-notched, 0.10in. thick 
specimens were tested. Tt/e width ( w ) o f  each 
group was 1.0, 2.0, or 4.0in., and the ratio of the 
gauge length to the specimen width was held 
constant at 3:1. The lengths of the centre notches, 
2a, were varied such that, in each group, a series 
of specimens were tested having values of 2 a / w  

equal to 0.05, 0.10, 0.20, 0.40, and 0.60. 
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2.3. Cross-plied material 
Compact tension specimens were cut from panels 
in which the fibres were oriented in the 0 ~ and 90 ~ 
directions. The outer ply was a 0 ~ ply; thus, the 
thirteen-layer material contained six 90 ~ layers. 
The dimensions of the compact tension specimens 
are shown in Fig. 1. The width of the specimen 
was 2, 4, or 8 in. and the crack lengths were varied 
such that the effect of five crack length:specimen 
width ratios could be evaluated. The ratios used 
corresponded to a/b values of 0.2, 0.4, 0.6, 0.8, 

and 0.9. 
A further series of specimens, similar to those 

described above, was prepared from material that 
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Figure ] The geometry of the compact tension specimens 
used in this work. P =load; E = elastic modulus; t = 
specimen thickness, approximately 0.10in.; b = 2, 4 or 
8 in.; h = 1.2, 2.4, or 4.8 in.; d = 0.55, 1.2 or 2.95 in. 
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Figure 2 The geometry of the centre-notched specimens 
used in this work. w = specimen width, 1, 2 or 4 in.; t = 
specimen thickness, approximately 0.10 in. 
*llbmin -~ ~4.5 359 X 10 ~1 kgrnin -~. 

contained fibres oriented in the 0/90] + 45 ~ direc- 
tions. The layers were arranged in the following 
sequence: 0/90/+ 4 5 / - 4 5 / 0 / 9 0 / 0 / - 4 5 / +  45/90/0. 
Thus, a balanced laminate was obtained. 

The geometry of the centre-notched specimens 
is shown in Fig. 2. The gauge length of each test 
piece was approximately 3 in. and the width was 
1, 2 or 4in., respectively. The crack lengths were 
varied such that the following crack length:speci- 
men width ratios could be studied: 2a/w = 0.05, 
0.10, 0.20, 0.40, and 0.60 for the l in. wide 
specimens and 2a/w = 0.20 and 0.40 for the 2 and 
4 in. wide specimens. 

A further series of centre-notched specimens 
was fabricated from the material which contained 
boron fibres oriented using the 0/90/+45 ~ se- 
quence mentioned previously. The dimensions of 
these specimens were identical to those fabricated 
from the 0/90 ~ material. 

2.4. Fibre testing 
Individual boron fibres were extracted from 
selected specimens by dissolving the matrix 
material in a sodium hydroxide solution. The 
failure load of each fibre was measured using an 
Instron screw driven machine. The pneumatic grips 
of the machine were lined with aluminium to 
minimize crushing of the fibres and to distribute 
the load evenly. The gauge length of each fibre was 
set by using the gauge length adjusting dial of the 
machine. 

2.5. Composite testing 
In order to protect the gripped portion and to 
minimize the tendency to fail in that section, 
aluminium doubler plates were bonded to the 
ends of each centre-notched specimen using 
Eccobond adhesive. 

The load was applied to both types of specimen 
using an hydraulic materials testing system(MTS) 
operating at a loading rate of 5001b min - l * . A  
conventional clip gauge was mounted on the 
specimen in such a way as to continuously moni- 
tor the displacement of either the mid-point of the 
centre notch or the edge of the notch that was cut 
into the compact tension specimens. 

3. Results 
The results obtained by Herring [12], Wright and 
Iannuzi [13] and Wright and Wills [14] indicate 
that the strengths of brittle fibres tend to obey a 
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TABLE I The statistical strength data obtained for fibre extracted from composite specimens of different size 

Size of original composite 

width (in.) length (in.) 

Fibre gauge % (10 3 psi) to Mean strength Bundle strength 
length (in.) (10 3 psi) (10 3 psi) 

4 24 1 768.7 11.69 473.1 367.6 
4 24 2 810.6 10.20 435.2 329.4 
4 24 3 877.9 9.23 422.2 314.0 
4 24 6 988.3 6.72 328.2 227.7 
4 24 12 889.4 6.05 233.9 158.0 
2 12 1 874.1 9.64 481.9 364.4 

I I  
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A = crack face displacement using Equation 2 
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Figure 3 The compliance of various unidirectionally reinforced specimens expressed as a function of crack length to 
width radio, 2a/w. 

Weibull distribution characterized by 

O(a) = 1 - -exp  {--(l/D)[(a--a*)/aol~o} (1) 

where G(a) is the probability of  failure of a fibre 
subjected to a stress, a* the lower limiting 
strength, assumed here equal to zero, Oo the distri- 
bution scale factor that reflects the maximum 
strength that can be obtained from the fibres, 
w the distribution shape factor (describes scatter 
of  data), and l/Dthe fibre length-to-diameter ratio. 

Accordingly, the tensile strength data obtained 
from the fibres tested in this work are presented in 
Table I, together with the Weibull constants. It is 
noted that the strengths exhibited by the shorter 
fibres are larger than those exhibited by the longer 
ones. In addition, the application of Student's 
t test at the 95% probability level indicated that 

identical mean strengths were exhibited by the 
fibres extracted from the materials prepared by 
either of the composite suppliers. 

3.1. Elastic p rope r t i e s  
Elastic compliance curves were obtained by 
dividing the applied load into the crack opening 
displacement as computed from the electrical 
output of the clip gauge. The individual com- 
pliance values are shown plotted against the ratio 
of the crack length:specimen width in Fig. 3 and 
4. Included in these graphs are those values of  
crack face compliance that would be expected 
from isotropic centre-notched specimens. In this 
case, the displacement of the crack faces, 8, was 
calculated using the expressions given by Tada 
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etaL [15] ,i.e. 

6 = 4O, oma/E V(a/b) (2) 
where 

V(a/b) = 0.071 -- 0.535 (a/b) + 0.169 (a/b) 2 

-I- O. 1 2 0  (a /b )  3 

- -  1 .071  a /b  In (l  - -  a /b ) .  

The corresponding expression that was used to 
describe the compliance of compact tension 

specimens was: 

5 = PIE V~(alb) (3) 

where the values of the fur~ction V1 (a/b) are taken 
from the analysis of Roberts [16]. 

The compliance values of the unidirectional 
specimens was obtained from the initial part of the 
load-extension curves. However, compliance 
values larger than those given by Equation 2 were 
obtained using this method. Consequently, a small 
amount of load was reversed during each sub- 
sequent test carried out on the cross-plied material 
and the compliance values were calculated from 
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the slopes of the elastic recovery curves that were 
obtained. As can be observed, the elastic recovery 
technique enabled compliance values to be ob- 
tained from the pseudo4sotropic cross-plied 
material that were very similar to those predicted 
using the isotropic formulations of Tada. 

Experimental measurements of the strains 
generated at or close to the tip of  the centre notch 
present in the unidirectionally reinforced material 
were carried out using a linear array of transversely 
oriented strain gauges bonded adjacent to the 
crack tip. Each gauge, 0.031 in. long, was separ- 
ated from the preceding one by a distance of 
0.024in. and the length of the total array was 
0.25 in. 

According to Sih et al. [17] the tensile stresses 
that exist at some reasonable distance from the 
tip of a long, thin crack in an homogeneous, 
orthotropic, elastic solid are given by: 

ox = Ki/(2~rr) '/2 (&21#,1)1/2 (4) 

% = Kit(2~r) v2 + % o r e . . .  (5) 

where KI is the mode I stress intensity factor and 

J 

1,0 

Figure 4 A comparison of the theoretical 
crack face compliance values with those 
obtained from experiments carried out on 
cross-plied 0/90 ~ boron-aluminium. 
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TABLE II The experimental strains measured across the uncracked ligament compared to those calculated using 
Equation 7 

Gauge number o x calculated using cry calculated using e x calculated using e x measured 
Equation 4 (103 psi) Equation 5 (103 psi) Equation 7 (10 -6 in. in.-1 ) (10-6 in. in. -1 ) 

1 12.547 29.229 +487  +150 
2 7.288 22.217 + 245 + 80 
3 5.652 20.036 + 170 0 
4 4.779 18.872 + 130 --20 
5 4.216 18.121 § 104  --50 

Applied load = 5000 lb; crack length = 0.2 in.; specimen width = 4 in. 

TABLE III  The mechanical properties of unnotched and centre-notched specimens of unidirectionally reinforced 
boron-a lumimum specimens 

Specimen Specimen 2a/w 2a Failure Failure Stress Failure a3 :o6 % :a12 KQ 
gauge width load gross net displacement (103 psi in )  :2 ) 
length (in.) (lb X 10 -2) 0b) (lb) (in. X 104) 
(in .) 

3 1 0.00 0.00 19.20 184.90 - 155.8 - - - 
3 1 0.05 0.05 14.85 139.75 147.11 134.3 - - 39.2 
3 1 0.10 0.10 13.30 128.60 142.89 115.72 - - 51.3 
3 1 0.20 0.20 11.60 110.75 138.44 99.82 - - 63.6 
3 1 0.40 0.40 8.65 83.21 138.68 101.12 - - 73.3 
3 1 0.60 0.60 5.60 53.40 133.50 82.32 - - 67.6 

6 2 0.00 0.00 45.00 215.75 - 491.02 - - - 
6 2 0.05 0.10 28.20 113.22 140.21 338.2 1.02 - 52.9 
6 2 0.10 0.20 21.67 103.04 114.49 248.7 1.21 - 58.1 
6 2 0.20 0.40 18.32 87.92 109.90 295.3 1.26 - 71.5 
6 2 0.40 0.80 14.17 68.18 113.63 286.0 - - 85.0 
6 2 0.60 1.20 7.29 34.90 81.25 163.0 - - 62.5 

12 4 0.00 0.00 38.801 97.191 . . . .  39.1 
12 4 0.05 0.20 28.47 69.68 73.35 341.0 - 1.89 47.7 
12 4 0.10 0.40 24.05 59.81 66.46 291.4 - 2.09 55.4 
12 4 0.20 0.80 19.60 48.24 60.30 220.0 - - 57.8 
12 4 0.40 1.60 13.37 32.77 54.62 190.1 - - 60.0 
12 4 0.60 2.40 9.55 23.70 59.25 157.8 - - - 

Failure stresses are mean of two values except where noted by superscript 
superscript 2 indicates mean of two values. 

cr x and  a r are the  local  stresses in the  x and  y 

d i rec t ions  as i nd ica t ed  in Fig. 2. These  d i rec t ions  

also def ine  the  o r t h o t r o p i c  axes o f  the  ma te r i a l .  

Thus ,  ~11 = 1/Ex and 1322 = 1/Ey ,  where  Ex and  

Ey are the  elast ic m o d u l u s  values in t he  respect ive  

d i rec t ions .  

Since for  smal l  appl ied  loads  t he  value o f o y  

m u s t  a p p r o a c h  onom at some  relat ively large 

d i s tance  f rom the  crack t ip ,  it fo l lows t h a t  a 

co r r e spond ing  value for  ox is given by :  

= (6) 
Use o f  the  elast ic cons t i t u t ive  equa t i ons  enables  

the  value o f  the  t ransverse  s t ra in ,  ex,  to  be  calcu- 

l a ted  for  a p lane  stress spec imen  

e,r = ax/E~ --  U~,xO:~/Er, (7)  

whe re  Vy,: is the  m a j o r  Poissons  ra t io .  

"103 psi =- 220GPa.  
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1. Failure displacements are single values; 

Typ ica l  values o f  t he  elast ic  cons t an t s  o f  the  

un id i r ec t i ona l  ma te r i a l  were  f o u n d  to  be  Ey = 

3 2 x  106 psi*,  E x = 1 8 x  10 s p s i ,  vy x = 0 . 2 3 .  

These  were  used to  evaluate  E q u a t i o n s  5 to  7. The  

resul ts  o f  ca lcu la t ions  m a d e  af te r  assuming t h a t  a 

load  o f  5000  lb was appl ied to  a 4 in.  wide  speci- 

m e n  c o n t a i n i n g  a c rack  0 .2  in.  l ong  are i nc luded  in 

Table  II. I t  is a p p a r e n t  f r o m  these  resul ts  t h a t  the  

ca lcu la ted  s t ra ins  are far grea ter  t h a n  t hose  

m e a s u r e d  expe r imen t a l l y .  Thus ,  i t  can be  con-  

c luded  t h a t  since E q u a t i o n  6 does  n o t  p red ic t  t he  

cor rec t  value o f  t he  s t ra ins  at  th is  load ing ,  t h e n  the  

compl i ance  will n o t  be  given b y  E q u a t i o n  2 e i ther .  

This  c o n c l u s i o n  is n o t  u n e x p e c t e d ,  for  m a t r i x  

p las t i c i ty  occurs  ear ly in  t he  loading  h i s t o r y  and  

th i s  m u s t  resul t  in apprec iab le  stress r e l axa t ion  

t a k i n g  place w i t h i n  t he  spec imen .  



T A B L E I V The failure characteristics of cross-plied b oron-reinforced aluminium 

Specimen lay/up Max. Max. 2a 2a/w w (in.) t (in.) KQ Net failure 
no. load stress (in.) (103 psiin. 1~2 ) stress (psi) 

(lb) (psi) 

1 0[90 11000 114592 0 0 0.99753 0.09623 - - 
2 0/90 11 750 120954 0.99737 0.0974 - - 
3 0/90 8 350 88 003 0.05 0.05 0.992 5 0.095 6 24 700 92 635 
4 0/90 7 400 76 295 0.1 0.1 0.999 2 0.097 07 30 426 84 772 
5 0/90 5 540 57 062 0.2 0.2 1.000 6 0.097 03 32 796 71 327 
6 0/90 4 500 47 348 0.4 0.4 0.997 27 0.095 3 34 434 78 913 
7 0/90 2 700 27 884 0.6 0.6 0.999 57 0.096 87 35 309 69 710 
8 0/90 10475 108499 1.003 9 0.096 17 - 
9 0/90 8000 83 989 0.058 0.058 0.99707 0.095 53 25404 88409 

10 0/90 7 300 75 616 0.096 0.096 1.000 83 0.096 46 29 532 84 018 
11 0/90 5 400 56 047 0.210 0.210 0.999 45 0.096 4 33 095 70 059 
12 0/90 3 675 37 959 0.395 0.395 1.002 73 0.096 55 33 149 63 265 
13 0/90 2 640 27 422 0.600 0.600 1.002 53 0.096 03 34 724 68 555 
14 0/90/-+ 45 9 825 101 801 0.996 3 0.096 87 - 
15 0/90/_+ 45 6 850 70 408 0.059 0.059 1.005 07 0.096 8 21480 74 114 
16 0/90/_+ 45 5 800 59 968 0.099 0.099 0.998 13 0.096 9 23 792 66 631 
17 0/90/-+ 45 4 780 49 349 0.208 0.208 1.002 7 0.096 6 28 985 61 686 

18  0/90/-+45 3 400 35 369 0.398 0.398 1.000 3 0.096 1 31 056 58 948 
19 0/90/+_ 45 2 425 25 255 0.60 0.60 1.000 20 0.095 83 31 980 63 137 
40 0/90 9000 94 106 0.000 0.000 0.9983 0.095 8 
41 0/90 8 100 84 515 0.055 0.055 1.002 2 0.095 63 24 888 88 963 
42 0/90 6 900 72 304 0.10 0.10 0.997 9 0.096 5 28 834 80 338 
43 0/90 5 650 58 590 0.205 0.20 0.999 3 0.096 5 34 136 73 237 
44 0/90 3 800 39 566 0.40 0.40 1.002 2 0.095 83 34 869 65 943 
45 0/90 2450 25 456 0.60 0.60 1.001 2 0.096 13 32 234 63 640 
46 0/90/-+ 45 9 700 100 549 0.00 0.00 1.002 5 0.096 23 
47 0/90/+_ 45 6950 72384 0.056 0.056 0.9960 0.0964 21510 76194 

(failed in 
grips) 

48 0/90/_+45 5950 61721 0.095 0.096 0.9928 0.0971 23976 68579 
49 0/90/-+ 4 800 49 303 0.205 0.205 1.001 3 0.097 23 28 726 61 629 
50 0/90/-+ 45 3 210 33 120 0.395 0.40 1.005 4 0.096 4 28 923 55 200 
51 0/90/_+ 45 2 325 24 317 0.595 0.60 1.002 2 0.095 4 30 499 60 792 
82 0/90 9 725 50 641 0.40 0.20 1.990 0.096 5 41 058 63 301 
83 0/90 9 300 48 346 0.40 0.20 1.975 0.097 4 39 296 60 432 
84 0/90 6 775 35 255 0.80 0.40 1.971 0.097 5 43 938 58 758 
85 0/90 6 900 35 812 0.80 0.40 1.966 0.098 0 44 634 59 687 
86 0/90 17 100 43 951 0.80 0.20 3.930 0.099 0 50 521 54 939 
87 0/90 17 090 44 499 0.80 0.20 3.939 0.097 5 51 151 55 624 
88 0/90 12 250 32 157 1.60 0.40 3.939 0.097 5 56 678 53 595 
89 0/90 31 085 31 085 1.60 0.40 3.939 0.097 0 54 789 51 808 

3 . 2 .  F r a c t u r e  p r o p e r t i e s  

In th is  w o r k ,  an  a t t e m p t  was m a d e  to  descr ibe  the  

fai lure  o f  the  c o m p o s i t e  spec imens  in t e r m s  o f  a 

single p a r a m e t e r  f u n c t i o n  b y  s ubs t i t u t i ng  t he  

m a x i m u m  fai lure load ,  P,  in to  one  o f  the  fo l lowing  

express ions :  

Centre-notched specimens 

K e = ( e l w E } { . a  sec ( . a /w)  ''= (8) 

Compac t  tension 

KQ = {Pa/bt}{29.6 --  185 .5alb  

+ 655 .7  (a/b) 2 -- 1017 .0  (a/b) 3 

+ 638 .9  (a/b)4}, (9)  

whe re  KQ is the  cr i t ical  stress i n t e n s i t y  p a r a m e t e r .  

Tab le  III  con ta ins  the  fai lure loads and  t h e  

assoc ia ted  cri t ical  K values t h a t  were  o b t a i n e d  

f r o m  un id i r ec t i ona l l y  r e in fo rced  b o r o n - a l u m i n i u m  

mater ia l .  The  resul ts  were o b t a i n e d  f r o m  speci- 

mens  o f  t h r ee  lengths ,  L ,  and  th ree  w id ths ,  w. 

However ,  t he  ra t io  L / w  was m a i n t a i n e d  c o n s t a n t .  

I t  is to  be  n o t e d  t h a t  the  n o m i n a l  (gross)  fa i lure  

stresses e x h i b i t e d  b y  spec imens  c o n t a i n i n g  iden t -  

1223 



ical crack sizes were smaller for the larger speci- 
mens. Thus, smaller KQ values were obtained from 
larger specimens. This effect was most unexpected 
since, for metals, a specimen gauge length effect is 
not considered important. 

The failure stresses obtained from cross-plied 
boron-aluminium specimens are shown in Table 
IV. In this case, the lengths of the specimens 
were maintained constant and only the widths 
were varied. As can be seen, the nominal failure 
stresses of the specimens that contained identical 
crack sizes were larger for the wider specimens. 
Thus, KQ values increased as the specimen width 
increased. 

3.3. Effect of specimen length 
The length effect has been discussed in a recent 
publication [18] in which it was concluded that, 
for unidirectionally reinforced composites, the 
stress concentration effect of the notch becomes 
constant and independent of  notch size providing 
the notch is larger than some minimum value. It 
was also concluded that for indentical large cracks, 
longer specimens were associated with larger 
stress concentration factors. 

It is interesting to compare the conclusions 
that we have made using the experimentally 
determined strength values of centre-notched 
composites with the analytical work of Fichter 
[19]. Fichter pointed out that the stress concen- 
trating effect of broken reinforcement fibres as 
calculated by Hedgepeth [1] was obtained by 
assuming that the fibres were contained in infi- 

k = L/2 
EAd 

4O 

2O 

I0 

4 

2 

2 ; ?0 2; 5'0 ]0~ 
Number o f  broken f i l amen ts ,  r 

Figure 5 Stress concentration factor for fixed values of k 
expresses as a function of the number of broken filaments; 
uniform normal edge displacement. 
1224 

nitely long and wide specimens. However, if the 
length of the specimen were finite, as measured by 
some distance from the notch plane, then 
Hedgepeth's results should be modified to indicate 
that the stress-concentrating effect of  the notch 
would not continue to increase but would become 
constant at some given crack size. Fichter's results 
are summarized in Fig. 5. As can be observed, for 
a fibre-reinforced composite of finite length, the 
stress concentration values, Kr, will not continue 
to increase as the numbers of broken fibres in- 
crease. Rather, a limit to Kr is achieved, the value 
of which depends on the elastic properties of the 
composite and the length of the specimen. 

A quantitative analysis of the experimental 
results reported herein is possible using Fichter's 
analysis. For instance, it can be noted that the 
absolute value of the stress concentration factor, 
Kr, is a function of the parameter k, where 

k = L/2(Gh/EAd) 1/2. 

In this expression, L/2 is the specimen half length, 
G is the shear modulus of the matrix, E is the 
tensile modulus of the fibres of area A, h is the 
thickness of the specimen, and d is the distance 
between the fibres. If  the value of G is assumed 
to be about 3 • 104 psi for an aluminium matrix 
that is deforming plastically, and ifh is considered 
to be about equal to d for a material containing 
50vo1% reinforcement, then an approximate 
calculation indicates that K for a b o r o n -  
aluminium material is given by 

k ~ 2.5L. 

Further inspection of Fig. 5 then indicates that 
maximum values of Kr will be about 2.7, 3.8 and 
5.5 for 3, 6 and 12 in. long specimens, respectively. 

Kulkarni [20] has shown, using a finite element 
analysis technique, that the stress concentrating 
effect of cut fibres within a unidirectionally 
reinforced material is a maximum in the first 
adjacent fibres and then diminishes very rapidly 
as the distance from the cut fibres increases. Thus, 
it is reasonable to conclude that the product of 
the stress concentration factor, Kr, and the net 
stress at failure will represent the maximum stress 
in the fibres that are adjacent to the notch. The 
net failure stresses for unidirectionally reinforced 
boron-aluminium specimens 03, o6 and cr12 are 
shown in Table III for the 3, 6 and 12 in. long 
specimens, respectively. As can be noted, the 
ratio of the strengths, i.e. o3:a6:o~, is about 



TABLE V Calculation of the maximum net stress in ftrst fibres adjacent to a number of fibre breaks 

Specimen type Length (in.) Width (in.) Thickness (in.) Mass net stress at 
failure (10 3 psi) 

Maximum net stress in 
first fibres adjacent to 
crack (103 psi) 

U. 3 1 0.1 140 804 
u. 6 2 0.1 115 931 
u. 12 4 0.1 57 667 

oN0 3 1 0.1 74 794 
0/90 3 2 0.1 61 650 
0/90 3 4 0.1 54 576 

1:1.2:2.0. These values are to be compared with 
1:1.4:2.1 that would be predicted using the 
results of  Fichter's analysis. 

Additional observations can be made by noting 
that a mean net stress at failure of  the unidirec- 
tional material is 140, 115 and 57 x 103 psi for 
the 3 , 6  and 12 in. long specimens. Thus, the fibres 
in specimens containing 47% reinforcement carry 
respective net stresses of  298, 245 and 121 x 
103 psi and the first fibres adjacent to the notch 
will be subjected to maximum stresses of  804, 931 
and 667 x 103 psi. These values closely approach 
the value Oo, i.e. the maximum fibre strength 
values that can be described by a Weibull distri- 
bution. The same calculation can also be applied 
to the results obtained from the cross-plied ma- 
terial and similar results are obtained; these are 
shown in Table V. 

3 .4 .  E f f e c t  o f  s p e c i m e n  w i d t h  
The variation in the fracture stress of thin metal 
specimens can be easily and simply discussed with 
reference to Fig. 6. In this figure the nominal 
failure stress is plotted against variations in the 
crack size and/or specimen width. The curve 
denoted 1 describes the failure stress of  specimens 
that break when a critical stress intensity is gener- 
ated at the crack tip. The effect o f  an increase 
in specimen thickness is to move the curve down- 
wards and towards the ordinate, as shown in the 
figure. Essentially, this means that smaller KQ 
values are exhibited by thicker specimens. Some 
thickness is eventually reached beyond which no 
further movement of  the curve occurs; this value 
of  K o is then termed KIC. Specimen widths w~, 
w2, w3, etc., can also be plotted on the horizontal 
axis of  the graph. Straight lines can be drawn 

Un.s. = net section failure stress 

Figure 6 A curve illustrating the 
tendency of plane stress specimens 
to fail at a critical net stress. 
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Figure 7 Effect of width on apparent K s values (top curves calculated assuming KQ = 100 X 103 psiiu.'2; bottom 
curve calculated assuming KQ = 50 000 • 103 psiin, w2 . 

joining the respective specimen widths to a stress 
which denotes net section failure. These lines then 
describe the failure stress of notch-insensitive 
specimens. As can be noted, net section failure will 
occur in small specimens, i.e. Wl, w2, w3, even 
though a critical stress intensity may describe 
failure of larger specimens, i.e. w4. However, even 
with large specimens, net section failure can occur 
if the crack sizes are smaller or greater than those 
denoted in the figure by 2a2 and 2a4. The values 
of KQ that will be obtained from specimens failing 
in the net section will vary with specimen size 
and/or crack size. For instance, consider two 
materials of identical yield stress, 50 x 103 psi, 
fabricated to a thickness such that real critical 
stress intensity values of 50 and 100 x 103 psi in 1/~ . 
would be obtained from ideal experiments. In 
addition, consider that attempts are made to 
obtain these real K s values using specimens that 
are 5, 10 20 and 40in. wide. A curve similar to 
Fig. 6 can be constructed or a simple analysis can 
produce results from which the failure stresses of 
each specimen can be estimated. The results of 
this type of computation indicate that the actual, 
experimentally determined KQ values would 
vary with the ratio of crack length tO specimen 
width in the manner shown in Fig. 7. It is also 
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apparent from this graph that it would be imposs- 
ible to obtain true values from 5 or 10in. wide 
specimens fabricated from material with a real KQ 
of 100 x 103 psiin 1/2. However, true values could 
be obtained using all specimens providing a crack 
length: specimen width ratio of about 0.4 was 
used. Two effects can be observed: (1) for a given 
specimen width, the values of KQ increase to a 
maximum before decreasing, and (2) large values 
of KQ are obtained from larger specimens. 

The KQ values that were obtained from the 
cross-plied 0/90 ~ 0/90/+45 ~ boron-aluminium 
composites are shown in Figs. 8 and 9. In this case, 
since the stress concentrating effect of the notch is 
independent of  notch length, it follows that failure 
of the composites will occur when the net stress 
reaches some critical value. Thus, it is not surpris- 
ing that the shape of these curves is identical to 
that expected from metal specimens failing by net 
section yield. 

In summarizing the results of the above work, it 
can be stated that increasing the length of 
unidirectionally reinforced specimens reduced the 
KQ values obtained. Conversely, increasing the 
width of cross-plied specimens increased the K s 
values obtained. The effect of specimen width was 
not determined for the unidirectional material, 
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Figure 8 Critical values of  the  stress intensi ty  
factor calculated using the  m a x i m u m  load 
and the  initial crack length;  0 /90  ~ reinforce- 
ment .  

Figure 9 Critical values of  the  stress inten-  
sity factor calculated using the  m a x i m u m  
load and the initial crack length;  0190/• 4 5 ~ 
re inforcement .  

neither was the effect of specimen length deter- 
mined for the cross-plied material. 
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