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Abstract 

The potential o f  crack deflection and crack bridging as 
competing toughening mechanisms is reviewed. Avai l  
able measurement techniques take a crucial role where 
it is required to distinguish between toughening 
increments associated with crack tip processes and 
crack wake processes near the crack tip. Particular 
emphasis is placed on measurements ()f the crack 
opening displacement. It is concluded that crack 
deflection has only small potential as a toughening 
mechanism compared to crack bridging, but is 
required to activate crack closure stresses associated 
with bridging ligaments. This simple realization 
defines a window of  microstructural parameters in 
which crack deflection is active and where crack 
bridging parameters can be optim&ed. 

RiJ3ablenkung und Rifliiberbriickung werden als 
konkurrierende bruchziihigkeitserhdhende Mecha- 
nismen untersucht. Eine Schliisselrolle nehmen dabei 
die derzeit ver[~igbaren Meflmethoden ein. Diese 
dienen vor allem zur Ermittlung yon Bruchziihigkeits- 
steigerungen, die auf  Prozesse an der RiJ]spitze und 
den Riflflanken nahe der Riflspitze zuriickgefiihrt 
werden k6nnen. Besonders wich tig sind dabei Messun- 
g e n d e r  Rifl6fJhung. Die Ergebnisse zeigen, daft 
Riflablenkung im Vergleich zur Rifliiberbriickung nur 
ein kleines Potential zur Erh6hung der Bruchziihig- 
keit besitzt--aber entscheidend fiir die Bildung yon 
SchlieJ3spannungen ist. Die Gefiigeparameter miissen 
deshalb so eingestellt werden, daft Riflablenkung 
mgglich ist. Dann kann der Effekt der Rifliiber- 
briickung optimiert werden. 

Cet article examine le potentiel respectif de la 
d~viation et du pontage des fissures en tant que 
m&'anisms concurrents permettant d'augmenter la 
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tknacitk. Les techniques de mesures disponibles jouent 
un r6le crucial pour d~ffdrencier I'augmentation de la 
tknacitb associke h la propagation de la fissure 
proprement dite des mbcanismes survenant dans le 
sillage de celle-ci. Nous concluons que la dkviation de 
fissurejoue un r6le mineur par rapport au pontage des 
.fissures, mais cela demande d'induire des contraintes 
visant ~ re/ermer la fissure grgwe aux ~lkments de 
pontage. Cette simple ktude permet la dkfinition d'une 
gamme de paramktres microstructuraux pour laquelle 
la dkviation des .fissures joue un rfle act([ et oh le 
pontage de ces dernikres peut dtre optimisk. 

I Introduction 

About  15 years ago, a renewed interest in structural 
ceramics culminated in a fundamental  recognition: 
ceramics can be manufactured with a crack re- 
sistance which represents more than the energy 
absorbed when two fracture surfaces separate 
irreversibly in a brittle matrix. Processing methods, 
theoretical modeling efforts and mechanical charac- 
terization techniques were developed, all in the quest 
to produce  tougher  ceramics. F r o m  the very 
beginning, however, it appeared difficult to ascertain 
what the major toughening mechanisms are and 
could be; hence which are the material character- 
istics to be improved. If t ransformation toughening ~ 
is left aside as a now well-understood phenomenon,  
it is found that the discussion centers around two 
questions: Is microcrack toughening 2 or crack 
bridging 3 the dominant  toughening mechanism for 
a class of materials containing residual stresses (e.g. 
A12034)? Is crack deflection s or crack bridging 3 the 
dominant  toughening mechanism for a class of 
materials containing elongated particles (e.g. silicon 
carbide whisker-reinforced alumina or Si3N4)? Note 
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that the following question is contained implicitly: 
what is the toughening mechanism in a material 
containing both residual stresses and elongated 
particles? 

Here the author attempts to provide a perspective 
for the second question. Crack deflection is defined 
as the twist and tilt of the crack front between 
microstructural elements which leads to an increase 
of fracture toughness at the crack tip. Crack 
bridging is described as the process where micro- 
structural elements connect both crack faces and 
transmit a closure force across the crack walls, 
which--by definition--occurs behind the crack tip 
and leads to a crack-length dependent fracture 
toughness (R-curve). 

The discussion is begun by following the evo- 
lution of the understanding of both crack deflection 
and crack bridging over the last 15 years. This 
will include theoretical as well as experimental ap- 
proaches. Since crack deflection is a mechanism active 
at the crack tip and crack bridging is a mechanism 
active in the crack wake, the measurement tech- 
niques will be particularly emphasized and new 
characterization methods based on an evaluation of 
the crack opening displacement will be discussed. 
Two case studies, on silicon carbide whisker- 
reinforced alumina (SiC(w)/A1203) and SiaN¢, will 
be used to test the present understanding. 

2 Fracture Mechanics 

To set the scene, a brief description of the relevant 
fracture mechanics principles is given. 

The author will resort to two approaches, con- 
nected with either the stress intensity factor concept 
or the strain energy release rate concept. 

Stress intensity factors are additive quantities. In 
equilibrium, the applied stress intensity factor KA is 
balanced by a crack-length dependent fracture 
toughness KR(C ), being composed of a crack tip 
toughness T O (which is affected by crack deflection) 
and a term T~,(c), which arises due to closure stresses 
in the crack wake (crack bridging). 

K A = K~(c) = T O + T,(c)  (1) 

The shielding term Tu(c) can be represented through 
an appropriate integration over all closure stresses 
fi(t) active in the crack wake. For the case of an 
embedded penny crack (Fig. 1), the shielding term is 
obtained as follows 6 (s, t are parameters describing 
the source points where closure stresses are active). 

2/(rCC) 1/2 I c (t6(t) dt)/(c 2 --/2)1/2 (2) L(c) 
J0 

l *  ¢ " - I  

I r ~ air} 

I s ,t  

Fig. 1. Schematic giving the geometric parameters if looking 
down into the bottom right side of an embedded penny crack 

configuration. 

This description includes the crack length c as 
scaling parameter, but, since 6(t) is a function of 
crack geometry, sample geometry and stress field, 
eqn (2) fails to provide a satisfactory physical basis. 

A more fundamental computation is afforded if 
the J-integral formulation 7 is used, which is based on 
an energy concept. The mechanical energy release 
rate, J, is balanced by a crack tip energy term Ro and 
a shielding term Ru(uo): 

J = R(uo)  = Ro + Ru(uo) (3) 

The shielding term Ru(uo) is obtained by integrating 
over the closure forces stored or dissipated in the 
crack wake up to a maximum crack opening Uo (at 
the last bridge): 

Ru(uo) = 2 p(u) du  (4) 

Herep is the average closure stress in the crack wake 
as a function of crack opening 2u (Fig. 1). The crack 
profile (u as f ( r ) )  is determined by the Sneddon 
double integral equation s (eqn (5)) and provides a 
means of relating the parameters in the stress 
intensity factor concept (eqns (1) and (2)) to the 
parameters in the energy-based approach (eqns (3) 
and (4)). 

u(r) = 4~hE'  ds / (s  2 - r2) 1/2 6(t)t  d t / (s  2 - t2) 1/2 

15) 

3 Chronology 

In the following some key papers in the literature are 
referred to which accelerated the learning process in 
the discussion of crack deflection and crack bridging 
in ceramics. 

3.1 Crack deflection 
In 1975 Borom et al. 9 considered crack deflection as 
an energy absorbing mechanism. Specifically, it was 
used to explain the strength of abraded glass 
ceramics containing elongated Li2 Si05 crystals in the 
matrix. 

In 1983 two key papers by Faber & Evans 5'1° set 
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Fig. 2. Mechanism of crack deflection (after Faber & EvansS). 

the standard for crack deflection processes (see Fig. 
2). The theoretical analysis incorporated effects due 
to volume fraction of  second-phase particles, 
particle morphology and aspect ratio as well as the 
distribution of interparticle spacing. Particles with 
rod-shaped morphology are predicted to be most 
suitable for maximizing toughening. The companion 
paper 1° was conceived to provide experimental 
verification for the theoretical predictions. A glass 
ceramic with lath-shaped Li2Si20 5 crystals (the 
same material as studied by Borom et al. 9) and a 
SiaN 4 with rod-shaped grains were the focus of this 
investigation. The experimental data (toughness, 
crack deflection profiles and crack deflection angle) 
appeared to strengthen the case made in the 
theoretical study: a toughness increase is viable 
through inclusion of second-phase particles, parti- 
cularly rod-shaped particles with large aspect ratio. 
Looking at both papers with the benefit of  seeing the 
field mature for a further eight years, it can be noted 
that: (1) the micrographs of cracks in the lithium 
aluminosilicate glass ceramic, shown to demonstrate 
crack deflection, give prime examples for elastic and 
elastic-plastic bridging elements. Therefore, at least 
part of the toughness increase (if not most) in these 
materials is due to crack bridging; (2) high-toughness 
SiaN 4 with rod-shaped grain morphology is now 
known to show R-curve behavior (see later case 
studies), that is, crack wake and not solely crack tip 
processes are effective. 

In 1990, in a review by Evans 1~ on the develop- 
ment of  high-toughness ceramics, a number of 
toughening mechanisms are reviewed, but crack 
deflection is not included anymore. In contrast, 
Evans noted that all tough ceramics exhibit R-curve 
behavior, placing the emphasis on crack wake 
mechanisms. 

In 1991, in an article on microstructural design of 
toughened ceramics, Becher ~ 2 considers toughening 
mechanisms, particularly as afforded by incorpo- 
ration of whiskers into the matrix material. Again, 
crack deflection is only briefly mentioned, but crack 
bridging is discussed in detail. 

3.2 Crack bridging 
In 1978 the relatively high fracture toughness of 
Si3N 4 containing rod-shaped grains was explained 
by Lange x 3 as being a consequence of fibre pull-out. 

The frictional energy dissipated while elongated 
grains slide out of their respective sockets was added 
to the critical strain energy release rate of the matrix 
material. 

In the same year R-curve behavior was reported 
for alumina by Htibner & Jillek. 14 The authors 
surmised that an interference between the fracture 
surfaces should lead to additional energy consump- 
tion due to friction. Unfortunately the observations 
made in this paper had no immediate impact. 

In 1982 a very pertinent observation came from 
Knehans & Steinbrech, 15 who reported that R- 
curves are observed in alumina, but are geometry 
dependent. In their classical 'saw-cut experiment' 
they demonstrated that the increase in crack 
resistance with crack length is associated with crack 
wake phenomena. 

In 1985 optical observations of interacting crack 
faces (in A12Oa), again by Knehans & Steinbrech, ~6 
provided definite proof  for the crack bridging 
mechanism. This approach was later extended by 
Swanson et al. 17 (1987) and Swanson 18 (1988). 

In 1989, in-situ SEM studies of equilibrium cracks 
in various ceramic materials 19 sharpened the picture 
gained through optical microscopy alone. Similar 
studies are now performed routinely. 2°'2~ SEM 
studies also provide the opportunity to quantify 
closure stresses in the crack wake through a 
measurement of the crack opening displacement. 2x 
Finally, a classification scheme 22 for various types of 
crack bridges exists. In this context, Fig. 3 shows 
micrographic examples of various bridge categories. 
It supplements the classification scheme given 
earlier 22 by including ductile bridges, in addition to 
the categories afforded by brittle elements (elastic, 
plastic and elastic-plastic bridges). 

4 Measurement 

4.1 Established measurement techniques 
The difficulty in establishing the effectiveness of 
crack deflection versus crack bridging in increasing 
the fracture toughness of a given material in part 
reflects a deficiency in reliable fracture toughness 
measurement techniques. In principle, one only 
needs to apply eqns (1) and (2) and provide for a 
crack geometry, such that Tu(c ) << T o. This require- 
ment appears satisfied if c is very small. Therefore 
one simply needs to measure the toughness of very 
short cracks. 

In practice, experimental limitations obtain, in 
general associated with the length or opening of a 
pop-in starter crack, in detail related to the 
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particular crack geometry chosen. Straight-through 
cracks, surface cracks and indentation cracks will be 
discussed. 

Straight cracks in a CT (compact tension) or DCB 
(double cantilever beam) specimen require a starter 
crack of about 100-200/xm length to guarantee that 
the crack is continuous between the sample surfaces. 
These cracks are too long, however, to provide 
fracture toughness values if the question is con- 
cerned with strength of materials and fracture 
toughness associated with failure causing defects. 
Even more importantly, these cracks cannot dis- 
tinguish between crack bridging in the first 
100-200 #m behind the crack tip and crack deflec- 
tion at the crack tip. 

Surface cracks can be accompanied by a residual 
stress field (which provide a 'local criterion' for crack 
initiation). This leads to an additional K-term 
through an appropriate integration as exemplified in 
eqn (2). If this term is not known, eqn (1) is 
incomplete and cannot be used to evaluate the crack 
tip toughness T o or the shielding term T~(c). 

Radial indentation cracks with their residual 
stress field defined by the elastic plastic contact zone 
are a further alternative for the measurement of 
fracture toughness of short cracks. The limitations 
of eqns (1) and (2), however, become apparent in this 
case. More than a short crack, a narrow crack (small 
u0) is now required to determine the crack tip related 
fracture toughness. This is more plausible in 
considering eqn (3) in conjunction with eqn (4). The 
shielding term contribution to the crack resistance is 
kept minimal if the crack opening at the last active 
bridge is kept small. Exactly this requirement is 
violated in radial indentation cracks. The large 
residual stresses centered at the edge of the contact 
zone, lead to a relatively (compared to crack length) 
large energy consumption by separating the crack 
faces to a value u o as specified by the residual stress 
field, the bridging stresses and the applied stress field. 
A complete discussion of this complex topic is 
beyond the scope of this paper and is given 
elsewhere. 23 For the present purposes it is sufficient 
to note that radial indentation cracks are character- 
ized by relatively (compared to residual stress-free 
surface cracks) large crack opening displacements. 
These in turn lead to a relatively large energy 
consumption during crack propagation. This situ- 
ation is illustrated in Fig. 4 for a material free of 
bridging tractions (soda lime glass). The peak 
opening of a radial indentation crack is about four 
times higher than the COD as predicted for a surface 
crack. Finally, it should not be misconstrued that 
eqns (1) and (2) alone are insufficient to describe the 
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Fig. 4. Crack opening displacement data for radial indentation 
crack (indentation l o a d : 7 8 N )  in glass and theoretical 
predictions for residual stress-free surface crack (full line); 

elastic plastic contact zone half-diameter is 801~m. 

fracture toughness as measured by radial inden- 
tation cracks; eqn (4), however, provides immediate 
physical insight. 

4.2 New measurement opportunities 
New, fundamental ways of measuring the crack tip 
fracture toughness T O are illustrated by use of Fig. 5. 
In a material without R-curve the linear elastic crack 
tip stress field is given by: 

6y = Ky/(27zr) l/21"(O ) (6) 

with ay the tensile component  of the stress field. 
Raman spectroscopy has recently been employed to 
measure the elastic stresses in front of the crack 
tip. 24 The crack opening displacement u(x) has the 
form: 

U(X) = (8x/jz)I/2 K1/E' (7) 

with x, r, 0 defined as in Fig. 5. In principle, 
measurement of either quantity, stress field ahead of 
the crack tip or crack opening displacement behind 
the crack tip, allow computat ion of T o for equilib- 
rium cracks. In practice, eqn (7) appears more 
appealing, compared to eqn (6), since a geometrical 
parameter (width between crack faces) can be 
measured. For the case of a bridged crack, with the 
bridging zone small compared to crack and sample 

2U ~ × 

Fig. 5. Schematic of crack tip configuration, including crack tip 
stress field and COD. 
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dimensions, eqn (7) has to be modified 2~ to yield: 

;o U(X) = (8x/~z)l/2Ktip/E' +4~hE'  p(x'){(x/x') l/z 

-½In [l(x '1/2 +xl /2) / (x  ' l / z - x l / 2 ) ] l }  dx' (8) 

Here x denotes the field point, where the COD is 
evaluated, and x' the source point where closure 
stresses are acting; both parameters, x and x', are 
written as a distance from the crack tip. Solving for 
Kti w eqn (9) is obtained: 

;o Kti p = u(x)E'(rc/8x) 1/2 - ( 2 / n x )  1/2 p(x') 

x {(x/x') '/2 - ½ In [l(x' 1/5 + xl/Z)/(x , 1/2 _ xl/2)] I} dx' 

(9) 

In practice, COD measurements are only possible at 
a distance of about 10#m to the crack tip. These 
measurements have been performed and, by neglect- 
ing the integral term, gave an estimate for K,p in 
A1203, 2~ whisker-reinforced A1203, 25 and metal 
reinforced A 1 2 0 3  .26 

Here a mathematical analysis of the accuracy of 
this method is provided. To do so, eqn (9) is rewritten 
as eqn (10): 

K.p  = u(x)E'(g/8x) 1/2 - Kf (10) 

with Kf from eqn (11): 

foP( ) 
Kf = (2~reX) 1/2 X' 

× {(x/x') 1/2 -½1n El(x + xl/Z)/(x '1/2- dx' 

(11) 

An upper bound for Kf is obtained by replacingp(x') 
through the maximum of the occurring closure 
stresses, Pm (eqn (12)): 

K r < K'  r = (2/xx)l/2pm f o  

X {(X/Xt) 1/2 _ 1 i n  [[(x 'l/z + xl/2)/(x '1]2 - -X1/2)]I}  dx' 

(12) 

This procedure is only allowed if the integrand 
essentially does not change sign, which was verified 
for this case. Analytical integration ofeqn (12) yields 
eqn (13): 

Kf = (2/xx) l/2pm {(x-- x') 

- l n  [l(x 'l/z + xl/2)/(x '1/2-xl /2)][} + 2(xx') 1/z (13) 

K r as well as K'f are now essentially determined by x 
and Pm" Taking the values obtained for A1203, 21 

Pm = 70 MPa, x = 10#m and taking a distance over 
which closure stresses are acting from x = O  to 
x =  1900#m as the area of integration, Kf<  

0.02 MPa x /~ .  Now Kf gives a definite, mathemati- 
cally defined uncertainty value for the crack tip 
toughness determination by measurement of the 
near crack tip opening displacement. It is, however, 
considerably below the experimentally related 
uncertainty, which enters the Kti  p determination, 
since the COD near the crack tip cannot be obtained 
accurately. This uncertainty amounts to a value in 

Kti p of about 0.5 M P a x / ~ .  In practice, COD 
measurements at a distance of about 10/~m to the 
crack tip therefore allow a determination of Kti p 
(and To) with an accuracy of about 20-30%. 

5 Case  Studies 

The crack deflection-crack bridging argument is 
central in the discussion on the toughening mechan- 
ism of two material classes: silicon carbide whisker- 
reinforced alumina and Si3N4, containing rod- 
shaped grains. In the following succinct descriptions 
of the current understanding of both ceramics are 
given. 

5.1 SiC(w)/AI203 
Long crack fracture toughness measurements 27 
demonstrated the existence of an R-curve in this 
material, with the lowest toughness values at 
5-6 MPa x /~ .  Subsequent measurements from crack 
growth studies and fracture strength determinations 
of indented specimens 2a - ao reinforced the notion of 
a rising crack resistance with crack length in this 
material. The accessible crack length regime is 
shifted down to a starting value of 50#m, with 
corresponding fracture toughness values 2s KR> 

5 MPa x /~ .  
Values obtained using the indentation crack 

length as a fracture toughness indicator 3° are in the 

region KR > 4"5 MPa x /m for c > 30 #m. Compara- 
tively large radial indentation cracks 29 (300#m< 
c < 920 #m) lead to fracture toughness values in the 

regime: 6.2 MPa v / m  < K R < 8.3 MPa x /~ .  Again, 
indentation-based fracture toughness measure- 
ments suffer from the complication that the attend- 
ant crack geometries exhibit relatively large CODs 
(compared to residual stress-free cracks). Therefore, 
too high a crack resistance for a relatively short 
(but wide) crack is obtained. Finally, a crack tip 

toughness, T o, of 2.5 MPa x / ~ ,  from a measurement 
of near crack tip (x,'~10#m) opening displace- 
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ments, 25 was reported for SiC(w)/A1203. This value is 

close to the value determined (To = 2"0MPax/m) 
for unreinforced alumina. Notwithstanding the 
rather low accuracy of this as yet novel technique 
( _+ 20-30%), it is concluded, that whisker inclusions 
are effective primarily through crack bridging, not 
crack deflection. 

5.2 Si3N 4 
A relatively high fracture toughness value for Si3N 4 
containing rod-shaped grains was reported by 
Lange almost 20 years ago. 31 Long crack R-curve 
measurements 32 in a DCB specimen start at a 

fracture toughness value of about 4 .6MPaw/~ .  
Indentat ion crack methods applied in similar 

materials give K R > 4 " 3 M P a x / ~  (c>50~m),  as 
reported by Li et al., 33 while Ramachandran & 

Shetty 3° find KR > 7"0 MPa ~ (c > 100 pro). These 
data can be compared to fracture toughness values 
obtained with materials with a KR value of 

1.8 MPa x / m  for a fine-grained, pure Si3N 4 and a K A 

of 2.5 M P a x / ~  for a Si3N 4 showing near 100% 
transgranular fracture. It should be pointed out that 
comparisons of data derived from different Si3N 4 
materials can only provide clues and no definite 
proof  for toughening behavior of this material. In 
summary, it is yet unclear as to what toughening 
mechanism is responsible for raising a base fracture 

toughness value of about 2 M P a x / ~  to about 

4MPax / -m at a crack length around 50pm. In 
analogy to SiC(w)/AI203, it is conjectured, however, 
that crack bridging is the dominant  toughening 
mechanism in Si3N 4. 

6 Interaction between Crack Deflection and Crack 
Bridging 

After the competitive nature of crack deflection and 
crack bridging have been expanded upon independ- 
ently, attention is now directed to the interactive 
nature of both mechanisms. Two lines of arguments 
are possible. 

The simple argument recognizes that an interac- 
tion between crack faces is only possible if the 
fracture surfaces are rough. Transgranular fracture 
with a continuous, uninterrupted fracture path has 
to be avoided. A rough crack face, however, is the 
consequence of crack deflection. 

A more elaborate argument  is based on a 
discussion of the activation of microstructural 
elements as crack bridges. Essentially all crack 
bridges 22 (elastic, plastic, elastic-plastic and ductile) 

Crack - ~  
fiber 

(a) 

Crack ~,===. 
microcrack 

(b) 
Fig. 6. Schematic for crack deflection (a) and crack deviation (b) 

from straight crack path. 

require either crack deflection at the crack tip 5 
('strong reinforcement approach': Fig. 6(a)) or 
deviation of the crack from the straight crack path 22 
('residual stress approach': Fig. 6(b)). This require- 
ment allows the set-up of the possible bridge 
geometries. Crack deflection with interface debond- 
ing 34 allows a reinforcing element to be strained to a 
sufficiently large degree such as to guarantee closure 
forces up to a large crack opening, u o (see eqn (4)). 
This requirement is in accordance with large 
bridging stresses acting over large distances away 
from the crack tip (eqn (2)). There is but one 
restriction to the argument that crack deflection plus 
debonding is required to guarantee large crack 
opening displacements around a reinforcement. This 
case comes in where ductile reinforcements do not 
debond at the matrix-ligament interface, but deform 
through cavitation (Fig. 3(d)). The large CODs 
around a bridging element are provided by an 
'internal debonding mechanism' (crack/cavity form- 
ation) and attendant plastic flow. Crack deflection 
around the particle is then not required; the crack 
only needs to circumvent the ductile reinforcement 
(no twist or tilt). 

Notwithstanding the complications coming in 
through the multitude of different bridge geometries, 
the generalizing and simplifying statement is pro- 
vided: crack deflection is required for crack bridging. 

7 Conclusions 

The author has attempted to review some salient 
points in the theoretical and experimental work on 
crack deflection and crack bridging in ceramics over 
the last 15 years. It is concluded that crack deflection 
has a small potential as toughening mechanism 
compared to crack bridging. The development of 
methods to obtain reliable fracture toughness 
values, particularly for the crack tip toughness, T o , is 
crucial to understand toughening and processing of 
tough ceramics. In particular, care has to be taken 
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where  the  c r a c k  res i s tance  o f  s h o r t  c r a c k s  wi th  large  

C O D  (e.g. rad ia l  i n d e n t a t i o n  c r a c k s  a s soc i a t ed  wi th  

a s t r o n g  res idua l  s tress field) is eva lua ted .  M e a s u r e -  

m e n t s  o f  c r a c k  o p e n i n g  d i s p l a c e m e n t s  n e a r  the  c r a c k  

tip ( and  t h r o u g h  the  c r a c k  wake)  are  seen as ve ry  

r e w a r d i n g  if  one  wishes  to  e x p a n d  o n  po t en t i a l  

t o u g h e n i n g  m e c h a n i s m s .  C r a c k  p a t h  se lec t ion  (c rack  

def lec t ion  o r  d e v i a t i o n  f r o m  the  s t r a igh t  c r a c k  pa th )  

is s h o w n  to  be c ruc ia l  fo r  b r idge  f o r m a t i o n .  
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