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ON MACROSCOPIC AND MICROSCOPIC ANALYSES FOR CRACK
INITIATION AND CRACK GROWTH TOUGHNESS IN DUCTILE ALLOYS
R. 0. Ritchie and A. W. Thompson

ABSTRACT '

Relationships between crack initiation and crack growth toughness
are reviewed by examining the crack tip fields and microscopic (local)
and macroscopic (continuum) fracture criteria for the onset and
continued quasi-static extension of cracks in ductile materials. By
comparison of the microméchanisms of crack initiation via transgranular
cleavage and crack initfation and subsequent growth via microvoid
coalescence, expreSsions are shown-for the fracture toughness of
materials in terms.of microstructural parameters, including those
deduced from fractographic measurements. In particular the distinction
between the deformation fields directly ahead of stationary and non-
stationary cracks are explored and used to explain why microstructure
may have a more significant role in influencing the toughness of slowly
growing, as opposed to initiating, cracks. Utilizing the exact
asymptotic crack tip deformation fields recently presented by Rice and
his co-workers for the non-stationary plane strain Mode I crack and

evoking various microscopic failure criteria for such stable crack
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growth, a relationship between the tearing modulus Tp and the non-
dimensionalized crack initiation fracture toughness Jp. is described
and shown to yield a good fit to experimental toughness data for a wide

range of steels.
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I. INTRODUCTION

The fracture toughness of a material is conventionally assessed in
terms of the critical value of some crack tip field characterizing
parameter at the initiation of unstable crack growth. In plane strain
for example, under small-scale yielding (ssy) conditions, the critical
value of the linear elastic stress intensity factor, K;., is generally
determined at the onset of crack extension, and can be referred to as

wl With appreciable non-linearity in the load-

the "toughness.
disp]acement curve, however, the (crack initiation) toughness is
measured in terms of the critical value of the J-integral, JIC,2’3 or
the crack tip opening displacement, §; or 51c°4 For ssy conditions,
these parameters are explicitly related in terms of the flow stress,

0gs and the elastic (Young's) modulus E, i.e.:
J - Je . L 8.0
=T T alt% (1)

where E' = E in plane stress and E/(1 -\)2) in plane strain, and @ is a
proportionality factor of order unity, dependent upon the yield. strain
(€g = 0o/E), the work hardening exponent (n) and whether plane stress
or plane strain conditions are assumed.5

Although in "brittle" structures, catastrophic failure or
instability is effectively coincident with this onset of crack
extension, in the presence 6f sufficient crack tip plasticity, crack

initiation is generally followed by a region of stable crack growth.



Under elastic-plastic conditions (or p1ane stress, linear elastic
conditions), such sub-critical crack advance has bEen macroscopically
characterized in terms of crack growth resistance curves, i.e., the
Jp(Aa) and sp(aa) R curves (Fig.l);6'8 Crack growth toughness is now
assessed in terms-of the slope of the resistance curve, which in the J

approach can be evaluated in terms of the non-dimensional tearing

E dJ) 7
da
tip open1ng angle (CTOA: = -a—) 8,9 where:

modulus (TR or in the CTOD-approach in terms of the crack

Q.

4
da

8 CTOA (2)
da ~ Yield Strain :

TR ;E? ‘EE‘
0

Whereas. crack initiation toughness values (i.e., Kic» J1es etce)
are by far‘the most w%de]y measured and qubted, it has been noted in
high toughness ductile materials, for example, that stable ductile
crack growth can occur ét J values some 5 to 10 or more times the
initial JIc va]ueApridr to instabi]ity,lo e.g., Fig. 2. Furthermore,
microstructural influences on fracture resistance would appear to be
enhanced in the crack growth regime, compared to initiation behavior
(Fig. 2). Evaluating the toughness of such materials with crack
initiafion parameters, such as Jj., would appear overly conservative,
and accordingly there has been a recent trend, both for engineering
fracture mechanics design and for metallurgical toughness assessment,
to considér additionally crack growth parameters, such as dJ/da, CTOA

or the tearing modulus Tp (for reviews, see refs. 6-12).



The purpose of this paper is to examine the relationship between
crack initiation and quasi-static crack growth toughness at both
macroscopic and microscopic levels and in particular to identify the
role of microstructure. Continuum and local models for the initiation
and continued propagation of cracks, by both cleavage and hole growth
mechanisms, are considered in terms of near-tip stressland deformation
fields and macroscopic/microscopic fracture criteria for the quasi-
static p1ahe strain advance of stationary and non-stationary tensile
cracks. Specifically, model expressions for crack initiation and
crack growth toughness are presented which indicate a relationship
bétween Jic and Tp, the latter representing an extension of the brief

assessment of crack growth toughness originally reported by Shih et
a1.13 |



II. CRACK INITIATION TOUGHNESS

Crack Tip.Fields for Stationary Cracks

The stress and deformation fields local to the neaf-tip region of
‘stationary cracks subjected to tensile (Mode I) opening are well known
for both linear elastic and non-linear elastic solids. Asymptotic
continuum mechanics analyses of the local singulér fields yield, for
linear elastic conditions, a local stress dfstribution at distance r

from the crack tip, in the limit of r - O, of:14,15

K
.5 |
Oij(r’e) — f'ij(e) ’ (3)

whére Kp is the Mode I StreSS'intensity factor, 8 the polar angle
measured from the crack plane, and fij a dimensionless function of 6.
For elastic-plastic (actually ndh-]inear elastic) conditions,
asymptotic solutions by Hutchinson, Rice and Rosengren (HRR) for the
local stress, strain and displacements ahead of a stationary tensile
crack in a power-hardening (incompressible non-linear elastic) solid,

with a constitutive relationship of the form:
- = /=N
g = Gl(Ep) R (4)

yield, in the limit of r » 0:16:17

938 | 3 "
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1
n+l

J ~p
E?j(r,e) > (?I-—r) E.ij(e) 3 (5b)
n
1
u;(r,8) g
> (—>—) T8 (5¢)
r o In r

where J is the J-integra1,18 61 the equivalent stress at unit strain,
51j(9), Eij(e) and U;(8) are normalized stress, strain and displacement
functions of 8, and I, is a numerical constant, weakly dependent upon

the strain hardening exponent, n, given within 2 pct by the empirical

re]ation:lg’zo

I = 103013 +n-4.8n . ~ (6)

Numerical values of the functions in Eq. 5 have recently been tabulated

by Shih.2l

22 23

Incorporating Rice and Johnson's and McMeeking's near-tip

blunting solutions which consider large geometry changes at the crack

24

tip, and Tracey's numerical power hardening solutions, the

distribution of local tensile (opening) stress, directly ahead of

yy’
a stationary Mode I crack (i.e., at 8 = 0 when r = x) can be defined
for various values of n and OO/E, as shown in Fig. 3. The
corresponding near-tip equivalent plastic strain (Ep) distribution,z2
which is essentially independent of strain hardening for the stationary

crack,23 is shown in Fig. 4. Also plotted is the near-tip variation of



stress state, defined as the ratio of hydrostatic to equivalent stress

(0,/0).

Continuum (Macroscopic) Fracture Initiation Criteria

To define macroscopic fracture criteria for crack initiation,
referen;e is made to the functional form of the local singular fields
from thé continuum asymptotic analyses (Egs. 3 and 5). For a brittje
solid, the stress intensity factor K; can be considered as the (scalar)
amplitude of the linear elastic singularity in Eq. (3). Under

conditions of small-scale yié]ding (ssy), where the plastic zone size

(ry) at the crack tip, given approximately by:15
A ;
ry = 77 (55) s : g (7)

is small compared to the length of the crack (a) and uncracked 1ligament
(b), provided this asymptotic field “dominates" the local crack tip
vicinity over dimensions large compared to the scale of microstructural
deformation and fracture events involved, Ky can be utilized as a
single, configuration-independent parameter which uniquely and
autonomously characterizes the local stress and strain field ahead of a
linear elastic crack. In such circumstances it can tHus be utilized to
correlate microscopically with crack extension. For the monotonic
loading of plane strain stationary cracks, the onset of brittle
fracture is thus macroscopically defined at Ki = Kic» where Kp. is the

Mode I plane strain fracture 'coughness.]"15



In the presence of more extensive plasticity where ssy conditions -
no longer apply (i.e., typically for ry<k%§ (a,b)), J, taken as the
scalar amplitude factor of the HRR singularity (Eq. 5), can be utilized
in somewhat analogous fashion. Provided this field can be considered
to dominate over the relevant crack tip dimensions, J uniquely and
autonomously characterizes the local stresses and strains ahead of a
stationary cracklin a power hardening solid, and the corresponding
macroscopic failure criterion for the onset of crack extension in a
ductile solid becomes J = JIc'2’3

It should be noted here that the HRR singularity and the J-integral
are strictly defined for a non-linear elastic solid, where stress is
proportional to current strain, rather than for the more realistic
elastic-incrementally plastic solid, where stress is proportional to
strain increment (Fig. 5). Provided the crack remains stationary and
is subjected only to a monotonically increasing load, plastic loading
will not depart radically from proportionality.and this approach is
appropriate. However, for growing cracks where.regions of elastic
unloading and nonproportional plastic flow will be embedded in the J-
dominated field, behavior is not properly modelled by non-linear
elasticity, and this poses certain restrictions to the J
characterization for large-scale yielding (c.f., ref. 12). Moreover,
the uniqueness of the crack tip fields implied by the HRR singularity
isonly relevant in the presence of some strain hardening, since the
crack tip fields for rigid/perfectly plastic bodies under full yielding

conditions are very dependent on geometry. As noted by McCh’ntock,25



the plane strain slip-line field for a fully yielded edge-cracked plate
" in bending (essentially the Pfandtl field) has a fundamentally
different near-tip stfess and strain field compared to the center
cracked plate in tension (Fig. 6). The former Prandtl field develops

1 singular

high triaxiality and normal stress ahead of the tip, with r~
shear strains in the fan above and below, whereas in the iatter case
only modest triaxiality occurs ahead of the tip, but intense éhear
strains develop on planes at 45 deg.  to the crack. Rationalizing such
nonuniqﬁe fu11y plastic solutions with the concept of a unique HRR
field and Jie beihg a single valued cpnfiguration-independent
measurement of toughness requires that some strafn hardening must

exist. This implies that, unlike KI characterization, the §pecimen
size lTimitations for single parameter J characterization must depend
upon geometry. . Finite strain,<finite elémént calculations by McMeeking

and Parks2® suggest that these critical size limitations, in terms of

- the uncracked ligament dimension b, vary from
b > 25 J/g, , for the edge-cracked bend specimen (8)
to

b > 200 J/¢

o » for the center-cracked tension specimen (9)

- for materials of moderately low strain hardening (n = 0.1), where 9%



is the flow stress, usually defined as the mean of the yield and

ultimate tensile strengths.

Loca]l(Microscqgjc) Fracture Initiation Criteria

Since both macroscopic criteria, based on Ky or J, result from the
asymptotic continuum mechanics characterization, realistic evaluation
of toughness using K. or JI¢ does not necessitate any microscopic
understanding of the fracture events involved. However, in the
interest of a full comprehension of a fracture process and specifically
to define which microstructural features contribute to a material's
toughness, it is often beneficial to construct microscopic models for
specific fracture mechanisms. Such models are generally referred to as
"micfomechanisms"; Unlike the continuum apprdach, this requires a
microscopic model for the particular fracture mode, which incokporates
a local failure criterion and consideration of salient microstructural
features, as well as detailed knowledge of both the asymptotic and
very-near tip stress and deformation fields. Physical fracture
processes, and consequently the local failure criterion and
characteristic microstructural dimensions, vary substantially, however,
with fracture mode, as Fig. 7 illustrates for the four c1assica1
fracture morphologies, i.e., microvoid coalescence, quasi-cleavage,
intergranular, and transgranular cleavage.

In view of the specificity of such mbde]s to particular fracture
mechanisms for particular microétrucfures, a complete

microscopic/macroscopic characterization of toughness has only been



achieved in a few simplified cases. For exampTe, forv§1ip-initiated
transgranular cleavage fracture (Fig. 7d) in ferritic steels, Ritchie,
Knott and Rice (RKR)27 have shown that the onset of brittle crack
extension at K; = Ky is consistent with a critical stress model in
which the local tensile opening stress (byy) directly ahead of the
crack must exceed a local fracture stress (df*ﬂ. over a
microstructurally significant characteristic distance (x = 20*); as
depicted in Fig. 8a. Using the HRR field in Eq. (5) to define the
crack tip stress field, the RKR model for the cleavage fracture

toughness imp 1ies:27-29

Ky o= llog) o) Ty (10)

where the proportionality factor is simply a function of I, in the
HRR solution, which can be inferred from tabulations in ref. 21.

In mild steels, with ferrite/carbide microstructures, the
characteristic distance was found tb be on. the order of the spacing of
the void initiating grain boundary carbides, i.e., typically  two
grain diameters (dg),27 although different size scales have been found

tt

when the analysis is applied to other materials. The model has been

*
1'Extensive studies on cleavage fracture in mild steels indicate that O¢

is essentially independent of temperature below the ductile/brittle
transition (see ref. 4).

In addition, recent modelling studies by Evans30 of cleavage in mild
steel, using weakest link statistical considerations of the size
distribution of cracked carbides, have interpreted the characteristic
distance as the carbide location with the highest elemental failure
probability pertinent to crack advance.

t

10



found to be particularly successful both in quantitatively predicting
cleavage fracture toughness values in a wide range of microstructures
and furthermore in rationalizing the influence on Ky. of such variables

as temperature,27’29’31 straﬁn rate,29’31’32 neutron irradiation,29’32

33 and so forth. Somewhat similar microscopic

warm pre-stressing,
models involving a critical stress criterion have been suggested for
other fracture modes, including intergranular cracking (Fig. 7c) in
temper embrittled stee1s34:35 and hydrogen-assisted fracture.30

For initiation of ductile fracture by microvoid coalescence
(Fig. 7a), McC]intock,g Rice and Johnson22 and Rice and Tracey37
considered the criterion that the critical crack tip opening
displacement must exceed ha]f the mean void-initiating particle

spacing (i.e., 26 = 2 *a dp), based on the notion that, in non-

0
hardening materials, this would take place when the void sites are
first enveloped by the intense strain region at the crack tip (i.e., at

distance x ~ 28 from the tip). This model implies that:
61 = 61C = (0.5 to 2) dp ’ (11&)

or Je N 08 | (11b)
although it is unusual to find the fracture toughness to increase
directly with increasing strength.

This problem is overcome by the approach of McClintock,38 Mackenzie

et a1.39 and others29:40 who have alternatively utilized a stress-

11



modified critical strain criterion. Here ,at J = Jp, the Tocal
equiva]ent plastic strain Ep must exceed a critical fracture strain or
ductility Ef*(om/é), specific to the relevant stress state, over a
‘characteristic distance lo* comparable with the mean spacing(dp) of
the void initiating particles, as shown schematicaT]y in Fig. 8b.
Following the approach of Ritchie et a1”29 the near-tip strain
distribution Ep from Fig. 4 is considered in terms of distancev(f = X)
~directly ahead of the crack, normalized with respect to the crack tip
opening disp]acement §:
1
n+l

R I )
o]

where c,is of order unity. The crack initiation criterion of Ep

exceeding Ef*ﬁjm/Eﬂ over x = lo* v d, at J = Jp. now implies a ductile

p
fracture toughnessof:z..9

§; = Sp. Vo€ L , (13a)
- % *
or Jig v 9, ¢ L , | (13b)
- T [ - * *
or - Kie = “Jpc [ /E 9, €¢ %4 . (13c)

Unlike the critical CTOD criterion (Eq. 1llb), the stress-modified
critical strain criterion (Eq. 13) now implies that Jic for ductile

fracture is proportional to strength times ductility, which is more

12



physically realistic and permits rationalization of the toughness-
strength relation for cases where microstructural changes which
increase strength also cause a more rapid reduction in the critical
. fracture strain. Furthermore, in terms of a critical plastic zone size

for Mode I fracture initiation, Tyis it implies that:

- *
o %lo_*{; , (14)
where €, is the yield strain @30/E), and o in Eq.(l)_is taken as 0.5.
There is no conceptual difficulty with the term €f*, but defining
it as a material constant has some difficulties in practice. It
cannot, for}examp1e, necessarily be equated to either the tensile or
plane strafn ductilities as conventionally measured. Ana]ysis by Rice
and Tracey37 for the rate of void expansion in thé triaxial stress
field ahead of a crack tip in a non-hardening material, in terms of the

void radius Rp, suggests:

dR _ _
=P = 0.28 d_ exp(1.5 0/3) . (15)
p m

p .
For an array of void initiating particles of diameter Dp and mean
spacing dp, setting the initial void radius to Dp/2 and integrating Eq.
(15) to the point of ductile fracture initiation gives an expression
for the fracture strain, Ef*, as

D
e = iy B : | (16)

0.28 exp(l.5 om/B)

13



An earlier analysis by McClintock38 for a strain hardening material (of

exponent n) containing cylindrical holes similarly suggests:

an(d, /D) (1 - n)

+0,7)/(25//3)]

p
sinh{(1 - n)(o

S (17)
a

where oa°° and oboo are the transverse stress components.

Although both analyses consider the fracture strain to be limited
by the mere impingement of the growing voids and fhus'tend‘to
overestimate Ef* by ignoring prior coalescence due to shear banding by
strain localization, they correctly suggest a dependence of'éf* on
stress ‘state (om/é), éfrain hardening (n) and purity (dp/Dp). For
éxamp]e, a large effect of stress state (i.e., triaxiality) on fracture
strain is predicted such that from Eq. (17), Ef* would be expected to
be reduced by an order of mégnitude by goingvfrom an unnotched plane
strain condition to that ahead of a sharp crack. Increased strain
hardening, however, can enhance €f*, particularly at high triaxiality,
but the benefits of increased purity (i.e., increased hole spacing dp)
are.only pronounced at low Dp/dp ratios due to the logarithmic terms in
p of
inclusions from 0.001 to 0.000001 would only increase €f* by a factor

Eqs. (16) and (17). For example, reducing the volume fraction f

of 2.20°
More recently, a local means of evaluating Ef* has been suggested41
through use of the fracture surface microroughness M, defined?? as h/W

in Fig. 9a for microvoid coalescence, and ana]ogously43 for other

14



locally-ductile fracture modes as quasi-cleavage (Fig. 7b), the tearing
topography surface (TTS) and ductile intergranular, as shown in Fig.
~ 9b. The basis for this approach is the recogm’tion41 that the ratio of
void height h to the diameter Dp of the initiating particle is a
measure of the local fracture strain, such that:

[}

- * v
€e = Qn(h/Dp) R A (18)
or, in termstl of M and volume fraction fp of void-initiating

particles:

2
S 1M
T 3tnae) , | (19)

Thus, Eq. (13b) would be written as:

% M2 *
e v 3R e (20)

The success of these microscopic models for ﬁrack initiation
toughness can be appreciated in Fig. 10 where the RKR critical stress
model for cleavage (Eq. 10) and stress-modified critical strain model
for ductile fracture (Eq. 13) are utilized to predict the respective
Tower and upper shelf toughness in ASTM A533B-1 nuclear pressure vessel
stee1.29 Whereas the characteristic distance (20*) for cleavage

fracture scales approximately with 2 to 4 times the grain size

(essentially the bainite packet size), for ductile fracture 20* was

15



found to be approximately 5 to 6 times the average major inclusion’

spacing(dp).

ITI. CRACK GROWTH TOUGHNESS

Créck Tip Fields for Non-Stationary Cracks

Neglecting 1arge-sca]e'cfack tip geometry changes, the plane strain
near-tip stress state for the stationary tensile crack described above
can be represented by the Prandtl slip-line field (Fig. 1la). This
applies for a monotonica]1y loaded crack under éonditions of well
contained yielding and at large-scale and general yielding in certain
highly constraihed configurations. ?or the non-stationary tensile
crack, hoWeyer, where applied load continuously varies with crack
lTength, a, there are small differences in the crack tip stress field

(Fig. 12). Exact asymptotic analysis by Drugan, Rice and Sham,44'and

earlier analyses by S]epyan,45 Gao%® and Rice and co-|r401r~ker's44""7’48
for quasi-static plane strain Mode I crack advance in an elastic-
perfectly plastic solid have shown that stresses are unchanged from the
Prandt1 field for the stationary crack (i.e., numerical solutions
within + 1 pct) except behind the tip in the neighborhood of 8 = 135
deg wherevdifferences of fhe order of 10 pct result from the presence

of a wedge of elastic unloading between approximately 8 = 112 to 162

deg (Fig. 11b).

+The alloy contained around 0.12 vol. pct. of manganese sulphide and

aluminum oxide inclusions, roughly 5 to 10 um in diameter.

16



The important point, however, about this crack tip field is that
the strain distribution is quite différent»in that, at a fixed Ky, the
strain at a given distance from the crack tip in the plastic zone of a
stationary crack is larger than in the case of a non-stationary

k.44-52  T1pis follows from the distinctly non-proportioha]

crac
straining of material elements above and below the crack plane for a
growing crack, compared to the predominately proportional plastic
straining of material elements near a stationary crack tip. As an
elastic-plastic solid is more resistant to non-proportional strain
histories, stable crack growth can result.52 As shown in Fig. 4, the
strains decay as 1l/r ahead of a stationary crack ih an‘e1astic-
perfectly plastic solid, whereas for a non-stationary crack, the strain
singu1arity is weaker, decaying as a functioﬁ of 1n(1l/r). |
| Asymptotic analyses of the strain fields for a growing Mode III
crack were first reported over a decade ago by Chitaley and
McC1intock4? for elastic-perfectly plastic solids, and later by
Hutchinson and co--workersSI’52 for linear and power hardening solids.
For an elastic-perfectly plastic solid, the Mode 111 so]utfons for

the shear strain Yp distance r ahead of the tip are given in terms of

the plastic zone size ry and the shear yield strainy, = k/G as:49

Y r
?E = (7¥) , , for the stationary crack  (21)
o v

rl r.l .
= 1+ Qn(—%—) + 4 an(—¥—) , for the non-stationary crack

< |_°<

(22)

17



where the plastic zones for stationary and growing cracks are assumed
to be of equal Sizg-and given approximately in terms of the stress

- l )
Y = —TT (—k ) = Y . (23)

Although much work has been focussed on the corresponding Mode I

44-48,50-52 gyact asymptotic solutions for the growing plane

situation,
strain tensile crack have only recently been presented by Rice, Drugan
~and Sham for non-hardening solids.*4 The latter solution, based on the
flow theory of plasticity, shows that the opening_di§p1acément between
the upper and 1owér(crack surfaces 8 very near the crack tip can be

‘written as: 44,48

' Bro er '
ardd  ~ _ Ogq—Yy) , asr-0 , (28)
%, da E

§ = v

a4

where the proportionality factors o and B are defined numerically’™ as

~ 0.6 and 5.642 (for v =0.3), respectively, e is the natural logarithm
base = 2.718 and ry' is identified as approximately the maximum extent
of the plastic zone size, given in Mode I by:

rPos ~ (0.11 - 0.13) &4 . (25)

2
o
0 c,O

+Numerica] calculations for Mode 1*® suggest that the plastic zone for
the growing crack (r,') extends roughly 15 to 30 pct beyond the stationary
crack (ry). This di¥ference has been estimated*® to be smaller for
Mode IIIT

18



The equivalent plastic shear strain distribution at small distances r

directly above and below the advancing Mode I crack tip is given, in

the 1imit of r -~ O, as:48

. M dd 0 L - (26
Y = + E 2”() s ()

where the parameters m and L are undetermined by the asymptotic
analysis, although L can be identified with the extent of the plastic
zone size ry253

The form of the expressions for opening displacements & and shear
strains vy ahead of a growing Mode I crack (Eqgs. 24 and 26,
respectively) both show a first term which represents the effect of
proportional plastic strain increments due to crack-tip blunting of the
stationary crack whilst the second .term represents the effect of

additional non-proportional plastic strain increments caused by the

advance of the crack, as illustrated schematically in Fig. 13.

Continuum Fracture (Macroscopic) Criteria

As noted above, the near tip vicinity of a growing tensile crack
involves regions of elastic unloading and non-proportiona] plastic
loading (Fig. 13), both of which are inadequately described by the
deformation theory of plasticity upon which J is based.l0 Fol lowing

9

the deformation theory analysis of Hutchinson and Paris,” which

utilizes the incremental form of the HRR singularity (Eq. 3), i.e.:

19



1
n+1
J 1 dJ da
de;.(r,8) -» (—=—— — q.. + — h..
15(r:8) <<31 Inr) { 95 + 7 sl

where “13(9) = ﬁ—%—r cosB gij(e) + sing g% gij(e) ; (27)

regions of elastic unloading, comparable with the scale of crack
advance Aa, and non-proportional loading are assumed to be ehbedded
within the HRR J-controlled singularity field of radius R (Fig. 13).
Their argumehtvfor J-controlled crack extension relies on the fact that
these regions remain small compared to the radius of the HRR field,
such.that the singularity field can be said to be éontro]]ing.' For the
reéion of elastic unloading to be small, the increment of crack
extension (aa) must be small compared with the radius of the HRR field
(R), whereas for fhe region of non-proportionality to be small, J must
increase rapidly with crack extension. With reference tovthe form of
Eq. (27), Where, similar to Eq. (26), the first term corresponds to
proportional load increments and the'second to non-proportional load
increments, the latter condition is achieved when the proportional

straining (first) term dominates, i.e., when:

dJ J
and Aa << R, (28b)

Based on this non-linear elastic analysis of crack growthg and

numerical computations by Shih and co-workers,s, the two requirements
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in Eq.(28) can be embodied into a single condition for J to uniquely
characterize the near tip field of the growth crack. Thus in terms of
the uncracked ligament b, JIc and the slope of the JR(Aa) resistance

were, J-controlled growth is feasible when:
w = J——'(a—é-) >» 1 (29)

where w must exceed 10 for Prandtl field geometries (e.g., deep-cracked
single-edge-notch bend) and ~ 100 for center-cracked tension geometries
(for n = 0.1).

A similar criterion can be applied for the asymptotic crack tip
fields for elastic-ideally plastic crack growth based on flow theory
(Eq. 26). For J dominated crack extension, the first term in Eq. (26),
representing proportional strain increments, must dominate the second

. . : .. T
term, representing non-proportional strain increments, such that:

a
.
Q
o
l—
S

(30)

To provide a continuum measure of crack growth toughness, the
deformation theory analysis of Hutchinson and Paris? is applied to
define the conditions for J-controlled growth (Eg. 28) and macroscopic

toughness is then assessed in terms of the tearing

+A similar criterion based on crack tip opening displacements implies
that the crack tip opening angle d§/da must be large compared to the
yield strain oO/E.8
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modu]us, TR, representing the non-dimensional slope of the JR(Aa)
curve, Tp = (E/ooz)dJ/da. Crack instability is achieved when the
tearing force, T = (E/ooz)aJ/aa exceeds Tg. Analogous procedures8
baséd on crack tip opening displacement have also been suggested in
terms of the non-dimensional crack tip opening ahgle, defined as d&/da
normalized with respect to the yield strain o,/E' (Eq. 2).

However, practically speakihg, the deformation theory J approach-

9 is often severely restricted.by

for macroscopic crack growth toughness
the limitation of Eq. (29). For example,12 for a 25 mm thick 1-T
compact specimen in plane strain, deformation J-controlled growth is
oh]y a reé]ity for the first 1.5 to 2.0 mm of crack extension (i.e.,
where Aa < (LOGb),8 whereas for a similar sized center-cracked tension
specimen, it is va]fd merely for the initial'O.S mm or so of a 25 mm
Tigament (i.e., where Aa < (L016bL8 This means that for further crack
extension, the shape of the Jp(aa) resistance curve, and hence Tg, for
a given material will differ with specimen geometry and with varying
l1igament size in a given geometry. To overcome this problem, Ernst4
has recently proposed a modified J parameter, JM,‘based in part on the

flow theory solution for the non-stationary crack tip field (Egs. 24-

26), in which:

pl da | | (31)

where Jp1 is the plastic portion of the deformation theory J,'eva1uated

at a fixed plastic load point displacement § 1 over the extent of crack

P
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extension (a - a Use of this modified J-integral, Jy, and

o)-
associated modified tearing moduli, has been shown to greatly extend
the validity of J-controlled growth, even to situations where w <0 and
M ~ 0.3b which normally would grossiy violate the deformation theory

requirement of Eq; (29).54

Local (Microscopic) Fracture Criteria

A critical strain-based microscopic criterion for ductile crack
growth was first proposed by McClintock and Irwin55 for Mode III crack»
extension under elastic-perfectly plastic conditions and involved the
attainment of a critical shear strain yf* dver some characteristic

radial distance r = £.* into the plastic zone. Applying this local

0
criterion for Yp > yf* over distance r = 20* both for crack initiation,
using the Mode III plastic shear strain distribution for the stationary
crack (Eq. 21), and for crack growth, using the corresponding
distribution for the non-stationary crack (Eq. 22), yields estimates

for the critical plastic zone sizes at initiation and instability,

respectively, i.e.:

N (initiation) (32)

and ryc

* 2vg - 1 . .
% exp| [——— -1 ,(instability) (33)
0 Yo

where vy, is the shear yield strain. With the assumption that the

critical fracture strains and distances are identical for initiation
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and growth, restated in terms of Kigp or d (using Eq. 23), this implies
that stable crack growth would occur with Kypp or J increasing from
initiation values (Ki’ Ji) to steady-state values (Ksé when such
terminology is appropriate, and Jss)vwhere dJ/da > 0, such that:

K 2

(=3) = EEE =
Ki Ji

Eq. (34) implies that the potential for stable crack growth increases
dramatically as yf* becomes large compared to the yield strain v,,
although subsequent aha]yses52 for hardening solids has shown this
potential to  decrease with increases in strain hardening.

The concept of a critical strain being attained over some
characteristié dimension directly ahead of a growing érack is not as
amenable for the non-statibnary Mode I case since the regions of
intense strain are directly above and below the crack plane.
Accordingly, Rice and his co-workeks44’47’48’50 have propoéed several
alternative local failure criteria for initiatidn and continued growth
of plane strain tensile cracks, all involving the notion of a
geometrically-similar crack profile very near fhe tip. Prior to the
development of the exact asymptotic analyses for the growing Mode I
crack tip fields (Eqs. 26-26), this was formulated as a constant crack
tip opening angle (CTOA = d&/da) for crack gr°owth,9’50 as shown
schematically in Fig. 14. The crack tip displacement at the advancing
crack tip Gp‘remains constant, whereas the crack tip displacement ¢ at

the original crack tip is increased by the amount of opening ®p) to
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advance the ductile crack one particle spacing Qo* ~ d, for each

P
increment of crack growth. With reference to Fig. 14, the constant
crack opening angle @ is given b_y:56’57

: ' 26
CTOA = ¢ = arctan(} - ?HE) = arctan(} ds/da) . (35)
p

Although for a rigid-plastic solid, crack advance can occur with a
finite CTOA, elastic-plastic ané]yses reéu]t in a crack face profile
with a vertical tangent immediately at the crack tip (Lé., as r > 0),
thus making the CTOA impossib]e to define numerica]lyu44 Accordingly
Rice and Sorensen restated the crack growth criterion in more general
fashion by requiring that a criti;a] opening di‘splacementdp be
maintained at a small distance'lo* behind the crack t1‘p.47 Withr
reference to Eq. (24), the local criterion of § = ¢ D at r = 20*
yields:
er '

+80T02n( Ly (36)

0 QO

Ll
a

© | o
S %

ala
ol

By comparing Figs. 9 and 14, it is apparent that the left side of
Eq. (36), the ratio of 1local microscopic parameters, 6p/20*, can be
identified with the fracture surface microroughness, M = h/w, for
microvoid coalescence and possibly other modes. This point is further
discussed in the following section. Rice and co-workers,48 however,

have rephrased this geometrically-similar near tip profile criterion to
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. . *
remove reference to the local microscopic parameters ép and 20 , by

noting that Egq. (24) can be rewritten as:

e

= O9n B >

§ = Br g ang s r -0 | (37)
‘s . . o, E \ dd '
with o=y exp{B(;—f) a} | (38a)
o .

- ' a 38b
= ry exp(l + 3 TR) R (38b)

iwhere Tp - is the tearing modulus. Since the parameter:p fully
characterizes the near tip crack tip profile, Rice et a1.48 proposed
o = constant as a criterion for continued growth. Evaluating under
ssy conditions at the onset of growth a = ag at J = Jy. yields:
s EJ a
_ Ic SSY
o= —— (1+ 5 Tyl : (39)

g
0

where oggy (~ 0.58) is the value of o appropriate to ssy and T, is the
initial value of the tearing modulus given by:
E $ esEd

T = BB ng e, | (40)
0 assy 9% 2 * 2

This impTies a general growth criterion valid for ssy and fully plastic

conditions of:48

dJ o‘ssy T B

. E 4 By
R =-7&@ " a o 5 Ml ). (4
0
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which provides the differential equation governing plane strain tensile
crack growth with increase in J from initiation at Ji-= Jic to the
steady state value Jgg where a plateau in the Jp(aa) curve will be
reached (i.e., as dJ/da - 0). For small-scale yielding with v = 0.3,

this gives:

[}

3 = exp(aSBS‘y To) = exp(0.1 To) . (42)
~Although the "constantp" criterion for continued Mode I crack
extension has been found to be consistent with experimental JR(Aa)
measurements, 1i.e., in deeply-cracked bend tests on AISI 4140 steel (0o
= 1250 MPa),53 the approach is essentially not microscopically based.
A more physically realistic approach53 is to consider a local fracture
criterion, similar to the Mode III case (Eqs. 32 and 33), where crack
advance is consistent with the attainment of a critical accumulated
plastic strain, Yf*, within a microstructurally characteristic radial

20,38,55

distance 20* from the crack tip. By analogy to Mode

III,20’38’53 the local criterion of Y >Yf* over radial distancer =

P
Qo* is applied for both Mode I initiation, using the strain
distribution for a stationary crack (Eq. 12 and Fig. 4), and continued
growth and instability using the non-stationary crack strain
distribution in Eq. (24). This yields estimates for the critical
plastic zone sizes for Mode I crack initiation (ryi) and instability

(ryc) as:

27



*1 Cf e
foi ® % [;-:;;]. R (initiation) (43)
- %
* 0.6(1 + v) °f . NN
e = % exp[ =) .eo] ,  (instability) (44)

where the instability result is derived from Eq. ' (24) assumihg
sufficient plasticity during crack advance such that the second term in
the shear strain distribution, representing'non-proportional.strain
increments, dominates the %irst term, representihg proportional strain
increments (i.e., thelinverse of Eq. 28). It should be noted that,
similar to the Mode III expressions (Egs. 32 and 33), the critical
plastic zone size for the' growing crack is an exponential function of
»fhe ratio of fracture to yieT& §train, fathef than a direct fuhction
for crack initiation. However, unlike Mode IIi, there is no square
root dependence in the exponential‘terﬁ (see also ref. 53). Although
the numerical constants are only approximatej this implies that for
‘Mode I cracks:

2 - %

(%) =Jdﬁ = n_€—°*exp[o.6 isi-] , (45)
i i €¢ 0

Similar to the Mode III case, a comparison of the microscopically-

based relationships for crack initiation and instability in Mode I

Since for Mode I cracks, plastic zones extend principally at an angle
to the crack plane, rather than directly ahead, the critical strain
criteria should be applied at such angles.®3 In reality this results
in the zig-zag crack path morphology of ductile fracture in Mode I,
which is frequently observed in higher strength (lower n) materials.®?®
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(i.e., Egs. 43-45) clearly shows that microstructural changes in a
material which increase the fracture ductility and decrease the yield
strength (i.e., lower eo) can have a much larger (beneficial) effect on
crack growth toughness as opposed to crack initiation toughness. This
can be appreciated by comparing exberimental JIc and JR(Aa) data.sg'63
For example, Fig. 2 shows Wilson's Jp(Aa) resistance curves for A516
Grade 70 steels following various steelmaking processes to control the
inclusion content.93 It is apparent that the effect of controlling the
volume fraction and shape of oxides and sulphides through additional
calcium treatments (CaT), compared to conventional vacuum degassing
(CON) only, becomes progressively more significant with increasing
crack extension. According to the simple modelling analysis described
above, this can result simply from the different strain distributions
for the stationary and running crack (i.e., c.f., Eqs. 12 and 26, or
Egs. 21 and 22) rather than from any change in the local fracture

criteria.

IV. RELATIONSHIP BETWEEN Tp AND Jp.

Conventionally, correlations between various toughness parameters
have been made in purely empirical fashion through regression analysis
to experimental data. For example, the many (often dimensionally
incorrect) expressions purporting to define relationships between Kp.
and Charpy V-notch impact energy have been obtained exactly in this

64

manner. However, the failure criteria reviewed above for both

initiating and growing cracks provide an ideal physical basis for
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examining the relationship between crack initiation and grpwth
toughness parameters without'recourse to such purely embirica]
procedures. Specifically the model of Rice et a1.4%:48 ot the
geometrica]1stimi1arHVery near crack tip profile of an extending crack
within the asymptotic Mode Ivdeformation field of the non-stationary
flaw permits a logical corre]atioh»of'JIC and the tearing modulus TRs
as previously noted by Shih et a1.13 ‘Following Rice et al.,%8 the
general expression for TR (Eq. 41), when evaluated under small-scale
yielding conditions, simplifies to:

T

B dd . 8 J - : |
‘@ c V- () | (46)
002 da 0 assy JIC‘ .

R

Under fully plastic conditions, wherevthe "nlastic zone" dimenéion ry

is considered to saturate with full yielding at some fraction of the

‘uncracked ligament (ry"b b/4), Eq. (41) becomes: 48

. .
o - fp Ssy s E JIC/oo
where for fully yielded conditions afp = 0.51.

Since the parameters Osgys afp,B and s have all been determined to
a fair degree of accuracy by finite element computations,44 the major
problem in utilizing Egs. (46) and (47) to relate J1e and Tg reduces to
interpreting quantitatively the microscale parameters Gp and 20*. Dean

and HvUtChinsonsz Suggesvt that the ratio 60/20*’ normalized with respect

to the yield strain, should exceed 100 for intermediate strength
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steels. When Gp/zo* can be equated to the microroughness parameter M
(Figs. 9 and 14), this implies M values greater than 0.16 (for 350 MPa
yield strength) to 0.50 (for 1000 MPa yield strength). These values
are consistent with available experimental data.41’42 Sorensen and
Rice.47 on the other hand, equate 20* with the fracture process zone
size, which for microvoid coalescence is taken of the order of the
spacing dp of the void initiating particles (e.g., Fig. 14). Since
from Rice and Johnson's ana]ysis,22 the CTOD at initiation, §&;, should
be in the range of 0.5 to 2.0 dp (Eq. 11), it was suggested47 that Gp
be regarded as an independent empirical parameter and that Qo* be taken
to be of the order of 0.5 to 2.0 ;. Ordinarily, one would regard both
dp and 20* as material parameters, so this implicit assumption of
Gpllo* = I seems artificially restrictive. In fact, in terms of the
fracture surface microrbughness, it implies M values of order unity,
which appears41'43 to be an upper limit for fully plastic conditions
unless particles are rare.
To simp1lify the functional form of the expressions between Jj. and
Tp, we alternatively utilize the crack growth data of Green and Knott
and others®6,57,60,65,66 ang note that the additional CTOD at the

advancing crack tip 6p is smaller than the CTOD &; to cause initiation

at the original crack tip, i.e., with reference to Fig. 14:

Aad

_ Ic
CSp = X(S,i = ——0;— , (48)

whereX is of the order of, yet less than, unity. Note that, to the
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extent that ¢§; « dp, A can be taken as proportional to 1/M.
Incorporating Eq. (48) into Egs. (46) and (47) yields, for small-scale

yielding:
d E
TR = )‘( -}-C 2) 'aB Q'n[es( -}-C' 2)]'a8 Q"(JJ) ’ (49)
lo 9, Ssy 10 oy SSy Ic
and for large-scale yielding:
J. E A 4s 2 . E
a . s
- ST - Banfes(2S—n ]+ Ban[—2 (L)1 L (50
a 2 a_ * 2 a b * 2
fp Qo S SSy. , Qo % 20 %

Using the mq;t recently reported values for the parameters “ssy’
Afps B, e ahd's from finite element computations,44 ahd taking
realistically xv0.2, the variations in T values with non-dimensional
JIC'vajues predicted from Egs. (49) and (50) are shown in Fig. 15 for
conditions of small-scale yielding and full p1asticityf For the
formef ssy condition, curves are shown at the onset of growth, i.e., at
J/d1c =1 when T = Ty and when J values are an order of magnitude

larger than the initiation'va1ue. For full yielding, the Tp vs. Jy.

expression is evaluated for both 30 mm and 120 mm uncracked ligaments,

A previous approach by Shih et al.,!? utilizing the earlier formula-
tion of Rice and Sorensen®’ for the crack tip fields in ssy, used an
assigned value of 20* of 700 pym. For the materials considered, how-

ever, this value of 25" was clearly much larger than dp.
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which represent typical values of b in one inch (25 mm) and fourAinch
(102 mm) thick compact specimens pre-cracked to an a/W of ~ 0.6.
However, it is clear that in each case these logarithmic third terms in
Eqgs. (49) and (50) have only a marginal influence for the range of
values quoted. |

Using the experimental toughness data in refs. 7, 63, 67, and 68
for a wide variety of steels ranging from low to high strength (i.e.,
0o/E values from 0.002 to 0.006 " ), Eqs. (49) and (50) can be seen in
Fig. 15 to pfovide an excellent basis for compafison of_JIc and Tp,
except perhaps at very high tearing modulus values exceeding 300 or so.
It should be noted, however, thét in the construction of Fig. 15; the
characteristic dimension Qo*, which was used as a fitting parameter,
was assigned a value of 130.um. Although the basis for this is
arbitrary, in keeping with the physical idealization of ductile crack
growth depicted in Fig. 14, it is apparent that this size should be
comparable with the mean inclusion spacing in these pressure vessel
steels, such that 'SLO* will be of the order of dp. The spacing of all
inclusions in such steels is far below 130 um, but dp may correspond to
the largest, earliest-initiating inclusions.*2 If these have a volume
fraction of 2 pct, for example, their size for a 130 um spacing would

have to be about 25 um, a large but not unreasonable number.

TAs in customary practice, the flow stress og is taken as the mean of
the tensile yield and ultimate tensile stresses.
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Thus, as noted previously,13 both experimental data and
analytical predictions show a trend of virtually a linear increase in

crack growth toughness TRE(E/OOZ)(dJ/daL with increase in the non-
dimensional crack initiation toughness, JIc' Experimental
results®0,57,60-62,69,70 ¢ crack fip opening displacement
measurements similarly show a general increase in dd§/da with increase
in . |

Another approach to evaluating Eqs. (49) and (50) could be
developed through measurements of M, which can most confidently be done
for microvoid coalescence fractures. Measurement of dp, S5 and M
togéther would also provide a means of assessing whether X« 1/M in
| general and whether the constant of proportionality is a material
parameter. As pointed out elsewhere in more deta11,41’42 M reflects
.‘1oca1 fracture conditions in the crack tip process zone, and therefore
‘offers a mofe direct means of assessing dp and'cSp than macroscopic
measurements. In this connection, it is important to recognize that dp
must refer, not to a metallographic spacing of all particles in the
material, but to the spacing of those particles which are "effective"
in the fracture process.42 The effective particles may not include all
"which de-bond from the matrix in crack extension, but only those which’
nucleate early enough in the strain to fracture to drive the necking,
shear 1ocalization,or both, of the interparticle ligaments. M is a
~much more promising approach to determination of such parameters than
is conventional metallography; the estimate above, of a 25 um diameter

for "critical" inclusions, was made in this spirit.
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When fracture does not proceed by microvoid coa]escencé,,the
analysis is necessarily complicated by less complete understanding of
microstructural nuc1e1'.43’71 However, one important case in structural
alloys is that of "blocky" fracture surfaces, which comprise not only
the microroughness depicted -in Fig. 9, but also a "regional" roughness
on a scale of tends to hundreds of dimple or ridge spacings. This‘
roughness scale can be described analogously to Fig. 9, as has been
pointed out.}3 Moreover, there may'be a large-scale component to 20*
for such fractures. )

The foregoing implicitly assumes that material characteristics
determine dp and dp (for a given crack tip stress state), while Qo*
would correspond to a particular fracture micromechanism in that
material. It is tempting to guess that 20* would typically be a small,
integer multiple of a we]]-defined microstructural dimension, as in the
RKR result,27 but in fact the general case may be a wide range in
relative size scaies, depending on whether the fracture is locally
controlled, as seems to be the case in microvoid coalescence and TTS
fractures,43’72 or is partly regionally controlled, as in blocky
fractures, ductile intergranular fractures, and in quas1’-c1eavage.43’73
At the present level of understanding, it appears more appropriate to
attempt to measure d, and regard Qo* as a fitting parameter whfch both
depends on the particular fracture micromechanism and also must exhibit

a size scale consistent with that micromechanism and the relevant

microstructural features.
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V. CONCLUDING REMARKS

In this paper, the distinction between fracture toughness
associated with crack initiation and associated with subsequent slow
crack growth has been examined on the basis of differences between the
stress and deformation fields local to the crack tip regions of
stationary and non-stationary Mode I cracks. Both macroscopic
descriptions, based on continuum fracture mechanicé where field
parameters are used to globally characterize such fields for crack
initiation (i.e., Ky = Kye or J = Jg¢) and for crack growth (i.e., at
instability T = TR), and microscopic descriptions, 6ased~on local
- failure ériteria for specific fracture mechanisms (transgranular
cleavage and principally midrovoid coa]esﬁence), h%ve been compared.
By considering a critical strain micromechanical model for void

coa]escence,38’39

it was found that metallurgical factors which
vspecifica]]y influence yield strength (co) and local fracture ductility
(éf*) can have a far greater influence on crack growth toughness (e.q,
TR) compared to crack initiation toughness (e.g" JIC); a result which
is principally a consequence of the weaker strain singularity ahead of
a slowly growing tensile crack and is analogous to the previous result
by McClintock and co-workers in Mode III‘ZO,HQ,SSv Furthermore, by
considering a similar micromechanical model for crack growth based on
the attainment of a geometrically sihi1ar crack tip profi]e,48 a
relationship between the tearing modulus Tp and the crack initiation

fracture toughness Jy. was described and found to provide a good fit to
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- experimental toughness data on a wide range of steels. ana1]y, it was
briefly shown that many of the microscopic parameters describing Tocal
conditions of fracture in the crack tip vicinity, such as the local
fracture strains (€f*), local crack tip displacements (6p)'and
microstructurally-significant dimensions (QO*); which are not readily
ammenable to experimental measurement, can be deduced from quantitative
analysis of fracture surface morphology, specifically involving the
microroughness.42 o

Such analyses high]ight the significance of the non-stationary
crack'tip fields to the model1ing and continuum description of sub-
critical crack growth where the presence of crack tip plasticity and
associated p]éstic zones in the wake of the crack tip lead to lower
strains at the same nominal driving force, i.e.; same Ky or J, than
that predicted by the currently-used stationary crack analyses. For
strain-controlled. fracture, this effect results in resistance curve
behavior where an increasing nominal driving force, i.e., increasing Ki
or J, must be applied to sustain crack extension, even though the
failure criterion cén remain unchanged. Furthermore, the enhanced role
of microstructure in influencing resistance to crack grdwth, compared
to crack initiation, which follows from this modified strain
distribution for slowly moving cracks, implies that fracture toughness,
when assessed in terms of crack growth parameters such as the tearing

modulus Tp, becomes far more amenable to metallurgical control.
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NOMENCLATURE

crack length
initial crack length

test piece thickness and uncracked ligament,

‘respectively

constant in Eq. (12)"

crack tip opening angle (dé/da)

crack tip opening displacement (3)

grain size

particle spacing and diameter, respective]y |
elastic (Young's) modulus

=E/1 - V2 in plane strain, and E in plane stress

natural logarithm base (= 2.718)

volume fraction of particles

universal functions of 8 in Egs. (3) and (27)

elastic shear modulus

height of fracture surface asperity (Fig. 9)

numerical constant in HRR solution, weakly dependent
upon n ,

J-integral

critical J value at crack initiation

plane strain fracture toughness, defined at crack

initiation in Mode 1
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M* “pl

JR(Aa)

'Jss

[* "Il

modified and plastic portion of deformation theory J,
respectively

J-resistance curve

steady-state J when dd/da >~ O

shear yield stress

linear elastic stress intensity factor in Modes I and
IIT, respectively

critical value of Ky at crack initiation

plane strain fracture toughness, defined for ssy at
crack initiation in Mode I

steady-state Ky at dK/da ~ 0

characteristic dimension for fracture

parameter.in non-stationary crack tip strain field
related to ry' (Eq. 26)

parameter in Eq. (26)

fracture surface microroughness (= h/w)

strain hardening exponent in G = oy (ép)n

radial distance ahead of crack tip

plastic zone size for stationary and non-stationary

cracks, respectively

critical plastic zone size at crack initiation and
instability, respectively

radius of HRR crack tip field

radius of void

constant (= 0.11 to 0.13) relating J and ry‘
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“tearing force (= (E/ooz)aJ/aa)

tearing modulus (= (E/ooz)dJ/da)
initial value of tearing modulus at J = Jp.
displacement aheéd of crack tip

width of fracture surface asperity (Fig. 9)

- distance directly ahead of crack tip at® =0

small-scale yielding and fu]]y»p]astic values of o,
respectively

constant relating ¢ to J

constant in Eq. (24) (= 5.642 for v = 0.3)

B)astic shear strain

critical local fracture strainvand yield strain,
respectively -

crack tip opening displacement (CTOD)

CTOD at crack initiation in plane strain

CTOD's for crack initiation and propagation,

‘respectively

plastic load point displacement

CTOD resistance curve

equivalent plastic strain

plastic strains ahead of crack tip

critical local fracture strain and yield strain,
respectively

normalized strain, stress and displacement functions of

9 in Eq. (9)
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o “half crack tip opening angle

A constant relating §; and dp
v Poisson's ratio
0 parameter characterizing near tip profile of non-

stationary crack

o equivalent (or effective) stress

cam, oboo transverse stress components

of*, 9, critical local fracture stress and flow stress,

respectively

O hydrostatic stress (mgan normal stress = 121 Oij)

Gij stresses ahead of crack tip

oyyl ‘ local tensile opening stress ahead of crack tip

81 equivalent stress at unit strain

8 angle measured from crack tip from plane of crack.
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Fig. 1: Jg(ha) resistance curve of J versus crack extension Aa,
s?‘\owing definition of J; = Jy. at initiation of crack growth
where the blunting line intersects the resistance curve.
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Fig. 2: Experimental data showing Jp(Aa) resistance curves for several
heats of A516 Grade 7P0 plain carbon steel plate

Sulphide and oxide non-metallic inclusions
conventional techniques (CON)
using vacuum degassing and calcium treatments (CaT). Note how
modifying the inclusion distribution has a more significant
ggf)"ect on crack growth compared to crack initiation (from ref.

(com 260 MPa).
have been controlled by both
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20, ::' ees++ Modified stress distribution due to blunting
§ for o;/E =0.0025 (ofter Rice and Johnson)
—— SGC solution of power hardening |
- (after Rice and Rosengren ond Hutchinson)
o
. Finite element results (ofter Rice and Tracey
and Tracey)
0 | | B I -
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Fig. 3: Distribution of local tensile stress o,, as a function of

distance x directly ahead of a crack tip ixyb1ane strain based
on HRR small geometry changes (SGC) asymptotic solution for a
power hardening solid (from refs. 16 and 17) and the
corresponding finite element solutions (from refs. 24 and 37),
modified for an initial yield strain o,/E of 0.0025 by the
finite geometry solution of Rice and Johnson which allows for
progressive crack tip blunting (from ref. 22). The abscissa
is normalized with respect to both (K/ao)2 and &, the CTOD,
whereas the ordinate is normalized with respect to the flow

stress Oge
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Fig. 4: Distribution of local equivalent plastic strain Ep as a
function of distance x, normalized with respect to '§ the
CTOD, directly ahead of a crack tip in plane strain, showing
the corresponding variation of stress-state (o,/G). Solutions
based on finite geometry blunting solutions of Rice and
Johnson (from ref. 22) and McMeeking (from ref. 23) for both
- small-scale yielding and fully plastic conditions.
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Fig. 5: Idealized constitutive behavior, of equivalent stress 7 as a

function of equivalent plastic strain&,, for a) non-linear
elastic material conforming to deformation plasticity theory,
and b) incrementally-plastic material conforming to flow

theory of plasticity.
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Fig. 6:
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XBL 8110-678|

Fully plastic plane strain slip-line fields for
rigid/perfectly plastic solids for a) deep edge-cracked bend
and deep double-edge-cracked tension plates (Prandt] field),
and b) center-cracked tension plate. k = shear yield stress =
oo//§. ‘
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ABB 831-10315

Classical fracture morphologies showing a) microvoid
coalescence, b) quasi-cleavage, c) intergranular cracking and
d) transgranular cleavage. Fractographs a) and ¢) obtained
using scanning electron microscopy whereas b) and d) are from
transmission electron microscopy replicas.
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Fig. 8:
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Schematic idealization of microscopic fracture criteria
pertaining to i) critical stress-controlled model for cleavage
fracture (RKR) and ii) critical stress-modified critical
strain-controlled model for microvoid coalescence.
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Fig. 9: Definition of fracture surface roughness, M = h/w, for a)
microvoid coalescence and b) other Tocally ductile fracture

modes, such as quasi-cleavage.
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10: Comparison of experimentally measured fracture toughness KI data for crack initiation

in SA533B-1 nuclear pressure vessel steel (o, "~ 500 MPa) w1
on RKR critical stress model for cleavage on the lower shel

%h predicted values based
f (Eq. 10), and on the

stress-modified critical strain model for microvoid coalescence on the upper shelf

(Eq. 13), after ref. 29.
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XBL 839-11402

Fig. 11: Plane strain slip-line representation of the crack tip stress-
states of the Prandtl field for a) stationary crack, and b)
modified with an elastic loading sector behind the tip for a
non-stationary crack (after refs. 44 and 48).
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Fig. 12: Comparison of local stresses o;j; ahead of the crack tip in
plane strain as a function of ang?e B for a) stationary crack
based on Prandtl field of Fig. 1la, and b) non-stationary
crack based on exact solution for v = 0.3 of the field shown
in Fig. 11lb, which contains an elastic unloading sector, after
ref. 48. Note how the stress distribution is unchanged by the
growing crack, except for 8 2 110°.
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Fig. 13: Schematic representation of the near-tip conditions for a non-
stationary crack relevant to the definition of J-controlled
growth (after ref. 10).
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Fig. 14:

(c)
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XBB 830-10794

Idealization of stable crack growth by microvoid coalescence
showing a) blunted crack tip, b) crack growth to next
inclusion based on constant CTOA (#) or on critical CTOD (6 .)
distance (2 v d,) behind the crack tip, c) morphology of
resulting #?actuge surface relevant to the definition of
fracture surface microroughness (M = h/w), and d)
fractographic section [after ref. 4) through ductile crack
growth via coalescence of voids in free-cutting mild steel.
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Fig. 15: Variation of crack initiation toughness (JI ) with crack xBL838-6219
growth toughness (TR) showing a comparison o? theoretical
predictions of Egs. (49) and (50), for both small-scale
yielding (ssy) and fully plastic conditions, with experimental
toughness data for steels taken from refs. 7, 63, 67 and 68.
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