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ABSTRACT 

Mechanisms of initiation and unstable propagation of transgranular 
cleavage cracks are compared for brittle fracture ahead of sharp 
cracks and rounded notches, e.g., for fatigue pre-cracks and Charpy 
V -notches, respective 1 y, in standard toughness specimens. ·The 
comparison is made over a range of temperatures, from the lower shelf 
into the ductile/brittle transition region, for a single phase 
material containing a known distribution of particles where weakest 
link statistics can be used to model the onset of catastrophic 
failure. Using linear and nonlinear elastic solutions for the stress 
distribution ahead of a sharp crack, and slip-line field solutions, 
modified for a power hardening material, for the rounded notch, 
statistical modelling is employed to define the critical dimensions 
ahead of the crack or notch tip where initial cracking events are 
most probable. The analysis provides an interpretation of the role 
of stress gradient in governing microscopic fracture behavior. 
Predictions are evaluated by comparison with experimental results on 
the 1 ow temperature flow, Charpy V -notch and p 1 ane strain fracture 
toughness behavior of a low carbon mild steel with simple 
ferrite/grain boundary carbide microstructures. 
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NOMENCLATURE 

a crack, or notch, length 

b 

B 

E 

f 

g(S)dS 

Kr 

Krc 

L 

m 

n 

characteristic dimension along crack front 

test piece thickness 

constants describing equivalent notch strain field 

average grain diameter 

diamet~r of cracked particle 

functions of E:t/e:0 and r/p, respectively, defined in Eq. 
(11) 

Young's modulus 

"eligibility" factor in Eq. (4) 

elemental strength distribution of particles 

dimensionless parameter in HRR singular so~ution 

plane strairr fracture toughness (critical value of J
integral at fracture) 

stress intensity factor (Mode I) 

p 1 ane strain fracture toughness ( crit i ca 1 v a 1 ue of Kr at 
fracture) 

loading span in four-point bend specimen 

shape factor in Weibull assumption 

work hardening exponent (1 < n < oo) 

number of particles per unit volume 

P applied load 

r,e polar coordinates with origin at crack tip or notch center 

rc distance from notch center where r ~ 2.3p 

rmax location of peak stress from crack tip or notch center 

v 



ry plastic zone size 

r* distance from tip where d6~ = 0 

r1 radial characteristic distance from tip (at Kr = Krc) 

s~t functions defined in Eq. (13) 

s fracture strength of particle 

S0 scale parameter in Weibull assumption 

Su fracture strength of largest observable particle 

tN,V elemental and total active zone volume, respectively 

W test piece width 

a,S characteristic coordinates for lines of maximum shear 
stress 

Yp "effective" fracture surface energy 

6 crack tip opening displacement 

ft equivalent strain at notch tip 

s factor describing boundary of slip-line field 

[, function in Eq. (23) 

v Poisson's ratio 

n function in Eq. (23) 

o root radius of notch 

a local stress within plastic zone 

a* local stress where d6~ = 0 

a,f equivalent stress and strain, respectively 

a1 maximum principal stress 

* Of cleavage fracture stress 

-a function in HRR crack tip field singular solution 

onom nominal bending stress 

vi 
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ocp,<P 

w 

flow (or yield) stress and strain, respectively 

elemental and total failure probabilities, respectively 

a - 8 
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I. INTRODUCTION 

Classically, material toughness has been assessed in terms of 

the energy absorbed during the fracture of smal 1 rounded notched 

specimens. Prominent among such tests is the Charpy V -notch impact 

test (1). More recently, quantitative assessment of toughness has 

been achieved through plane strain measurements of the critical 

stress intensity and J-integral, i.e., Krc and J1c, respectively, for 

the initial extension of a microscopically-sharp flaw (2,3). 

Although the fracture toughness parameters, Klc and J1c, are far 

more amenable to engineering design calculations, they are subject to 

many strict measurement requirements (2,3) and thus are considerably 

more expensive to determine. Accordingly; for many applications, 

involving ship and bridge steels for example, there have been 

numerous attempts to corre 1 ate Charpy V -notch toughness with K Ic and 

J1c, as reviewed for example in ref. 4 •. Such correlations invariably 

are empirical {and often dimensionally incorrect), but may provide an 

inexpensive and reasonably accurate means of estimating Krc values 

from sub-size samples (at least on materials for which explicit 

correlations have been established). 

Despite the widespread use of these carrel at ions, certain 

"anomalies" have been reported in recent years (5). For example, in 

low alloy 4340-type steels, it has been shown that"sharp crack" Krc 

toughness can be increased as the coarseness of the microstructure is 

increased by raising the austenitizing temperature, while the 

"rounded-notch" Charpy values actually decreased (6,7), a result 
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independent of loading rate and fracture mode (S-7). Another example 

involves wrought and cast steels, for which Charpy V-notch 

measurements imp 1 i ed an inferior toughness of cast a 11 oys, whereas 

Krc values remained unchanged (8). 

These discrepancies result primarily from the larger critical 

volume of stressed material involved in the fracture process ahead of 

a rounded notch, compared to that ahead of a sharp crack, resu 1 t i ng 

in major differences in extent of the fracture 11 process zone 11 

compared with the charac teri st i c mi crostructura 1 s 1ze. This 

difference in scale derives from distinct differences in form of the 

stress field local to the crack (or notch) tip (9,10), and 

specifically to the location of maximum local tensile (and 

hydrostatic) stresses. This location dictates whether the stress 

distribution ahead of the tip is increasing or decreasing over 

di•ensions comparable with the microstructural scale of fracture 

events (Fig. 1). 

The objective of the present paper is to present a new micro

mechanical analysis tor transgranular cleavage ahead of a rounded 

notch, using a recently developed weakest link statistical model 

(11), and to compare results with that for fracture ahead of a sharp 

crack. The analysis is performed for a single phase microstructure, 

containing a known distribution of grain boundary particles, as the 

crack nuclei. Predictions of the local fracture stress, 

characteristic distance and cleavage fracture toughness are compared 

with low temperature experimental results on a low carbon mild steel. 
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li. STATISTICAL RELATION FOR TRANSGRANULAR CLEAVAGE 

The process of cleavage fracture is envisioned in terms of the 

s 1 i p-i nduced cracking of predominate 1 y grain boundary part i c 1 es, 

followed by propagation of the resultant cracks into the surrounding 

matrix (12,13). Ahead of a rounded notch (with root radius large 

compared to microstructural dimensions), this process has been 

considered to occur when the maximum value of the local tensile 

stress exceeds a critical fracture stress (14), generally regarded as 

a quantity independent of temperature and strain rate (14,15). For 

loads wel 1 below general yield, the location of the peak stress ahead .. 
of a notch (Fig. 1a) (10,16) suggests that the initial cracking event_ 

in notched specimens occurs at a distance the order of the plastic-

zone size ahead of the notch tip. Conversely, for cleavage fracture 

ahead of a microscopically-sharp crack, the maximum tensile stresses 

occur far closer to the tip within two crack tip opening 

displacements (Fig. 1b) (9), leading to the Ritchie, Knott and Rice 

(RKR) postulate that the local tensile stresses must exceed the 

fracture stress over a microstructurally-significant (characteristic) 

distance ahead of the crack tip (17). 

In stochastic terms, these models can be re-formulated using 

weakest link statistics (11,18-22). Accordingly, the cleavage 

fracture toughness is estimated in terms of the volume of material 

within the p 1 as tic zone needed to assure the presence of an 

"eligible" cracked particle, at which the fracture criterion is 
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satisfied. The probability of finding an "eligible" particle is 

promoted with increasing volume, i.e., with increasing distance from 

the tip. Consequent 1 y, the site of the crit i ca 1 fracture event is 

dictated by the local stress gradient over the relevant 

microstructural size-scales: positive for the rounded notch, but 

negative for the sharp crack. 

The statistical model consid~rs that particles located within 

the plastic zone are susceptible to cracking and, when cracked, 

exhibit a "strength 11 S inversely related to their diameter dp (23), 

nEy 
S2 - - p - 2 

( 1 - v ) dp 
( 1) 

where E is Young's modulus, v is Poisson's ratio, and Yp is the 

effective fracture surface energy of the matrix. The plastic zone 

volume is characterized in terms of active elements, located distance 

r from the tip, of volume oV given by (11): 

1T 

oV = 2b f ror de 
0 

(2) 

where b is a characteristic dimension describing the distance between 

initial nucleation events along the crack front (19). Such elements 

represent regions of constant stress in which particle microcracks 

liable to be activated al 1 have strengths less than, or equal to, the 

appropriate local stress a. The total failure probability can then 

be stated in terms of the elemental particle strength distribution 

g(S)dS and the product of the survival probabilities of all elements 
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integrated over the plastic zone (24): 

~ = 1 - exp {- ( [dv ( g( S)dS] l (3) 

The number of cracked particles in a unit volume having strengths 

between Sand S+dS, g(S)dS, can be evaluated using the three

parameter Weibull assumption (25): 

a 
I g(S)dS = 
0 

[
a - s l m 
---:::--~u f N so 0 

(4) 

where m is a shape factor, S0 is a scale parameter, Su is a lower 

bound strength (of the largest feasible cracked particle), N0 is the 

nu~ber of particl~s per unit volume, and f represents:the fraction of 

"eligible" particles that participate in the fracture process. 

Given the stress distribution within the plastic zone, the 

failure probability of the structure may be ascertained from Eq. (3) 

by determining S0 , Su, N
0 

and m from quantitative measurements of the 

particle size distribution and by independently evaluating f (11). 

Solutions to this problem, for cleavage fracture ahead of a rounded 

notch and ahead of a sharp crack, are compared below. The sharp 

crack solution has been presented in detail elsewhere (11). 
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III. STRESS FIELDS AHEAD OF A ROUNDED NOTCH 

Available numerical results (10,26,27) for the stresses around 

notches are limited in scope and insufficient for the statistical 

model ling of fracture. Approximate analytic forms are thus evaluated 

in the present section, as a basis for subsequent statistical 

analysis. For this purpose, we consider a notch of depth a, root 

radius p and included angle rr/4, subjected to a nominal (pure) 

bending stress (Fig. 2): 

a _ 3PL 
. nom - B(W _ a)2 

(5) 

where Pis the applied load, Lis the loading span, and Band Ware 

the test piece thickness and width, respectively. For fully plastic 

conditions, the stress field in plane strain can be deduced from the 

slip-line field about the notch using characteristic lines of maximum 

shear stress defined by a= constant and 6 =constant (16) (Fig. 2). 

The upper and lower boundaries of the plastic zone are a= -~ and 

6 = ~, where ~ decreases from rr /4 to rr /16 as genera 1 yi e 1 d is 

approached. The principal axes coincide with the cylindrical 

coordinates (9): 

r = p exp ( rr /2 + w) (6) 

0 = a + 6 

w = a - 6 

Hence, assuming that the von Mises criterion pertains, the maximum 
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principal stress at any point within the plastic zone can be 

expressed as (28}: 

r -
I ~ r' p 

( 7) 

Contours of constant a1 can be represented as circular arcs about the 

notch center, as illustrated in Fig. 2. For a non-hardening 

material, it follows that: 

:~ = ~ (1 + tn *) (8) 

For a hardening material, the stresses may be derived from the 

distribution of equivalent strain (€) directly below the notc"h root, 

because this strain is only weak~[Y dependent upon the degree of 

hardening. Trends with r/p obtained for a linear work hardening 

material using finite elements are summarized in Fig. 3 (10). 

Expressions for €, in regions close to the notch tip, indicate the 

following analytic approximations: 

(9a) 

r • - + p (9b) 

where c 1 ( "" 2. 2 5 ) and c 2 are con stan t s , r c "" 2. 3P and € t i s the 

equivalent strain at the notch tip. Comparison with finite element 

results indicates (Fig. 3) that Eq. (9) describes actual behavior 

7 



over the spatial range up to r"' 4p. Previous expressions (29) were 

v a 1 i d on 1 y for r "' 2p. 

For a power hardening (incompressible nonlinear elastic) 

material, with work hardening exponent n, where 

Eqs. (6) and (9) may be combined to give: 

where 

and 

= 

01 = _?__ [E: tll /n 
/3 e:o 

(10) 

where a 0 and e:0 are the u n i ax i a 1 y i e 1 d s t r e s s and s t r a i n , 

respectively. 
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The utility of Eq. (11) in describing the notch-tip stress 

distribution in a power hardening solid can be affirmed by comparison 

with numerical solutions (10,26,27), as summarized in Fig. 4. For 

subsequent reference, the variation in €t with nominal stress, and 

the locations of the peak stress and the elastic-plastic interface,· 

derived from the finite element solution, are shown in Fig. 5. 

IV. FRACTURE AT ROUNDED NOTCHES 

For a non-hardening material, the active zone elemental volume, 

in which o1 is constant (Eq. (2)), can be defined for the notch field 

as: 

oV = b[n- 4c;- 2 tn(r/p)]ror (12) 

.. 
where b is a characteristic dimension along the crack front (19). 

From Eq. (4), the number of eligible carbides per unit volume is: 

I 
0 

where 

Ot 

and /3 
t = 2 (13) 

The failure probability of individual elements can thus be expressed 

as: 
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[ [ ~n(r/p) + slm ] 8~ = 1 - exp- fN 0 b t [n- 4s- 2 ~n(r/p))ror . (14) 

After differentiation, it can be seen that the elemental failure 

probability exhibits a maximum at a distance ahead of the notch tip. 

This dimension, given by (do~ = 0): 

represents the location ahead of the notch tip where the initial 

cracking event is most probable. This occurs at a fracture stress: 

* 2 [ * ] af = /3 a 0 1 + ~n ( r I P) (16) 

For a power hardening material, the elemental and total failure 

probabilities become: 

8~ = 1 - exp [- fNobrl02 
- <\fao)f 

- 2 ~n(r/o) )ror] (17) S /a (n - 4s 
0 0 

expt fN0 b r { m J Y 0102 - (Su/ao) 
<P = 1 - ! 50~0 } (n- 4~- 2 ~n(r/o))rOr . ( 18) 

Trends in the elemental failure probability with distance from 

the notch tip (Fig. 6) indicate that the most probable fracture site 

displaces away from the notch tip as the temperature increases. 

Specific trends in the critical distance r* with temperature, deduced 

from Eq. (18), are plotted in Fig. 7a. Note that r* coincides quite 
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closely with the location of the maximum value of the principal 

tensile stress, rmax· 

Variations in the fracture load can also be deduced from Eq. 

(18), at various probability levels. Predictions of the load 

variation using values for the matrix variables pertinent to AISI 

1008 stee 1 are presented in Fig. 8, and compared with experimenta 1 

data (Section VI). 

V. FRACTURE AHEAD OF A SHARP CRACK 

At the lowest temperatures, the plastic zone is small and the,. 

most probable cracking event occurs close to the elastic-plastic 

interface. Consequently, the extension of a sharp crack has been 

analyzed in terms of a linear elastic field (30) that best represents 

the variation in local crack tip stresses in that region. An 

asymptotic lower bound estimate of Krc results (11). Conversely, at 

higher temperatures approaching the ductile/brittle transition 

region, the most probable cracking event resides wel 1 within the 

plastic zone. Fracture behavior is then most adequately described in 

terms of the near-tip HRR nonlinear elastic stress distribution 

(31,32), with stresses truncated at roughly two crack tip 

displacements (r < 28) from the tip due to crack tip blunting (9,33). 

As the maximum tensile stresses are reached within r ~ 28, 

stresses are progressively decreased over dimensions ahead of the tip 

comparable with the microstructurally relevant size-scales. The site 
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of the initial cracking event, i.e., the characteristic distance r; 

where the elemental failure probability exhibits a maximum, thus 

reflects the mutual competition between behavior far from the tip, 

where the population of eligible cracked particles is large but 

stresses are low, and behavior close to the tip, where stresses are 

higher but the number of eligible particles is less. Based on the 

linear elastic and HRR fields, respectively, the characteristic 

distance is given by (11): 

(19) 

for the linear elastic field pertinent to low temperatures, and 

* _ -n+l[l-v2 Jr2n+3.,.mJ n+l [
0

o] n+l [~] 2 

r f - 0 I [ 2n+3 S cr 
n u o 

(20) 

for the nonlinear elastic HRR field pertinent to higher temperatures, 

where Krc is the fracture toughness, and In and a are dimension 1 ess 

parameters from the HRR so 1 uti on, -tabu 1 a ted in ref. 34. Tyt~i ca 1 

trends in r; are plotted in Fig. 7b. The corresponding fracture 

stresses are given by (11): 

(21) 

for the linear elastic field, and 
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for ~he HRR field. 

The fracture toughness, KIC' can also be predicted, when the 

total failure probability of material within the plastic zone is 

evaluated at the median level (¢ = 1/2); at low temperatures: 

Krc = [ 9-n 2 l i [ssou]ril/4 
1.35n fN

0
bj 5u (23) 

and at higher temperatures: 

(24) 

where f,; and n are functions evaluated in ref. 26. Trends in 

predicted Krc values with temperature are presented in Fig. 9, 

pertinent to AISI 1008 steel. 

VI. EXPERIMENTAL PROCEDURES 

Experiments were performed on an AIS I 1008 mi 1 d stee 1, of 

composition shown in Table I. The steel was austenitized at 920°C, 

air cooled, and spheroidized at 700°C for 7 days, to give a ferritic 

microstructure, with aver~ge grain size 25' urn, containing 

predominately spheri ca 1 grain boundary carbides, with mean diameter 

"'2 wm (termed L7 microstructure). The particle size distribution 
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Table I: Composition in wt.% of AISI 1008 Steel 

c Mn p s Si Fe 

0.08 0.26 0.01 0.01 0.01 balance 

for these carbides, together with the statistical parameters computed 

from the corresponding strength distribution, are shown in Fig. 10. 

Variations in strength and ductility over the temperature range 

-196°C to 20°C, were assessed from uniaxial tensile tests 

(displacement rate 0.5 mm/min), and are shown in Fig. 11 (11). A 

work hardening exponent n ::::! 4 was obtained below -70°C. Notched bend 

fracture tests were performed over a similar temperature range on 45° 

notched, 13 rrm thick four-point bend ~est pieces (conforming to the 

Griffiths and Owen (10) test piece dimensions). Results, in terms of 

the variation in general yield (computed from the von Mises criteria) 

and fracture loads, are shown in Fig. 8. Plane strain fracture 

toughness Krc values, measured over the temperature range -196°C to 

-70°C on fatigue pre-cracked, single-edge-notched, 25 mm thick four

point bend specimens, are shown in Fig. 9 (11). 

Opt i ca 1 and scanning e 1 ectron microscopy was emp 1 oyed for 

meta llographic examinations of microstructures and fracture surfaces, 

with an image analyzer used to evaluate grain and particle size 

distributions. 

14 

• 

i 



VII. RESULTS AND DISCUSSION 

Model predictions of the variation in sharp crack (K 1c) and 

rounded notch toughness with temperature for AISI 1008 steel have 

been presented (Figs. 8 and 9), assuming a maximum principal stress 

criterion with an effective fracture surface energy Yp of 23 J/m2 

(35) and a fraction f of 11eligible11 carbides set at 5%. Predictions 

are shown for the median value (~ = 0.50) and indicate the 

statistical variation at each temperature (~ = 0.01 and 0.99). 

The results confirm that the critical cracking event occurs some 

distance ahead of the notch or crack tip, consistent with 

· fractographic evidence showing probable initiation sites to be 

particles located a few grain diameters from a crack tip (Fig. 12). 

The differences in the·most probable location of this critical 

fracture event highlight the essential distinction between in 

cleavage fracture ahead of sharp cracks and rounded notches. In Fig. 

13, the location of the critical fracture event at various 

temperatures ahead of a sharp crack is illustrated by superimposing 

the calculated values of a; and Su on the crack tip stress 

distribution. Since the stress gradients are large and negative over 

the microstructural size scales relevant to the critical event, 

fracture is controlled by a statistical competition between particle 

crack nuclei of different sizes, i.e., the probabi 1 ity of finding an 

eligible particle crack is enhanced with increasing distance from the 

tip whereas the highest stresses are found with decreasing distance 

15 



from the tip.· The more numerous fine particles can participate in 

the fracture process, provided they are situated close to the tip 

where they are subjected to the highest stresses. 

The corresponding locations of the critical fracture event for 

the rounded notch at different temperatures are shown in Fig. 14. In 

contrast to the sharp crack the stress gradients are much shallower 

and indicate that the relevant local stresses and the probability of 

finding an eligible particle both increase with increasing-distance 

from the tip. Statistically, there is now less competition between 

the location of the eligible crack nuclei and the highest stresses, 

with the result that the critical event occurs further from the tip. 

Moreover, due to this lack of statistical competition, the integrated 

failure criterion for the rounded notch will be associated primarily 

with the larg~st particles, consistent with early models of cleavage 

fracture under uniform stress fields {23) where it was postulated 

that fracture would initiate at the largest observable carbide. 

The current mode 1 a 1 so imp 1 i es, contrary to ear 1 i er ana 1 yses 

(14,17-21), that the fracture stress for cleavage cracking is not 

identical for failure ahead of sharp cracks and rounded notches. 

Although similar in magnitude, due to different sampling conditions 

* for .. eligible .. particles within the process zone, the value of Of 

ahead of a notch decreases s 1 i ght ly with increasing temperature and 

approaches the lower bound value of Su. 

Such notions for failure ahead of sharp cracks and rounded 

notches are analogous for the phenomenon of ductile fracture, where 
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the local fracture processes involve void nucleation and growth 

around large primary particles (e.g., inclusions) and eventual 

coalescence via shear band localization from voids formed around 

numerous smaller particles (e.g., carbides) (36). Although the local 

failure criteria are now model led in terms of a critical strain, 

exceeded over a dimension characteristic of the void initiating 

·partie 1 es (9,37 -39), ahead of sharp cracks where the strain gradients 

are extremely steep (9,33), it is sti 11 the finer and more numerous 

particles which dominate behavior as their spacings are comparable 

with the crack tip displacements {40). Conversely, ahead of rounded 

notches where the strain gradients are far shallower, the larger 

i n c 1 u s i on s p 1 ay the do m i nan t r o 1 e ( 41 ) • T h i s d i s c u s s i on s e r v e s to 

emphasize, as noted elsewhere {5-7,40), that the microstructural 

features res pons i b 1 e for fracture ahead of sharp cracks, i.e., that . 

control plane strain fracture touchness, may not necessarily be those 

responsible for fracture ahead of rounded notches or in smooth 

samples; an important consideration when contemplating correlations 

between Krc and either Charpy toughness or tensile ductility. 

VIII. SUMMARY AND CONCLUSIONS 

A weakest 1 ink mode 1 for transgranu 1 ar c 1 eav age fracture has 

been applied to the problem of brittle crack extension from a rounded 

notch and from a sharp crack in single phase microstructures 

containing a known distribution of particles acting as a potential 
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crack nuclei. The model, which considers the probability of failure 

in constant stress elements within the plastic zone, is shown to 

predict the lower shelf rounded notch fracture load and sharp crack 

fracture toughness Krc' as a function of such variables as 

temperature, flow stress, work hardening exponent, and the size 

distribution of particles. 

The analysis provides a natural definition of the 

11 Characteristic distance11 as the radial dimension from the crack or 

notch tip where the initial cracking event is most probable. For 

failure ahead of a sharp crack, where the stress gradients are large 

and local stresses decrease with progressively increasing distance 

from the tip {over microstructurally relevant dimensions), 

statistical competition exists between the decreasing stresses and an 

increasing probability of finding an 11eligible" particle within the 

plastic zone with increasing distance from the tip. Computations 

suggest an approximately constant characteristic distance at stresses 

from 20 to 50% larger than the strength Su of the largest observable 

particle. Conversely, for failure ahead of a rounded notch, where 

the stress gradients are shallow and local stresses increase slightly 

with increasing distance over the majority of the plastic zone, 

characteristic distances are found to be much larger and to increase 

sharply with temperature. The most probable initial cracking event 

is now expected to occur close to the point of maximum stresses, at a 

* * fracture stress Of lower than for the sharp crack. The value of Of 

in this case is found to approach Su at higher temperatures. 
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Such analysis illustrates the essential differences between 

brittle fracture ahead of sharp cracks and rounded notches. Due 

principally to the weakly positive stress gradient over 

microstructurally-relevant dimensions ahead of the notch, the 

fracture process is dominated by the 1 arger, 1 ower strength 

particles. Fracture ahead of the sharp crack, on the other hand~ is 

influenced additionally by the more numerous finer particles, as 

stresses are largest in the immediate vicinity of the tip. 
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Fig. 1. Distribution of maximum principal stress, cr1, normalized by 
the flow stress, a0 , as a function of radial distance ahead 
of a rounded notch (root radius p = 'TT/4) and a sharp crack. 
Note how the stress gradient is positive over the majority 
of the plastic zone size ry for the notch, with the peak 
stress occurring many gra1n diameters, dg, from the tip. 
For the crack, the stress gradient is sharply negative with 
the peak stress occurring at a couple of grain diameters 
from the tip. Resu 1 ts computed for a mi 1 d stee 1 at -1200C. 
o is the crack tip opening displacement, n is the work 
hardening exponent. 
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r = p exp [ (1T/2} + a - {3 ] 

8=a.+(3 

XBL 8512-5235 

Fig. 2. Slip line field around a rounded notch with root radius o 
and included angle rr/4. Four points shown can be expressed 
in characteristic a, 6 coordinates as M(- rr/16, 7rr/16), 
N(- 7rr/16, rr/16), T(- rr/4, rr/4), and Q(- rr/16, rr/16). 
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Fig. 3. Distributions of a) equivalent strain ~, and b) Q.n(~/~t), as 
a function of normalized distance, r/p, from the center of a 
notch, of root radius p. Results are taken from the 
numerical computations of Griffiths and Owen (10) for a 
1 i near work hardening materia 1 with 6cr/ 6~ = E /120. ~ t is 
the value of ~ at the notch tip. 
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analytical solution for a power hardening solid with n = 10 
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Fig. 5. Variations of a) the equivalent strain at the notch tip, € t• 
normalized by the yield strain e: 0 , and b) the-location of 
the peak stress, rmax• and elastic-plastic interface, ry, 
both norma 1 i zed by the root radius p, as a function of tfle 
ratio of nominal bending stress to flow stress, crn0m/cr 0 for 
a rounded notch in pure bending. Results are taken from the 
numerical computations of Griffiths and Owen (10) for a 
linear work hardening material with 6cr/6€ = E/120. 
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Distribution of elemental failure probabilities o~ for 
fracture ahead of rounded notch at a) -1960C and b) -1400C 
when ~ = 0.50. The characteristic distance r?, representing 
the location of the most probable initial cracking event, is 
defined as the radial distance from the notch tip where 
o~ reaches a maximum, i.e, at do~= 0. 
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Fig. 8. Experimentally measured variations in fracture load and 
general yield load with· temperature in four-point single
edge=notched bend bars of AISI 1008 steel (L7 micro
structure). Also shown are predictions of the fracture load 
for catastrophic cleavage fracture from the statistical 
model (Eq. (18)), indicating median values(~= 0.50) and 
the anticipated statistical variation(¢= 0.01 and 0.99). 
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Fig. 9. Experimenta 1 measurements of the temperature dependence of 
plane strain fracture toughness Kic in AISI 1008 steel (L7 
microstructure) based on pre-cracked four-point bend tests. 
Results above -1oooc were computed from non-linear elastic 
Jrc measurements. Also shown are the model predictions of 
Kic from Eqs. (23) and (24), indicating median values(~= 
0.50) and the anticipated statistical variation (~ = 0.01 
and 0.99). 
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Fig. 10. Size distribution of carbides, measured in AISI 1008 steel 
after spheroidizing 7 days at 7000C (L7 microstructure). 
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Fig. 12. Scanning electron micrograph of cleavage fracture surface of 
AISI 1008 steel at -1200C showing possible initiation site 
at grain boundary carbide ahead of a crack tip. Note how 
river markings on surrounding cleavage facets point both in 
the direction of crack growth (indicated by arrow) and back 
towards the crack tip. 
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Fig. 13. 

XBL ~61-140 

Illustr-ation of the local failtll"e criteria for cleavage 
fracture ahead of a sharp crack at' a) -1960C, b) -1200C, c) 
-sooc, and d) -4QOC. Fracture occurs when cr1 > a f· Abov~ 
-400C, catastrophic fracture is not predicted as cr1 ~Of 
over the characteristic distance. 
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Fig. 14. Illustration of the local failure criteria for cleavage 
fracture ahead of a rounded notch at a) -1960C, b) -14QOC, 
c) -1200C, and d) -loooc. Fracture occurs when crt > a;, 
approximately at the point of peak stress. Above -12ooc, 
cata}trophic cleavage fracture is not predicted as crt } Su 
or af. 
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Model predictions for the critical fracture stress for 
cleavage, Of, ahead of a sharp crack (Eqs. (21,22)) and a 
rounded notch (Eq. (16)) for AISI 1008 steel (L7 
microstructure). Su is the fracture strength of the largest 
observable particle. 
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