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Effects of notch length, specimen thickness, 
ply thickness and type of defect on the 
fracture behaviour of angle-ply 
graphite-epoxy composites 

S. OCHIA I * ,  P.W.M. PETERS 
DFVLR, Institut F~Jr Werkstoff-Forschung, Postfach 90 60 58, 5000 K6ln 90, West 
Germany 

An experimental study was carried out on the effects of notch length, specimen thickness, 
ply thickness and type of defect (centre-notch or hole) on the fracture toughness of 
graphite-epoxy composites with lay-up sequences of 0/+45~ and 0/90 ~ . Three fracture- 
mechanical concepts were applied: the Waddoups-Eisenmann-Kaminski (WE K) model, 
the Whitney-Nuismer model (point and average stress cirteria) and the KR-curve 
method. An increase of notch length as well as an increase of ply thickness led to a higher 
toughness, whereas a change in specimen thickness did not noticeably affect the tough- 
ness. Furthermore, the hole caused a smaller strength reduction than a notch. The 
applicability of the above-mentioned concepts is probably restricted mainly because of 
the fact that they do not, or do only insufficiently, regard the damage zone near the 
border of the defect, if a large damage zone usually leads to larger material parameters 
of the investigated concepts, namely the inherent flaw size, the characteristic lengths 
of the point and average stress criterions and the KR -value at fracture. 

1. Introduction 
In the study of fracture behaviour of composites, 
a great effort has been made [1-8] to explain 
the well-known phenomenon that larger holes 
(notches) cause greater fracture stress reductions 
than smaller holes (notches), a phenomenon 
which cannot be explained by a classical stress 
concentration factor. Many approaches have 
been proposed to characterize such a fracture 
behaviour, among which the Waddoups- 
Eisenmann-Kaminski (WEK) model [1], the 
point and average stress criteria model [4, 5] 
and the resistance (K R curve, where K g is the 
crack growth resistance) model [6-8] have been 
reported to provide a good description of the 
fracture behaviour of composites. The WEK 
model [1] assumes the existence of an intense 
energy (inherent flaw) region with a size of a* 

which is modelled as a through-crack of con- 
stant length, extending perpendicular to the 
load direction. In the point and average stress 
criterions model, Whitney and Nuismer [4, 5] 
proposed a failure model based on the stress 
distribution near the notch tip, assuming that 
failure occurs when the stress over some distance 
do in front of the notch tip is equal to or greater 
than the strength of unnotclaed material (point 
stress criterion) or when the average stress over 
some distance, ao, equals the unnotched strength 
(average stress criterion). In these concepts, a*, 
do and ao are assumed to be material constants, 
independent of hole (notch) size. According to  
the crack-growth resistance, KR-curve, model, 
in which the crack-opening displacement (COD)- 
deviation from linearity is assumed to be entirely 
the result of self-similar crack extension, the K R- 
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curve, the K R value at unstable failure and the 
crack extension, Ace, at unstable failure are 
material constants, independent o f  hole (notch) 
size. 

In this work, a*, do, ao, the KR-curve , the 
KR-value at failure and 2xcf were measured for 
various notch lengths, specimen thicknesses, 
single ply thickness and defect types (hole and 
centre-notch) using angle-ply graphi te-epoxy 
composites. The results clearly showed the effects 
of  notch length, specimen thickness, ply thick- 
ness and type of  defect on the fracture behaviour 
of  the present composites. This work further 
deals with the experimental determination of  the 
extension of  the damage zone at a notch tip and 
its relation to the fracture toughness of  graphi te-  
epoxy composites. Finally, the applicability of  
the WEK model, the point and average stress 

criteria model and the KR-Curve model, in view 
of  the damage zone, is examined. 

2. Materials and experimental procedure 
The composite plates were prepared by DFVLR 
Braunschweig using a hot-press technique from 
T300/914C prepreg. The nominal single-ply 
thickness and fibre volume-fraction of  the pro- 
duced laminates were 0.125 mm and 0.60, respec- 
tively. Various types of  lay-up sequences were 
used and are indicated in Table I. "0 ~ refers to 
the longitudinal direction, and "-+45 ~  and "90 ~  
refer to the respective inclinations from the "0 ~ 
direction. "s" means a symmetric repetition of  
sequence given in the parentheses. Samples CB-1, 
CB-3 and CB-5 are composed of  0 ~ and -+45 ~ , 
and Samples CB-2, CB-4 and CB-6 of  0 ~ and 90 ~ 
layers. Samples CB-1, CB-3 and CB-5 and Samples 
CB-2, CB-4 and CB-6, differ from each other in 
laminate thickness (1 or 2 m m )  and/or single-ply 
thickness (0.125 or 0.25 mm). Effects o f  specimen 

(laminate) thickness were studied by comparing 
the results of  Sample CB-1 with those of  Sample 
CB-3 and the results of  Sample CB-2 with those 
of  sample CB-4; the effect of  ply thickness were 
studied by comparing the results of  Sample 
CB-5 with those of  Sample CB-1 and CB-3, and the 
results of Sample CB-6 with those of  Samples 
CB-2 and CB4.  The effect of  notch length was 
investigated by using centre-notched specimens 
with a width, W = 20 and 40ram, at a constant 
relative notch length, 2co/W = 0.50, where co is 
half the length of  the original notch. The effects 
of  specimen thickness and ply thickness were 
investigated by using centre-notched specimens 
with a width, W = 20 or 40mm,  and a relative 
notch length, 2Co/W = 0.50. The effect of  the 
type of  defect was measured on 2 0 m m  wide 
specimens with a 6 mm hole or notch, respectively. 
The testing methods have been described in a 
previous paper [9].  Three specimens were used 
for each test and the results averaged. 

3. Results and discussion 
3.1. Ultimate tensile strength of unnotched 

specimens 
The average ultimate tensile strenghts, Go, of  three 
unnotched specimens for a width W =  10mm 
for composite Samples CB-1 to CB-6 were 932, 
920, 938, 928, 930 and 932MPa, respectively. 
In spite of  the difference of  specimen thickness, 
ply thickness and stacking configuration, the 
values of  Go for each composite were nearly the 
same. 

3.2. Effects of notch length, specimen 
thickness and ply thickness on 
stress-CO D cu rves of centre-notched 
specimens 

Fig. 1 depicts typical stress-COD curves of  com- 

TAB LE I Sequence, specimen thickness and ply thickness of composites investigated in the present work 

Sample Sequence* Specimen thickness Ply thickness 
number (ram) (ram) 

CB-1 (0, + 45 ~ --45 ~ 02,--45 ~ , + 45 ~ , 0) 1 0.125 
CB-2 (0, 90 ~ 0, 90~, 0, 90 ~ 0) 1 0.125 
CB-3 (0, + 45 ~ , -- 45 ~ , 02, -- 45 ~ , + 45 ~ , 0)s 2 0.125 
CB-4 (0, 90 ~ 0, 90~, 0, 90 ~ , 0)s 2 0.125 
CB-5 (02, + 45~,--45], 0, ,--45~, + 45~, 05) 2 0.250 
CB-6 (02,90~, 0z, 90~, 0~, 90~, 05) 2 0.250 

*Each number stands for a prepreg layer. The figures 0, -+ 45 ~ and 90 ~ without subscript refer to one momolayer of the 
prepreg and those with subscripts 2 and 4 refer to two and four layers of the prepreg, respectively. The subscript s 
means a symmetric repetition of the sequency given in the parentheses. 
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Figure 1 Gross stress-COD curves of Samples CB-1 to CB-6 
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composites with W = 40 mm and 2co/W = 0.50. 

posite Samples CB-1 to CB-6 for centre-notched 
specimens with W = 40mm and 2Co/W = 0.50. 
If Sample CB-1 is compared with Sample CB-3, 
and if Sample CB-2 is compared with Sample 
CB-4, the shapes of the curves are nearly the same 
and the effect of the specimen thickness is not 
so large. On the other hand, comparison of Sample 
CB-5 with Samples CB-1 and CB-3, and comparison 
of Samples CB-6 with Samples CB-2 and CB-4 

shows that the stress and COD at failure of the 
specimens composed of thicker plies are much 
larger than those of specimens composed of 
thinner plies. It is interesting t o  note that the 
COD values at fracture of the 0/+45~ 
configurations (Samples CB-1, CB-3 and CB-5) 
were lower than those of the 0/90~ con- 
figurations (Samples CB-2, CB4 and CB-6). 

3.3. Effects of notch length, specimen 
thickness and ply thickness on the 
stress intensity factor at fracture of 
centre-notched specimens 

The finite-width correction factor for the present 
angle-ply laminate composites is different from the 
isotropic value. The difference is, however, less 

than a few per cent [10, 11]. Therefore, the 
infinite-width plate failure stress, ON, was obtained 
for all laminates by multiplying the measured 
notched strength, ON, by the isotropic factor, Y, 
given by [12], 

Y = [sec (Wco/W)] 1/2. (1) 

The stress intensity factor at failure, KQ, was 
calculated from 

KQ = YON&co) 1/2. (2) 

Fig. 2 shows the values of KQ for various speci- 
mens. Three points are worth noting: 

(a) If Sample CB-1 is compared with Sample 
CB-3 and if Sample CB-2 is compared with Sample 
CB-4, there is no large difference. This implies 
that the effect of specimen thickness on KQ is 
very small. 

(b) If Sample CB-5 is compared with CB-1 
and CB-3, if Sample CB-6 is compared with 
Sample CB-2 and CB-4, there is a large difference. 
The thicker the ply, the larger is KQ, although 
the values of Oo were nearly the same in all com- 
posites. A similar effect has been reported by 
Mandell et al. [13, 14], who found that, although 
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Figure 2 Measured values o f  KQ of  Samples  CB-1 to CB-6 

composi tes  wi th  2co/W = 0 .50  and  W = 20 or 40 ram.  

for the average stress criterion. The characteristic 
lengths, do and ao, of each specimen were calcu- 
lated by substituting the measured values of K o,  
ON and Co, into Equations 3 and 4. The result is 
shown in Fig. 3. The values of do and ao (ao = 
2a*) of the composites with thicker plies (Samples 
CB-5 and CB-6) are larger than those of the com- 
posites with thinner plies (Samples CB-1 to CB-4) 
for both 0/-+45~ and 0/90 ~ types. This feature 
is clearly found for the specimens with the larger 
width of W= 40ram. Comparing Sample CB-1 
with Sample CB-3, and CB-2 with Sample CB-4, 
it can be seen that the change of specimen thick- 
ness has little effect on do and ao. Another feature 
is that there is a large difference of do and ao 
between specimens with different notch length 
for a given laminate. To summarize these results: 
the larger the notch and the thicker the ply, the 
larger the values of a*, do and ao, while the 
specimen thickness has only a small effect on these 
values. 

the unnotched strength was relatively unchanged, 
the value of KQ increased almost linearly with 
increasing ply thickness. 

(c) On the specimens with larger notches, 
a higher toughness KQ was reached in all cases. 

3.4. Effects of notch length, specimen 
thickness and ply thickness on the 
inherent flaw size, a*, and 
characteristic lengths, do and ao, of 
centre-notched specimens 

In this section, effects of notch length, specimen 
thickness and ply thickness on the values of a* 
of the WEK model and those on do and ao of the 
point and average stress criteria are shown. 
As, in the case of centre-notched specimens, the 
inherent flaw size, a*, of the WEK model is related 
to the characterisitc length ao of the average stress 
criterion by a* = ao/2 [15], only the character- 
istic lengths do and ao will be considered in this 
section. According to the point and average 
stress criteria proposed by Whitney and Nuismer 
[4, 5], KQ is given by 

KQ = {1 - [Co/(Co + 

for the point stress criterion and given by 

[.co I1 - co/(co + ao)]t 

(3) 

(4) 

3.5. Effects of notch length, specimen 
thickness and ply thickness on 
KR-curves and crack extension of 
centre-notched specimens 

As the damage zone grows ahead of the crack tip, 
the load-COD curves deviate from linearity. 
Initial straightqine portions in the load-COD 
curves at various crack lengths were used to 
calculate the compliance. The compliance as a 
function of 2Co/W was fitted to a polynominal 
by a least-square fit analysis, with the best-fit 
third degree polynominal. The effective crack 
length, by using this compliance calibration 
curve, was obtained for calculation of the crack 
growth resistance, KR, at various load levels. 
KR was calculated from 

K R = oY(Trc) 1/2, (5) 

where a and c are the nominal stress and effective 
half-crack lengths, respectively, and Y is the finite- 
width correction factor based on the effective 
crack length, given by [sec (Trc/W)] 1/2. According 
to the KR-Curve concept, the failure stress can be 
determined by the point of tangency between KR 
in Equation 5 and the K-curve defined by K = 
ay(nc)l /2 with ~ as a parameter. For the 0/+450/0 - 
type laminates (Samples CB-1, CB-3 and CB-5), 
such a tangency point did not exist, as in our 
previous work [9]. Morris and Hahn [7] obtained 
the same result investigating (0/--+45~ and (0/90~ 
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Figure 3 Calculated values of do and a 0 of Samples CB-1 to CB-6 composites with 2c o/W = 0.50 and W = 20 or 40 ram. 

+45~ graphite-epoxy composites. For the 
0/90~ laminates, Samples CB-2 and CB-4, 
a tendency point was also not found, as shown 
in Fig. 4a and b. On the other hand, of the com- 
posite Sample CB-6, which showed the largest 
quasi-crack extension among the six composites 
investigated, one of the three specimens showed 
a tangency point, as shown in Fig. 4c. These 
results imply that, at least for the composite 
Samples CB-1 to CB-5, the KR-Curve cannot be 
used to predict a critical stress by the aid of a 
tangency point between K R- and K-curves. For 
this reason the maximum value of K R, namely 
K R at failure, KR~ax was taken for comparison. 
Also the quasi-crack extension, Ace, given by 
c~-Co, where c~ is the effective crack length at 
fracture, was measured from the KR-C curves. 
The average values of ~c~ and KR,ma x for each 
composite are summarized in Fig. 5. The larger 
the notch and the thicker the ply, the larger 
the values of 2xcf and KR,ma,,, whereas a change 
of specimen thickness had little effect on either 
Acf or KR,ma x. 

The characteristic length, do, has been reported 
to be comparable with the quasi-crack extension at 
fracture, Acf, [7, 8], and from this finding it has 
been deduced that the KR-Curve method is reduced 
to the point stress criterion [8]. The present values 
of Ac~ in Fig. 5 are not comparable with the values 
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of do in Fig. 3 and the difference between Ace and 
do seems to become larger with increasing fracture 
toughness. Therefore, Ae~ cannot be related, one 
to one, to do. 

3.6. Effects of the type of defect (notch 
or hole) on fracture properties 

In this experiment, the effect of a hole on the 
fracture toughness was investigated and compared 
with those of a centre-notch for the composite 
Samples CB-1 to CB-6. The experiment was carried 
out under the condition that both the radius of 
the hole, R, and half the crack length, Co, were 
3 mm at a specimen width of 20 mm resulting in 
2R/W = 2co/W = 0.30. 

The value of the gross failure stress, a~,  was 
adjusted for all laminates by multiplying a N by 
the isotropic finite width correction factor for 
holes, given by [16], 

[2 + (1 - -2R /W)  31 
a~r = ON 3 (1 - -2R/W)  (6) 

Assuming that linear elastic fracture mechanics 
and the inherent flaw concept [17], which were 
taken into consideration in the WEK model [1], 
are applicable to composite materials with a 
hole, the critical Mode I stress intensity factor, 
KQ, for the unnotched specimen is given by 
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Figure 5 Measured values of ACf and KR,ma x for Samples CB-1 to CB-6 composites with 2Co/W = 0.50 and If  = 20 or 
40 ram. 

o o  KQ = Oo(Tra*) 1/2, (7) O___N_N = 2 

where a* is, again, the length of the inherent 
flaw. For the specimen containing a hole with 
the inherent flaw, KQ is given by 

oo 
K Q  = cr N (rra*)lnF(a*/R), 

where F(a*/R) is a function given in [ 17]. Equating 
Equations 7 and 8 gives 

F(a*/R)  / = = 0 0 0 N �9 

Oo 

for the point stress criterion and is given by 

a__NN = 2(1 -- ~2) 

2 + ~ + 3 ~  - (K~ - 3) (5~ 6 - 7~, ~) 

(lo) 

(8) Oo 2 - - ~ - - ~  + ( K ~ - - 3 ) ( ~  6 --~2 8) 

for 
are 

(9) 
for 

Substituting the measured values of o~/ao into 
Equation 9, a*/R and then a* can then be deter- 
mined. By substituting a* back into either Equation 
7 or 8, KQ can be determined. The o~/Oo and KQ 
for Samples CB-1 to CB-6 with a hole are shown 
in Fig. 6, together with the results of the notched 
specimens. The values of a~/Oo and KQ for the 
specimens with a hole are between 10 and 30% 
and between 20 and 70%, respectively, higher 
than those for the notched specimens. Thus, 
it can be seen that the hole produces a smaller 
strength reduction than the notch. 

According to the point and average stress 
criterions [4, 5], the ratio a~./Oo for a hole 
is given by 

(11) 

the average stress criterion, where ~1 and ~2 
R/(R + do) and R/(R + ao), respectively, and 
is the orthotropic stress concentration factor 

an infinitely wide plate. In the case of isotropy, 
K~ = 3, whereas, for anistropic materials the value 
of K~ deviates from 3 depending on the degree 
of anistropy. For the 0/-+45~ it can be 
assumed K~ ~ 3 [1, 18], whereas, for the 0/90 ~ 
type, K T = 5.11 has been taken. The latter value 
was determined by Nuismer and Whitney [5] for 
a similar laminate, T300/5208. Substituting the 
measured values of a~/ao into Equations 10 and 
11, the values of do and a0 can be determined 
for each composite. The values of do and ao for 
notched specimens were determined from 

a•/Oo = ( 1  - -  [Co/(Co + d o ) ] 2 ) a / 2  ( 1 2 )  

for the point stress criterion and were determined 
from 

2 3 3 0  
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Figure 6 Measured and calculated values of  a N / a  o and KQ of  Samples CB-1 to CB-6 composites  wi th  a hole  of  

2R/W = 0.30 or a notch o f  2c0/W = 0.30 at a constant W = 20 ram. 

ON/O ~ =(]--Co/(Co_+~_~o)]+ao)tl/; (13) 

for the average stress criterion. The results are 
presented in Fig. 7. Obviously, the characteristic 
lengths do and ao of the specimens with a hole 
are much larger than those of the notched speci- 
mens. The calculated values of  do, a* and ao of 
each composite with a hole are indicated in Fig. 8. 
It is interesting to note that do is approximately 
equal to a*/2 for each composite, as pointed out 
by Prabhakaran [19] for his E-glass-epoxy 
composite. 

The effect of specimen thickness and ply thick- 
ness on fracture properties was essentially the 
same, both for notched specimens and specimens 
with a hole, except that a hole resulted in a smaller 
strength reduction than a notch. 

No model is available which satisfactorily 
describes the increasing toughness of specimens 
with larger notches and thicker plies. It may be 
reasonable to assume that the high toughness 
is related to the large value of the damage zone, 
since the damage zone in composites has a similar 
effect on the stress distribution as a plastic zone 
in high-strength metals. Thus, the large values of 
the parameters a*, do, ao, Ace, KQ and KRmax for 
composites with large notches and thick plies may 
be explained by the large value of the damage 

zone. A first step to establish the effect of the 
damage zone on these parameters is to investigate 
the form and size of this zone. 

3.7.  The  f o r m  and size of  the  damage  zone  
The specimens were loaded to some given stress 
levels and after unloading they were examined 
using X-ray analysis to monitor the damage zone 
growth. A tetrabromethane opaque was applied 
to enhance the flaw image. Fig. 9 shows the 
typical appearance of the damage zone. In the 
0/-+45~ composites, longitudinal subcracks 
in the 0 ~ layer (0 ~ subcracks) and subcracks in 
the -+ 45 ~ layer (45 ~ subcracks) were found, 
whereas the 0/90 ~ -type composites showed 0 ~ and 
90 ~ subcracks. It is a common feature in all 
composites that many subcracks were found, not 
only directly at the notch tip, but also away from 
the tip. The complex appearances of the damage 
zone made it difficult to treat them in a quanti- 
tative manner. An attempt was made to quantify 
the damage by measuring the length of the 0 ~ 
45 ~ and 90 ~ subcracks,/0,/4s and/9o, respectively, 
shown in Figs 10 and 11. As the damage zone 
could be regarded as a plastic zone in metals, the 
measured values of 10, /45 and /9o were plotted 
against K 2 in Figs 10 and 11. Six remarks can 
be made: 

(a)At  low load, composite Samples CB-1, 

2331 



1.5 

1.2 

-go.9 

0.6 

0.3 

(o) 

i i Hole ZR/W=O.30,/(?=3 
r m m - - 9  
, _ _ _ ,  Hole 2/7/14/-- 0.30, 

/ (T  OO= 5.11 fo r  

CB-Z~ CB-4, CB-6 
Notch ZCo/W=O.30 

" 
U " q 

Io 

6 

sl 

O 

3 

i 
,",i I1! 

I I  
I I  
I f  

I I 

I: 
II 

P,I 

F I I  
/ 1 1  
~1  I 

I i  

I I 

r 
6* 
II 
I! 
II 

'0 
ml 
l |  
II 0 0 

(b) 
I 2 Hole ZR/W=0.30,K~ =3 
[ - - - J  Hole 2R/W=0.30~ / 

K ~  = 5.11 for 
CB-Z,CB-4.CB-6 

177727~ Notch Zco/W=0.30 

I I I L .  

U 0 t,.) (.) 

I 
lid 
U 

I 
m 
U 

r 
I I 
II li 
I I  
I I  
I i  
I ;  
I '  
I' 
I I 
I I 
I I  
I I  
I I  
I 

I 

I I  
I I  

Figure 7 Calculated values of d o and a 0 of Samples CB-1 to CB-6 composites with a hole of 2R/W = 0.30 or a notch 
of 2eoJW = 0.30 at a constant W = 20 ram. In the calculatmn, K T was assumed to be 3 for Samples CB-1, CB-3 and 
CB-5, and it was assumed to he 3 and 5.11 for Samples CB-2, CB-4 and CB-6. 

CB-3 and CB-5 with a 0/45~ configuration 
deformed elastically with no damage; no sub- 
crack was observed up to some stress level, 
indicating the existence of a threshold stress 
at which subcracks form. On the other hand, 
in composite Samples CB-2, CB-4 and CB-6 
with aO/90 ~ configuration, the subcracks formed 
at very low stress and they extend more rapidly 
than those in Samples CB-1, CB-3 and CB-5. 

(b) The size of  subcracks was not necessarily 
proportional to K 2 . 

(c)The results of  Figs 10 and 11 show the 
tendency that, at the same stress intensity factor, 
K, the subcracks are longer when the single ply 

is thicker. 
(d) Doubling the thickness of  the laminate 

(compare Sample CB-1 with Sample CB-3, and 
Sample CB-2 with Sample CB-4)has been shown 
to have no visible effect on the subcrack lengths. 

(e) The value of  ao for the average stress 
criterion in Fig. 3 was smaller than the subcrack 
length measured by X-ray analysis. This is in 

contradiction to the results of  Kim [8], who 
found that ao was comparable with the damage 
zone size, obtained from X-ray radiographs. 

(f) It was impossible to correlate 2xc~ with 
the size of  subcracks in this work. However, in a 
qualitative manner, it was found, by comparing 
the size of  subcracks in Figs 10 and 11 with Ac~ 
in Fig. 5, that the larger the subcrack length, 
the larger the value of  2xcf. 

From the above results it is well understood 
that the large values of  a*, do, ao, Act, KQ and 
Kit.max are related to the large damage zone. 
The relationship between damage zone size 
and KQ might be explained as follows: as the 
damage zone extends, the sharp notch is effectively 
blunted. Consequently, the stress at the notch 
tip is reduced, so that a higher stress must be 
applied to cause failure of  the 0 ~ fibres. The 
relationship between the damage zone size and 
a*, do, ao and Acf will be discussed in Section 3.8. 
From this discussion, and from a consideration 
of  the present data, a limit of  applicability of  the 
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Figure8 Comparison of do, a* 
and a o of Samples CB-1 to CB-6 
composites with a hole of  2R/W 
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calculation for do and a o, K T 
was assumed to be 3 for Samples 
CB-1, CB-3 and CB-5 and to be 
3 and 5.11 for Samples CB-2, 
CB-4 and CB-6. 

WEK model, point and average stress criterions 
model and Ka-curve model to the fracture 
behaviour of the present composites can be derived. 

3.8. A limit of applicability of the WEK 
model, point and average stress 
criteria model and Ka-curve model 
to the fracture behaviour of 
graphite-epoxy composites 

From the tests of varying the notch length, 2Co, at 
a constant relative notch length, 2Co/W = 0.50, 
and from the tests varying the type of defect 
(notch and hole), it was found that 

(i) the larger the notch, the larger the a*, 
do and ao values (Fig. 3); and 

(ii) specimens with a hole showed larger a*, 
do and ao values than notched specimens with 
the same notch size (Co = R = 3 mm). 

These results suggest that a*,do and ao depend 
on the notch length and on the type of defect 
(notch or hole), although they are originally 
assumed as material constants in the WEK model 
and point and average stress criterions. Taking 
such a dependency into consideration, a modifi- 
cation of the WEK and the point and average 
stress criterions models is needed. 

Concerning the KR-curve model, it was shown 
that only in one case, at fracture of the specimen, 
was a tangency point found. This supports the 

suggestion that such a tangency point does not 
have a physical meaning, and that therefore, the 
fracture process cannot be predicted using the K R- 
curve concept. 

The difficulty is probably anchored in the dam- 
age zone, where the stress distribution is unknown. 
The stress distribution is not the same as for metals, 
where it can be assumed that in the plastic zone 
the stress does not exceed the yield stress and that 
the stress outside this zone can be described 
elastically, based on an effective crack length 
with the length of the physical crack plus half 
the plastic zone size. The damage zone in graphite- 
epoxy composites, however, causes the stress to 
lag behind the theoretical linear elastic stress 
distribution, and there is no constant stress at all 
in this zone because of the failing yield stress. 
For unidirectional B-A1 it was found [20, 21 ] that 
the stress diminution at the notch tip is increasing 
at larger notch lengths, caused by the more-than- 
proportaional-to-K 2 extension of the plastic zone. 
The stress diminution of the notch tip causes the 
toughness to rise more than that suggested from 
the point and average stress criterions model. 
This means do and a0 are not material constants. 
In this study it was also found that do and a0, 
as well as a* and Ac~, depend on the notch length 
and on the type of defect. This is probably, again, 
the result of the influence of the damage zone. 
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Figure 9 Appearance of the damage zone at (a) 75 % failure stress of Sample CB-5 and at (b) and (c), respectively, 
65 % and 88 % failure stress of Sample CB-6, with 2Co/W = 0.50 and W = 40 ram. 

Thus, the applicabilities of the WEK model, 
point and average stress criterions model and K R- 
curve model may be limited. For these fracture- 
mechanical concepts, some modifications are 
needed, to take into consideration the effects 
of  the configuration of the damage zone. 

4. Conclusions 
An experimental study was conducted on the 
fracture behaviour of graphite-epoxy laminates 
with a stacking sequence of the type 0/-+45~ 
oi 0/90 ~ The effect of notch length, specimen 
thickness, ply thickness and type of defect (notch 
and hole) on the fracture toughness was investi- 
gated, with emphasis on the extension of the 
damage zone. The applicabilities of the WEK 
model, point and average stress criterions model 
and KR-curve model to the present composites 
was discussed. The main results obtained are as 
follows. 

(a) The longer the notch and the thicker the 
single ply, the higher the fracture toughness. 
Accordingly, the inherent flaw size a* in the 
WEK model , the characteristic lengths do and 
ao in the point and average stress criterions 
models, and the effective crack extension, Aef, 
calculated from the compliance matching and 
KR values at failure in the KR-curve method 
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all became larger. A change of thickness of the 
specimen (1 to 2mm) had little effect on the 
above values. 

(b) A hole in a specimen caused a smaller 
strength reduction than a notch of the same 
size. The stress intensity factor at fracture, the 
inherent flaw size a* and the characteristic lengths 
do and ao were larger in the case of specimens 
with a hole than in the case of specimens with a 
centre-notch. 

(c) Observation of the damage zone using 
X-ray analysis showed that the size of subcracks 
along the fibre directions was not necessarily 
proportional to the square of the stress intensity 
factor. The notch length and defect shape 
dependence on the configuration of the damage is 
not sufficiently considered in the applied fracture 
mechanics concepts and the respective material 
parameters (a*, do, ao, Act and KR) are not 
material constant, as has been proposed in [1]. 
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