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1. Introduction

The increased demand for more accurate structural integrity and fitness-for-service (FFS) analysis of a wide class of engi-
neering structures, including nuclear reactor pressure vessels, piping systems and storage tanks, has stimulated renewed
interest in advancing current safety assessment procedures of critical structural components, including life-extension pro-
grams and repair decisions of aging structures. Simplified fracture mechanics based approaches for quantitative analysis
of material degradation, as of interest in assessments of crack-like flaws formed during in-service operation, focus primarily
on the potential for catastrophic failure due to low toughness behavior. Specifically for ferritic materials at temperatures in
the ductile-to-brittle transition (DBT) region, such as carbon and low-alloy steels typically used in many structural applica-
tions, unstable fracture by transgranular cleavage still represents one the most serious failure modes as local crack-tip insta-
bility may trigger catastrophic structural failure at low applied stresses with little plastic deformation. These methods, also
referred to as engineering critical assessment (ECA) procedures, rely on direct application of macroscopic measurements of
cleavage fracture toughness (such as the J-integral at cleavage instability, J., or the critical Crack Tip Opening Displacement,
CTOD or §.) derived from conventional fracture specimens tested under high constraint conditions, similar to those of small-
scale yielding (SSY), to define conservative flaw acceptance criteria. While conventional ECA methodologies clearly simplify
integrity assessments of in-service structural components, they have limited ability to predict the potential strong influence
of constraint on fracture behavior and, perhaps more importantly, do not address the strong sensitivity of cleavage fracture
to material characteristics at the microlevel.

The early recognition of these limitations prompted a surge of interest in analyzing, predicting and unifying toughness
measures across different crack configurations and loading modes based on a micromechanics interpretation of the cleavage
fracture process. Here, attention has been primarily focused on probabilistic models incorporating weakest link statistics,
most often referred to as local approaches to fracture (LAF) [1-3], to describe material failure caused by transgranular cleav-
age for a wide range of loading conditions and crack geometries. In the context of probabilistic fracture mechanics, the
methodology yields a limiting distribution that describes the coupling of the (local) fracture stress with remote loading
(as measured by J or CTOD) in terms of a fracture parameter characterizing macroscopic fracture behavior for a wide range
of loading conditions and crack configurations. Among these earlier research efforts, the seminal work of the French group
Beremin [1] provided the impetus for development of a framework establishing a relationship between the microregime of
fracture and macroscopic crack driving forces (such as the J-integral) by introducing the Weibull stress (o,,) as a probabilistic
fracture parameter directly connected to the statistics of microcracks (weakest link philosophy). A key feature of this
methodology is that ,, incorporates both the effects of stressed volume (the fracture process zone) and the potentially
strong changes in the character of the near-tip stress fields due to constraint loss which thus provides the necessary frame-
work to correlate fracture toughness for varying crack configurations under different loading (and possibly temperature and
strain rate) conditions. Previous research efforts to develop a transferability model to elastic-plastic fracture toughness val-
ues rely on the notion of the Weibull stress as a crack-tip driving force [4-7| by adopting the simple axiom that unstable
crack propagation (cleavage) occurs at a critical value of the Weibull stress, ..

However, a fundamental objection to the probabilistic framework from which the Weibull stress concept is derived is that
it relies on the assumption that Griffith-like microcracks (which effectively act as precursors of transgranular cleavage in
structural steels [8]) form immediately upon the onset of yielding thereby implying that the associated statistical distribu-
tion of microcrack size remains unchanged with increased loading and deformation. Experimental evidence for the coupling
between microcrack size distribution and plastic deformation has been given in the early works of McMahon and Cohen [9],
Kaechele and Tetelman [10], Brindley [11], Lindley et al. [12] and Gurland [13]. These studies observed the strong effects of
plastic strain on cleavage microcracking in ferritic steels at varying temperatures which can lead to a marked influence on
the density of Griffith-like microcracks directly connected to the material fracture behavior at the microscale. Here, the num-
ber of microcracks formed from fractured carbide particles within a small, near-tip material volume increases with increased
plastic strain. Since any cleavage fracture model incorporating statistics of microcracks (weakest link philosophy), such as
the o,,-based methodology, involves a local Griffith instability of the largest, most favorably oriented microcrack, it becomes
clear that increased plastic strains correlate directly with increased likelihood of cleavage failure. To some extent, these dif-
ficulties can be overcome by incorporating explicitly the influence of plastic strain into the micromechanism of cleavage fail-
ure entering directly into the probabilistic description of fracture. But how the controlling microstructural features -
microcrack size distribution and plastic strain level - are interconnected and their relative contributions to the macroscopic
fracture behavior (and associated failure probability) remain open issues.
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This paper provides an overview of recent progress in probabilistic modeling of cleavage fracture phrased in terms of a
local approach to fracture (LAF) and the Weibull stress concept. Emphasis is placed on the incorporation of plastic strain
effects into the probabilistic framework by approaching the strong influence of constraint variations on (macroscopic) cleav-
age fracture toughness in terms of the number of eligible Griffith-like microcracks which effectively control unstable crack
propagation by cleavage. Some recent results based on a modified Weibull stress model to predict specimen geometry effects
on J.-values for pressure vessel grade steels are summarized in connection with an engineering procedure to calibrate the
Weibull stress parameters. These results are compared against corresponding fracture toughness predictions derived from
application of the standard Beremin model. Finally, the robustness of LAF methodologies, including specifically the Weibull
stress approach, is critically examined along with a discussion of key issues and challenges related to engineering applica-
tions in fracture assessments of structural components.

2. The Weibull stress approach incorporating plastic strain effects

The development of probabilistic approaches for cleavage fracture has seen continuous progress since the pioneering
work of Weibull [14,15] who brought the weakest link interpretation of fracture (in connection with a random distribution
of Griffith-like microcracks dispersed in the material) to bear on the problem of predicting size effects on fracture in terms of
a convenient probability distribution for the fracture strength of brittle materials. Subsequently, Epstein [16] and later
Freudenthal [17] advanced the viewpoint of the weakest link concept to introduce a mathematical description for the frac-
ture strength of materials in terms of the statistical theory of extreme values [18,19]. Building upon Weibull’'s work and
using purely statistical arguments, they showed that the distribution of the fracture strength for a stressed solid associated
with the weakest link concept depends on the assumed functional form for the fracture resistance of Griffith-like microc-
racks randomly distributed in a given volume of material. Such a viewpoint is often referred to as the elemental strength
approach [20] and derives from the assumption that a stressed body contains a random distribution of Griffith-like microf-
laws or microcracks which can be characterized by their fracture stress at which the Griffith cleavage condition is met (ter-
med the “microflaw strength” by Epstein [16]). Several probabilistic models have been proposed based on the elemental
strength approach to develop limiting distributions for the fracture stress and to predict size effects in fracture, including
the works of McClintock and Argon [21], Batdorf and Crose [22], Evans [23], McClintock and Zaverl [24], Matsuo [25], Lin
et al. [26], Godse and Gurland [27], among others.

Another line of development which shares much in common with the elemental strength approach is based on the statis-
tics of microcracks contained in the stressed material volume. A number of research efforts in this area have explicitly
adopted convenient functional forms describing the microcrack size (and possibly orientation) to define a limiting distribu-
tion for the cleavage fracture stress. The early work of Freudenthal [17] and later Evans and Langdon [20] devised the con-
nection between the statistical distribution of microcrack size and the distribution function of the local fracture stress based
on theoretical arguments derived from the extreme value theory [19]. Subsequent researchers adopting this class of
approach include Beremin [ 1], Wallin and co-workers [28,29], Mudry [2], Pineau [30], Minami et al. [31], Ruggieri and Dodds
[4], Gao et al. [32], Petti and Dodds [33] and Ruggieri [34]. Work of the French Beremin group [1] attains particular relevance
as it has served as the basis for generalizing the concept of micromechanics modeling for cleavage fracture which in turn has
enabled the development of approaches highly effective in unifying toughness measures across different crack configura-
tions and loading modes. Further advancements in micromechanics modeling of cleavage fracture incorporating a more real-
istic physical mechanism of cleavage microcrack nucleation and propagation have also been made with the Prometey model
[35-37] and also in the representative works of Faleskog et al. [38,39], Hohe et al. [40-42] and James et al. [43]. An overview
of these local approach developments is given by Pineau [3].

This section reviews the fundamental concepts of the analytical framework that have a direct bearing on the probabilistic
modeling of cleavage fracture from which the Weibull stress approach is derived. Only salient features of the probabilistic
framework are discussed here. We begin by providing an overview of the Beremin model and associated limiting distribution
for the cleavage fracture stress of a cracked body which have been extensively used in multiscale predictions of fracture
behavior in structural components with diverse range of crack-tip constraint. We then turn attention to a modified form
of the Weibull stress incorporating the effects of plastic strain on cleavage fracture coupled with statistics of microcracks
which are not fully accounted in conventional analyses using the standard Beremin model. Other developments in local
approaches to cleavage fracture modeling are also briefly mentioned since there has been considerable interplay in recent
years between different treatments of plastic strain effects and more specific statistical models for cleavage fracture. Readers
are referred to the works of Ruggieri and Dodds [6,7] and references therein for a more complete discussion of the Weibull
stress methodology, and the review articles by Pineau [3], Pineau and Tanguy [44], Pineau et al. [45] for other microstruc-
tural details.

2.1. The Weibull stress as a probabilistic crack driving force

A substantial number of studies and experimental observations have provided detailed descriptions of the cleavage frac-
ture process [46-48]. A number of works, including that of Low [49], Owen et al. [50], McMahon and Cohen [9] and Smith
[48], revealed that the formation of Griffith-like microcracks [51] after the onset of yielding and localized plasticity, primarily
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Fig. 1. (a) Near-tip fracture process zone ahead a macroscopic crack containing randomly distributed flaws. (b) Schematic of power-law type microcrack
size distribution.

by the cracking of hard, particle-like brittle phases such as carbides along grain boundaries, governs cleavage fracture of fer-
ritic steels. This process occurs over one or two grains of the polycrystalline aggregate; once a microcrack has formed in a
grain and spread through the nearby ferrite grain boundaries, it likely propagates by a cleavage mechanism with no signif-
icant increase in the applied stress unless the microcrack is arrested at a high-angle grain boundary [8]. The connection
between fracture resistance and microstructure can then be made by rationalizing the interrelation between microcrack
nucleation and unstable propagation as illustrated in Fig. 1(a): (i) fracture of a carbide particle assisted by plastic deforma-
tion of the surrounding matrix nucleates a Griffith-like microcrack; (ii) the nucleated microcrack advances rapidly into the
interior of the ferrite grain until it reaches a grain boundary and (iii) fracture occurs when the microcrack is not arrested at a
grain boundary barrier and thus propagates unstably. In terms of the Griffith cleavage criterion [51], the last condition means
that the Griffith fracture energy to propagate the microcrack is larger than the specific surface energy of the grain boundary
[8].

To arrive at a tractable form of the cleavage fracture process outlined above, we consider an arbitrarily stressed body
where a macroscopic crack lies in a material containing randomly distributed flaws as illustrated in Fig. 1(b). The fracture
process zone ahead of the (macroscopic) crack tip is defined as the highly stressed region where the local operative mech-
anism for cleavage takes place; this region contains the potential sites for cleavage cracking. For the purpose of developing a
probabilistic model for cleavage fracture, consider the fracture process zone ahead of the crack tip divided in a large number
of unit volumes statistically independent; each unit volume contains a substantial number of statistically independent,
Griffith-like microflaws uniformly distributed.

The statistical nature of this fracture process thus underlies a simplified treatment for unstable crack propagation of the
configuration represented in Fig. 1(b). Based upon probability theory and invoking the well-known Poisson postulates (see,
e.g., Feller [52]), the elemental failure probability, 6P, is related to the distribution of the largest flaw in a reference volume of
the material, which can be expressed as

oP =6V /x g(a)da (1)
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where g(a)da defines the probability of finding a microcracks having size between a and a + da in the unit volume [20,26].
Two fundamental assumptions based upon probability theory and the well-known Poisson postulates (see, e.g., Feller [52])
underlie development of the above expression: (1) failures occurring in nonoverlapping volumes are statistically indepen-
dent events, and (2) the probability of failure for small 6V is proportional to its volume, i.e., 5P = usV, where the proportion-
ality constant u is the average number of flaws with size a > a, per unit volume which are eligible to propagate unstably.
Here, extreme value conditions associated with the standard probabilistic framework for cleavage fracture require a Cauchy-
type distribution of microflaw size in the form g(a) = (1/Vy)({o/a)°, where {, and { are parameters of the distribution and V,
denotes a reference volume [17,23], most often set as unit for convenience.

Now, the implicit distribution of fracture stress can be made explicit by introducing the dependence between the critical
microcrack size, a., and stress in the form a, = I<,2C Y (rgq), where K. is the (local) fracture toughness of the material ahead of
microflaw, Y represents a geometry factor and ., denotes an equivalent (effective) tensile (opening) stress acting on the
microcrack plane. Thus, if the maximum principal stress criterion is adopted, such as g, = 04, the probability distribution,
Py, for the cracked body becomes [9, 22-25]

Pr(o1) = 1 - exp {—Vlo/gc—l)mdv} 2)

which can be rewritten as

(%) 2

such that the Weibull stress, ¢, a term coined by Beremin [1], is defined by

1 . 1/m
Oy = {V—O /Q o*ﬁ"dQ} (4)

where Q is the volume of the near-tip fracture process zone most often defined as the loci where o > oy, with g, denot-
ing the material’s yield stress and y ~ 2, 01 = 0, is the maximum principal stress acting on material points inside the FPZ.
The above expression (3) defines a two-parameter Weibull distribution [53] for the random variable o,,, in which parameters
m and o, denote the Weibull modulus and the scale parameter of the Weibull distribution. In particular, m defines the shape
of the probability density function describing the microcrack size, a, which is of the form g(a) oc a=¢ with m = 2{ — 2. More-
over, since the reference volume, V, only scales g(a) but does not change the distribution shape, it has no effect on m and is
conveniently assigned a unit value in the computations.

In a related work, Lei [54,55] revisited the Beremin model and raised several concerns regarding key fundamental
concepts related to the Weibull stress approach. Following statistical arguments essentially similar as those outlined
above, Lei motivated his interpretation of a potential drawback in the Beremin model by introducing a threshold fracture
stress, gy, , into the probabilistic formulation, such that ¢; should be replaced by ¢, — gy in previous Eq. (2), and then
comparing his modified failure probability distribution with the corresponding distribution derived from the Beremin
model. While Lei’s approach addresses the open (and often neglected) question of the potential effects of a threshold
fracture stress on fracture predictions based on the present methodology, his work overlooked a fundamental concept
associated with the introduction of a threshold parameter into the above Eq. (2) in which parameter ¢, must change
when o, is replaced by o, — o4 so that the nature of the cumulative probability distribution defined by that expression
is still preserved. For example, Fig. 2 in [54]| provides an untenable result for a simple case of uniaxial tension as the
same value of 2000 MPa for the scale parameter (termed as gy in Lei’s work) of both Weibull distributions was adopted
in his analysis - other analyzed cases in [54] also adopted a fixed value for the scale parameter so direct one-to-one
comparisons are not possible. Similar arguments also hold true for the discussions and comparative analysis provided
in [55]. Here, his conclusions also remain elusive as they follow from incorrect interpretation of Eq. (1) and subsequent
expressions. In particular, Lei [55] imposes that p = [* g(a)da associated with Eq. (23) of his paper must span the full
range 0 < p <1, which is not necessarily correct. This is exactly what Fig. 1(b) clearly shows as p = [* g(a)da simply
defines the probability of finding a microcrack having size equal or larger than a, and, thus, there is no conflict with
any axiom of probability as stated in [55] since the survival probability would be 1 — f;: g(a)da. Indeed, when the critical
microcrack size becomes very small, i.e., as a. — O then p — 1 implying that the material can be viewed as extremely
brittle within the present context.

Pr(0w) = 1—exp

2.2. Inclusion of plastic strain effects: a modified Weibull stress

Recent treatments of the Beremin model have focused primarily on the effects of plastic strain on cleavage microcracking
in ferritic steels and, thus, on cleavage failure probability. As already noted, a potential drawback with this model lies in the
non-recognition of the prominent role played by the plastic strain at the microlevel on cleavage fracture thereby ignoring to
a large extent the influence of the imposed near-tip stress and strain history on the cleavage failure probability. The Beremin
approach assumes that all eligible microcracks nucleate immediately upon yielding so that their distribution does not
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Fig. 2. Cumulative Weibull distribution of experimentally measured J.-values for all tested specimen geometries and materials: (a) A515 Gr 65 steel
reported by Ruggieri et al. [7]; (b) A285 Gr C steel tested by Savioli and Ruggieri [61].

change throughout the entire load history, which does not seem consistent with the history of experimental evidence linking
the increase of microcrack density with increased plastic strain [9-13]. While the Beremin model clearly represented a
significant advance in developing a simplified and yet highly effective methodology for fracture assessments of cracked
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structural components subjected to various conditions, it also remains apparent that further enlargement on the probabilis-
tic framework from which the approach derives is needed to include plastic strain effects.

Methodologies to incorporate effects of plastic strain into the Weibull stress model have evolved along essentially two
lines of development: approaches that define the cleavage failure probability in dissociated form based on the notion that
the microstructural process of cleavage fracture is driven by both the local stresses and plastic strains, and approaches that
evaluate the cleavage failure probability based on the statistical distribution of Griffith-like microcracks. Research falling into
the first category, including the works of Xia and Shih [56], Bordet et al. [57,58]| and Margolin et al. [36], generally views the
statistical problem of cleavage fracture by considering microcrack nucleation and propagation as two statistically indepen-
dent events so that the cleavage fracture probability, P, is expressed by the standard product P, x P,, where P, is the prob-
ability of microcrack nucleation and P, is the probability of microcrack propagation - note here that, when P, =1 and a
convenient functional form describing the microcrack size is adopted to evaluate P,, then the cleavage fracture probability,
P., should yield a similar expression as given by the Beremin model. The latter category of approaches includes the previous
study of Lin et al. [26], James et al. [59] and the more recent work of Ruggieri and Dodds (R&D) [6,7]. More specifically, R&D
focused on incorporating the effects of plastic strain directly into the Beremin model and adopted the viewpoint that only
Griffith-like microcracks formed from the cracking of brittle particles, such as carbide particles at grain boundaries in ferritic
steels, in the course of plastic deformation contribute to cleavage fracture and, further, the fraction of fractured particles
increases with increased matrix plastic strain. The R&D framework shares the essential features of the weakest link concept
but addresses the strong effects of constraint variations on (macroscopic) cleavage fracture toughness by including the influ-
ence of plastic strain on the number of eligible Griffith-like microcracks which effectively control unstable crack propagation
by cleavage.

R&D further approached the probabilistic coupling of cleavage fracture and plastic strain by considering that only a frac-
tion, ¥, of the total number of brittle particles in the FPZ nucleates the microcracks which are eligible to propagate unstably
and that W, is a function of plastic strain but plausibly independent of microcrack size as pictured in Fig. 1(b). This approx-
imation simplifies the treatment of the elemental failure probability associated with 6V to arrive at a closed form for the
failure probability of the stressed cracked body similar to previous Eq. (1) and expressed as

oy = oV - iley) - [ glada 5

Following standard procedures based on the weakest link approach (see R&D [6]), a limiting distribution for the cleavage
fracture stress can expressed as a two-parameter Weibull function [53] in the form

m
Pl &) =1-exp |- [ Wil (2) aq) 6)
0.Ja Oy
where Q is the volume of the near-tip fracture process zone already defined and parameters m and o, appearing in Eq. (6)
denote again the Weibull modulus and the scale parameter of the Weibull distribution for the fracture stress incorporating
plastic strain effects. The above integral evaluated over Q contains two contributions: one is from the principal stress crite-
rion for cleavage fracture characterized in terms of o; and the other is due the effective plastic strain, €,, which defines the
number of eligible Griffith-like microcracks nucleated from the brittle particles effectively controlling cleavage fracture. Sim-
ilar to the Beremin model [1], a simple manipulation of Eq. (6) then motivates the notion of a modified Weibull stress, G,
defined by

Gy = {vlo /Q \Pc(e,,)-oq"dgzr/m. (7)

where it is noted that setting W, = 1 recovers the standard Beremin model.

A number of options could be adopted in the above Eq. (7) for choosing a convenient form to define the fraction of frac-
tured particles, .. While a method of directly measuring . would be most desirable, it is not very feasible nor practical in
the context of routine applications of the methodology. Thus, it must be expected that, in general, the function ¥, chosen
would reasonably describe the actual metallurgical and micromechanical features of the tested material in connection with
the available experimental data. R&D [6] employ various forms of W, on fracture assessments and toughness predictions for
low constraint crack configurations based on the present framework without, however, drawing definitive conclusions on
the best choice. Section 3 provides further discussion of these points and gives a route to arrive at a simpler form for the
failure probability of cleavage fracture including effects of plastic strain.

3. Applications in fracture testing

The following sections provide representative applications of the probabilistic framework for cleavage fracture assess-
ments incorporating plastic strain effects based on the concept of a modified Weibull stress, ,,. The presentation begins
with descriptions of the experimental fracture testing conducted on three-point bend specimens with varying geometries
for typical pressure vessel grade steels. Attention is then directed to calibration of the Weibull stress parameters for the
two pressure vessel steels using the measured toughness distributions of J.-values for deep and shallow SE(B) specimens.
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The section concludes with applications of the Weibull stress methodology to predict the geometry dependence of J .-values
using the toughness values for subsize (PCVN) configurations.

3.1. Specimen geometry effects on J.-values for pressure vessel steels

Ruggieri et al. 7] performed a series of fracture toughness tests in the T-L orientation on conventional, plane-sided three-
point bend fracture specimens with a/W = 0.15 and a/W = 0.5, B=30 mm, W = 60 mm and S = 4W. Fracture tests were
also performed on plane-sided, precracked Charpy (PCVN) specimen with a/W =0.5, B=10mm, W =10 mm and
S = 4W. Here, the tested material is a typical ASTM A515 Grade 65 [60] pressure vessel steel with 294 MPa yield stress also
having high strain hardening behavior (o/0ys ~ 1.7 ~ 1.8). Testing of these fracture specimens was conducted in the DBT
region for the tested material (see further details in Ruggieri et al. [7]) at different low temperatures, defined by T = —10°C
for the deeply-cracked SE(B) specimen and PCVN configuration with a/W = 0.5 and T = —20 °C for the shallow crack SE(B)
specimen with a/W = 0.2.

In related work, Savioli and Ruggieri [61] also report fracture toughness tests on three-point bend fracture specimens
with varying crack sizes and specimen thickness in the T-L orientation. The material utilized in their study is a typical ASTM
A285 Grade C [62] pressure vessel steel with 230 MPa yield stress and high strain hardening behavior with o/, ~ 2 at
room temperature (T = 20°C); here, gy is the yield stress and g, represents the tensile strength. The fracture mechanics
tests include: (1) conventional, plane-sided 1T SE(B) specimens with a/W = 0.2 and a/W = 0.5 B =25 mm, W = 50 mm
and S =4W, and (2) plane-sided, precracked Charpy specimens with a/W = 0.5, B=10mm, W = 10 mm and S = 4W.
ASTM E1820 [63] also provides additional details for the geometry and dimensions of the tested fracture specimens. Testing
of these configurations was performed at T = —80 °C for the deeply-cracked SE(B) specimen and PCVN configuration with
a/W = 0.5 and at T = —60 °C for the shallow crack SE(B) specimen with a/W = 0.2; these temperatures correspond to the
lower-shelf, ductile-to-brittle transition behavior for the tested steel (refer to Savioli and Ruggieri [61]).

In the above experimental studies, records of load vs. crack mouth opening displacements (CMOD) were obtained for each
specimen using a clip gage mounted on an integrated knife-edge machined into the notch mouth. Cleavage fracture tough-
ness values, characterized in terms of a single toughness measure at fracture instability (J.), are evaluated from the plastic
area under the load-CMOD curve and then using the estimation procedure given in ASTM E1820 [63] based on plastic #-
factors. Post-mortem examination of the fracture surfaces for all tested specimens reported by Savioli and Ruggieri [61]
and Ruggieri et al. [7] revealed essentially no ductile tearing prior to cleavage fracture thereby providing strong support
to the Weibull stress analysis for the tested materials described later.

Fig. 2(a) and (b) display the cumulative Weibull distribution of toughness values for the tested specimens and both mate-
rials in which the solid symbols in the plots represent the experimentally measured fracture toughness (J,)-values. Values of
cumulative probability, F(J.), are obtained by ordering the J.-values and using the median rank position defined in terms of
F(J.,) = (k—0.3)/(N + 0.4), where k denotes the rank number and N defines the total number of experimental toughness
values [53]. The fitting curves to the experimental data shown in this figure describe the three-parameter Weibull distribu-
tion [53] for J.-values given by

o
ol

0 min
in which « defines the Weibull modulus (which characterizes the scatter in test data), J, is the characteristic toughness and
Jmin denotes the threshold J-value corresponding to a K, of 20 MPay/m. In the above, the Weibull modulus often takes the
value o = 2 to describe the distribution of J.-values under well-contained near-tip plasticity - this makes contact with the
probabilistic treatment of fracture under SSY conditions based upon weakest link statistics [31] and also with the Master
Curve methodology given by ASTM E1921 [64]. As expected, there is a relatively marked increase in fracture toughness val-
ues for the shallow crack SE(B) specimen and the plane-sided PCVN configuration compared with the characteristic tough-
ness for the deeply-cracked SE(B) geometry. In particular, the PCVN specimen with a/W = 0.5 and W = B geometry displays
significant elevation in fracture toughness relative to the 1T deeply-cracked SE(B) specimen (a/W = 0.5) with W = 2B geom-
etry thereby underlying the loss of crack-tip constraint coupled with a pronounced absolute size/thickness effect exhibited
by this crack configuration.

The toughness scaling procedure adopted next in Section 3.2 enables the correction of the statistical distribution for frac-
ture toughness data measured from two sets of test specimens exhibiting widely different characteristic toughness, J,. Since
this parameter plays a key role in the Weibull stress parameter calibration and the constraint correction of toughness, it is of
interest to inquire to what extent the quality of fitting affects the estimated value of parameter J,. To address this issue, Rug-
gieri et al. [7] conducted a standard maximum likelihood (ML) estimation procedure [53] to determine both « and J, of the J .-
distribution for the tested A515 pressure steel considered in their work. That analysis reveals that, while the Weibull mod-
ulus does change (with respect to the fixed value of « = 2) to reflect a different data scatter, the estimated J,-value displays
little sensitivity to the a-value. Indeed, they show that differences in J,-estimates are ~ 5% for the tested deeply-cracked
geometries and only ~ 1% for the tested shallow crack specimens. These results strongly suggest that the degree of accord
between the experimental data and the Weibull distribution described by Eq. (8) has little effect on cleavage fracture pre-
dictions based on the toughness scaling procedure using the correction of J,-values addressed next.

F() =1 exp
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3.2. Calibration of Weibull stress parameters

The Weibull stress methodology outlined above requires correct specification of the m-value to provide accurate fracture
toughness predictions. Further, the function ‘. also represents a requisite parameter entering directly into the calculation of
G through Eq. (7). This section addresses essential features of the calibration procedure to determine the Weibull stress
parameters for the two pressure vessel steels described before. Because the focus of the present study is on the prediction
of specimen geometry effects on J.-values using the toughness distribution for subsize (PCVN) configurations, parameters m
and YW, are calibrated using the standard SE(B) specimens having a deep and shallow crack for both tested steels.

The calibration strategy relies directly on the toughness scaling model (TSM) building upon previous work of Gao et al.
[32] and more recently upon the work of Ruggieri et al. [7] and Ruggieri [65]. Here, we follow these latter works closely and
provide only the salient results of the calibration process. Readers are referred to those studies for a full account of the cal-
ibration procedure and calibrated parameters for the two tested materials. In all analyses, the research code WSTRESS [66] is
utilized to compute the Weibull stress trajectories and to calibrate the Weibull modulus, m for the tested steels based on the
standard Beremin model (i.e., ¥, = 1 as already noted).

We begin by following similar arguments to those given by R&D [6] to define the fraction of fractured particles as a two-
parameter Weibull distribution given by Wallin and Laukkanen [29] as

W, —1—exp {— (ﬁ> } 9)

prs

where o, is the particle reference fracture stress, o, denotes the Weibull modulus of the particle fracture stress distribution
and g, = /1.301€,E4 characterizes the particle fracture stress in which ¢ is the maximum principal stress, €, denotes the
effective matrix plastic strain and E, represents the particle’s elastic modulus. Here, it is understood that the particle refer-
ence stress, opr, represents an approximate average for the distribution of the particle fracture stress. For ferritic structural
steels, such as the pressure vessel materials utilized in this study, typical values of o, and E; are 4 and 400 GPa as reported by
Wallin and Laukkanen [29]; these values are employed in the present analyses.

With the fraction of fracture particles thus defined, consider first the fracture toughness data for the A515 steel previously
described. Here, calibration of parameter m is conducted at the test temperature, T = —10 °C, by scaling the characteristic
toughness of the measured toughness distribution for the shallow crack SE(B) specimen with a/W = 0.15 to the equivalent
characteristic toughness of the toughness distribution for the deeply-cracked SE(B) specimen with a/W = 0.5. However,
because the specimens were not tested at the same temperature, the present methodology adopts a simple procedure to cor-
rect the measured toughness values for temperature using the Master Curve methodology described in ASTM E1921 [64]
leading to a toughness ratio of J&i """ /Jefs"*° ~ 1.4 at T = —10°C. The calibrated Weibull modulus then yields a value
of mg = 11 which is well within the range of previously reported m-values for common pressure vessel and structural steels
(see, e.g., [1,4,32,5,67]. Fig. 3(a) display the G,, vs. ] trajectories based on the standard Beremin model with my = 11 for both
specimen geometries at the test temperature, T = —10 °C and the associated toughness corrections; in these plots, &, is nor-
malized by the material yield stress, . Calibration of the function ‘¥, in previous Eq. (9) then follows from determining
parameter o, that gives the best correction of measured toughness values at T = —10 °C for the shallow and deep crack

SE(B) specimens with a fixed value mo = 11. Fig. 3(b) provides the constraint correlations Ugé‘(’g):(”s - gé‘(’g)zo'S) for varying
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Fig. 3. Calibration of Weibull stress parameters for the tested A515 steel: (a) 6., vs. ] trajectories for the shallow and deeply-cracked SE(B) specimens at
T = —10 °C based on the standard Beremin model with my = 11; (b) Constraint correlations of J-values at T = —10 °C for mo = 11 and the simplified particle
distribution (WL) model with varying o,.-values.



390 C. Ruggieri, R.H. Dodds Jr./ Engineering Fracture Mechanics 187 (2018) 381-403

~ W=0.5 2
Ow/0ys JZ/E(B) (kJ/m?)
6 T 200 T o T
| Standard Beremin Model ] T=-60°C o - —— 0,,=1000 MPa E
L L4 i [ o 0prs=2000 MPa ]
| my=17 _ . - 0,rs=3000 MPa -
7 L e i
: T | 7 : :
- | | ASTM A285 Gr C g Lo S i
4+ | | . 100 > ‘ .
r ‘ ‘ . L Je : ]
H * \ SE®B)a/W=05 I = } ]
= T I ‘ -
3 | ? ® SEB)a/W=0.2 i 50 - * R
i JSE(B) a/W=05 } } JSE®)-a/W=02 i r | R
| | 0 i [ 4 Particle Distribution Model | ]
o L b b b W b b by okl v v 1 b b I
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300
J (kJ/m?) a/W=0.2 2
@ (b) Spw  (KI/m)

Fig. 4. Calibration of Weibull stress parameters for the tested A285 steel: (a) ., vs. J trajectories for the shallow and deeply-cracked SE(B) specimens at
T = —160 °C based on the standard Beremin model with my = 17; (b) Constraint correlations of J-values at T = —60 °C for my = 17 and the simplified
particle distribution (WL) model with varying o,-values.

values of parameter o, from which the best value of particle fracture stress that corrects the characteristic toughness for the

shallow crack SE(B) specimen, J5¥®~%"=013 't¢ its equivalent characteristic toughness for the deeply-cracked SE(B) specimen,

SHE-a/W=05 {5 given by G, = 6500 MPa.

Now direct attention to the fracture toughness data for the A285 steel shown in previous section. The calibration proce-
dure of parameters m and W, repeats the two-step procedure already outlined. In the present application, calibration of
parameter m is conducted at the test temperature, T = —60 °C , by scaling the characteristic toughness of the measured
toughness distribution for the shallow crack SE(B) geometry with a/W = 0.2 to the equivalent J,-value for the deeply-
cracked SE(B) specimen with a/W = 0.5 using again the Master Curve methodology [64] thereby yielding a toughness ratio
of Jéuin % /lsks > ~ 1.9 at T = —60 °C. Using now the TSM to correct the characteristic toughness for the shallow crack SE(B)

geometry, ]55(3 ~4/W=02 t4 jts equivalent characteristic toughness for the deeply-cracked SE(B ) specimen, J SE(B)-a/W=05 the cal-
ibrated Weibull modulus then yields a value of my = 17 which is also well within the range of prev1ously reported m-values
for common pressure vessel and structural steels (see, e.g., [1,4,32,31,5,67]. Fig. 4(a) displays the evolution of G,, normalized
by the material yield stress, o,s, with increased J-values based on the standard Beremin model with my = 17 for both spec-
imen geometries at the test temperature, T = —60 °C. Having determined the Weibull modulus, m, calibration of the function
Y. proceeds by evaluation of parameter o, that gives the best correction of measured toughness values at T = —60 °C for
the deeply-cracked SE(B) specimen and the shallow crack SE(B) geometry with a/W = 0.2 with a fixed value my = 17. To

illustrate the calibration process, Fig. 4(b) provides the constraint correlations (Jey *° — Jém %) for varying values of

parameters o, while holding fixed «, = 4 and E; = 400 GPa. Here, correction of the characteristic toughness for the shallow
crack SE(B) geometry, ]SE@’”/ W=02to jts equivalent characteristic toughness for the deeply-cracked SE(B) specimen,
JEB-4/W=05 then yields a,; = 2000 MPa for the tested A285 steel.

3.3. Multiscale predictions of fracture toughness

To verify the predictive capability of the modified Weibull stress methodology adopted in the present work, this section
describes applications of the &,-based approach to predict effects of geometry and constraint loss on cleavage fracture
toughness values (J.) for the two tested pressure vessel steels. We also follow the works of Ruggieri et al. [7] and Ruggieri
[65] closely here in which primary attention is given to results pertaining to predictions of the measured distribution of

cleavage fracture values for the deeply-cracked SE(B) specimen using the measured fracture toughness distribution for

the PCVN geometry. The correlative procedure to obtain the toughness correction J5" ]OE(B)’“/ W=05 follows similar proto-

col for the toughness scaling methodology outlined previously. As already noted, the calibrated Weibull modulus is assumed
as a material property at temperatures within the DBT region and sufficiently close to the test temperature.

Figs. 5 and 6 show the Weibull cumulative distribution function of J.-values for the SE(B) specimen with a/W = 0.5 pre-
dicted from the experimental fracture toughness distribution for the PCVN configuration for the materials under discussion.
These plots include fracture predictions based on the modified Weibull stress model incorporating the simplified particle
distribution with the calibrated o,-value and on the standard Beremin model. The solid lines in these plots represents
the prediction of the median fracture probability whereas the dashed lines in Fig. 5 define the 90% confidence limits
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Fig. 5. Predicted cumulative Weibull distribution of experimentally measured J .-values and 90% confidence bounds for the SE(B) specimen with a/W = 0.5
for the tested A515 steel at T = —20 °C: (a) Simplified particle distribution model with o, = 6500 MPa and mg = 11; (b) Standard Beremin model with
mo=11.
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Fig. 6. Predicted cumulative Weibull distribution of experimentally measured J.-values for the SE(B) specimen with a/W = 0.5 for the tested A285 steel at
T = —80°C: (a) Simplified particle distribution model with &, = 2000 MPa and my = 17; (b) Standard Beremin model with m, = 17.

obtained from using the 90% confidence bounds for J, [68,53,7]. The figures also include the experimentally measured frac-
ture toughness (J.)-values for the tested specimens and materials.

For the A515 steel, the predicted Weibull distribution derived from the simplified particle distribution displayed in Fig. 5
(a) agrees well with the experimental data; here, most of the measured J.-values lie within the 90% confidence bounds. In
contrast, the predicted Weibull cumulative distribution based on the standard Beremin model, including the 90% confidence
bounds, is entirely shifted to the left of the experimental data thereby providing conservative estimates of fracture toughness
for the deeply-cracked SE(B) specimen.

Similar trends are observed for the results corresponding to the A285 steel. The predicted distribution for the 1T SE(B)
specimen derived from the simplified particle distribution shown in Fig. 6(a) exhibits good agreement with the experimental
data. While most of the measured J.-values lie slightly outside the median distribution, the predictions nevertheless provide
close description of the measured toughness distribution for the deeply-cracked bend specimen. Now direct attention to the
predicted Weibull distribution derived from the standard Beremin model displayed in Fig. 6(b). Here, the predicted Weibull
cumulative distribution is entirely shifted to the left of the experimental data, albeit also in reasonable agreement with the
measured J.-values, thereby providing a somewhat more conservative estimate of fracture toughness values for the 1T SE(B)
specimen.

4. Robustness of the Weibull stress approach: pertinent features

The introduction of a rational and tractable probabilistic framework to describe the essential features of the cleavage
fracture micromechanism in connection with its random nature extends conventional (phenomenological) fracture
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mechanics methodology and enables the development of convenient procedures to predict the effects of constraint vari-
ations on measured values of fracture toughness while, at the same time, allowing estimation of the failure probability
for cracked structural components. However, while the LAF methodologies outlined in previous sections have proven
sufficiently effective to serve as a basis for multiscale predictions of fracture toughness, there still remain some issues
that can have important practical implications for robustness of the probabilistic model based on the Weibull stress
concept.

Most of the studies thus far have essentially focused on the application of LAF methodologies, including specifically the
Beremin model, to describe and predict cleavage fracture toughness in structural steels based on limited experimental data.
Since the Weibull stress parameters simply reflect the random nature of cleavage fracture and are, thus, strongly dependent
on the micro features of the material, it is natural to raise the question as to what extent the often large variability in exper-
imentally measured toughness values coupled with details associated with finite element modeling, including mesh refine-
ment, affect the predictive response of the Weibull stress approach. Moreover, in using the probabilistic methodology and
the results outlined previously, it is well to keep in mind that the Weibull stress parameters should possess the following
key features: (1) they should be easily obtainable from limited experimental data with only modest calibration effort
required; (2) they should correspond as close as possible to the actual micromechanics features of the underlying cleavage
process; (3) they should be broadly applicable to describe and predict cleavage fracture behavior across different structural
crack configurations and loading conditions. Undoubtedly, the first issue related to the accurate and robust calibration of the
Weibull stress parameters, specifically with regard to the Weibull modulus defined by parameter m, appears to be the most
critical one. Here, we provide a critical discussion of the central features related to the robustness of the Weibull stress
approach.

4.1. Parameter calibration

Previously developed procedures to calibrate the Weibull parameters, (see [4,31] for additional details) employ toughness
data for cleavage fracture (such as J.-values) measured from only one set of specimens. These toughness measures form the
basis upon which an iterative procedure incorporating a standard statistical method (such as the maximum likelihood
method [53]) provides parameters m and o,. However, Gao et al. [32] and later Ruggieri et al. [69] have shown that such
a methodology based on a single set of specimens provides nonunique parameters, i.e., many pairs of (m, ) provide equal
correlations of critical Weibull stress values with the measured distribution of toughness data. Gao et al. [32] have further
advanced the calibration procedure to introduce an improved methodology that employs a toughness scaling model based
upon the Weibull stress to determine parameter m based upon fracture toughness data measured from two sets of speci-
mens spanning a wide range of crack-tip constraint (triaxiality). By using the Weibull stress trajectories for two crack con-
figurations exhibiting different constraint levels (e.g., a deep notch and a shallow notch SE(B) specimen), the process seeks
the m-value which corrects the corresponding measured toughness distributions thereby eliminating the non-uniqueness of
calibrated Weibull stress parameters that arises when using only one set of fracture toughness.

However, while the Gao et al. approach has proven highly effective in predictions of cleavage fracture toughness for sev-
eral structural steels tested in the DBT region (see, e.g., the representative works of Gao et al. [70], Gao and Dodds [71,72],
Petti and Dodds [73,33], Ruggieri [5,34]| and R&D [6,7]), it does require fracture testing of different crack configurations
and/or specimen geometries. Routine fracture assessments of structural components typically employ limited testing of
small material samples using only standard fracture specimens (such as deeply notched C(T) or SE(B) specimens) which
can make calibrations of the Weibull stress parameters using two sets of specimens all but very demanding and rather cum-
bersome, if not prohibitive in several cases. Moreover, difficulties still persist in performing the calibration procedure for use
in engineering analysis to obtain parameters, more specifically the Weibull modulus, which are reasonably invariant to the
specimen configurations used in this two-set approach. For example, the analyses conducted in previous Section 3 employed
the toughness distributions for standard SE(B) specimens having a deep and shallow crack to calibrate parameter m and o
for both tested pressure vessel steels and then to predict the toughness distribution for the PCVN geometry. It is natural to
raise the question as to whether using fracture toughness data measured from two other different sets of specimens would
yield reasonably close calibrated parameters. For the cases under discussion, employing the toughness distributions for stan-
dard deeply cracked SE(B) specimens and the PCVN geometry to calibrate parameter m and o, would still provide a good
prediction of the toughness distribution for the shallow crack SE(B) specimens. However, the collective evidence at present
from a wide range of researchers reveals an uncertain picture of the calibration process; some studies obtain similar m-
values for different specimen types while others show surprisingly large differences. Reported values of m for common struc-
tural and pressure vessel steels range from 10 to 50.

When the modified Weibull stress approach incorporating plastic strain effects described earlier is employed, this picture
becomes even more complicated as the model now requires specification of a second parameter describing the fraction of
Griffith-like microcracks which are eligible to propagate unstably. For a given material under specified conditions, the cal-
ibration procedure adopted by Ruggieri et al.[7] and Ruggieri [65] does provide a viable basis for structural integrity appli-
cations once adequate fracture toughness values measured from two sets of test specimens. However, more robust and yet
simpler schemes to calibrate the parameters (m, ¢,) clearly become necessary in routine engineering analyses as there is
much to improve on the calibration strategy for the Weibull stress parameters.
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Fig. 7. Effect of blunt notch size, p,, on 6,,-trajectories for the 1T C(T) specimen with a/W = 0.5 and the deeply-cracked PCVN geometry with B =5 mm
made of an A533 Gr B material [74]: (a) Standard Beremin model. (b) Simplified particle distribution model.

4.2. Mesh dependency effects

Since finite element modeling details, including mesh refinement, may affect the predictive response of the Weibull stress
approach, it is important to obtain nearly invariant values of the Weibull stress at a fixed, specified macroscopic loading (as
characterized by J) is to generate converged numerical descriptions of the crack-tip stress fields which are accurate over dis-
tances of order a few CTODs. A weak, implicit length-scale enters the finite element computations through the near-tip mesh
size. For example, insufficient mesh refinement reduces peak stress values ahead of the crack front, especially at smaller load
levels, thereby strongly affecting the compute values of the Weibull stress calculation since this parameter involves the prin-
cipal stress raised to a large power defined by the Weibull modulus. In general, extensive element distortion near the notch
root prevents numerical convergence at higher J-values when too small notch root radii are used thereby requiring some-
what larger initial root radii to generate numerical solutions over the complete loading history for the analyzed fracture
specimens of interest.

To illustrate this issue, consider the &,-trajectories shown in Fig. 7 for two different blunt notch sizes, p, = 0.0025 mm
and p, = 0.01 mm derived from numerical solutions for a deeply-cracked C(T) specimen and 1/2 PCVN geometry, both cor-
responding to the A533 Gr B material [74]. These analyses generate ,,-values for the standard Beremin model and for the
simplified particle distribution model with m = 20 and &, = 3500 MPa . The material properties are those for the test tem-
perature of T = —100 °C with gy, = 611 MPa, E = 207 GPa and v = 0.3 reported by Rathbun et al. [75]. As could be expected,
the &,-trajectories display some sensitivity to the blunt notch size but which has nevertheless essentially no significant
effect on the relative position of the curves, particularly for the simplified particle model shown in Fig. 7(b). Indeed, this
is an important point to be made in the present discussion. Since the fracture toughness constraint corrections,
Jrcuw — Jcor)» adopted in correlative analyses rely on the 6,,-trajectories for both specimen geometries, small relative changes

in both 6,,-curves have only a small effect on fracture predictions.

4.3. Fracture assessments of large structural components

In general, the Weibull stress methodology should enable accurate fracture toughness predictions with reasonable effort
over a broad range of geometries and loading conditions. However, because of the rather strong sensitivity of the Weibull
stress trajectories forming the toughness scaling methodology and, further, the sensitivity of parameter m on analysis
details, including the statistical distribution of measured fracture toughness values, it may no longer be the case that accu-
rate predictions of fracture behavior for larger in-service structures are easily obtainable. Perhaps more importantly, when
the methodology is used to estimate an adequate fracture toughness value entering a FFS analysis of a larger structural com-
ponent such as, for example, a welded beam to beam connection having a surface flaw under predominantly tensile loading,
the degree of conservatism is generally unknown.

Since obvious (and great) importance attaches to the predictive capability of the Weibull stress approach to assess the
cracking behavior of large structures under low constraint conditions, it is of great interest to ask what are the actual safety
margins involved and how the sensitivity of fracture toughness predictions affects its remaining service life. Matos and
Dodds [76] first attempted a direct use of the Weibull stress model, coupled with 3-D analyses of beam-column connections
containing crack-like defects, to provide a quantitative estimate of the cumulative failure probabilities with increasing beam
moment. Following the great Kobe earthquake [77], development and extensions of the Weibull stress model for fracture
assessments of beam-to-column joints under seismic conditions and subjected to cyclic and dynamic loading have been
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actively pursued by Japanese researchers. In particular, Minami and co-workers [78-88] systematically addressed fracture
assessments of steel components under seismic conditions and obtained an engineering procedure for CTOD toughness cor-
rections for constraint loss based on the Weibull stress concept. However, despite these research initiatives, relatively little
effort has been expended in validation studies to extend the Weibull stress methodology to fracture assessments of large
structural components.

4.4. Loading rate effects

A variety of engineering structures, including marine, aeronautical and civil structural components, operate in dynamic
environments subjected to dynamic loads from several different sources. Because the fracture performance of low-to-
moderate strength structural steels is strongly sensitive to load rate effects, defect assessments of engineering structures
under dynamic loading must consider the effects of strain rate on fracture toughness and, consequently, on the structural
integrity. Moreover, nearly all steels show an increase in yield strength with loading rate in which the dynamic yield strength
is inversely proportional to absolute temperature and is logarithmically related to the strain rate, €. Thus, the Weibull stress
concept and its interpretation as a macroscopic crack driving force give a route to incorporate in a proper and yet simple way
loading rate effects into multiscale predictions of fracture across different geometries and loading conditions.

Early exploratory work to address loading rate effects on fracture based on the Weibull stress methodology was con-
ducted by Gao et al. [89,90] who examined the potential influence of strain rate on the Weibull stress parameters for an
A515 Gr 70 steel tested in the DBT region. Using fracture toughness values for deep and shallow notch specimens derived
from both static and dynamic fracture tests, they identified an m-value (Weibull modulus) approximately independent of
loading rate thereby indicating that dynamic fracture predictions could be made solely on the basis of changes of parameter
o, with strain rate. While these research efforts provide analysis of dynamic fracture predictions which seem consistent with
the present level of development of the Weibull stress model and is, therefore, to be encouraged in engineering applications,
a number of unresolved questions also need to be addressed. For example, since parameter m is related to the microcrack
distribution that triggers cleavage fracture, it should expected that the Weibull modulus should also depend on strain rate.
For low-to-moderate loading rates, Gao et al. [90,89] found the m-value for the tested steel almost invariant to strain rate but
without drawing any definite conclusions about the broad validity of such an approach. For higher loading rates and for more
complex dynamic loading, extensions of the Weibull stress methodology remain rather untested as does its development
into a systematic framework to couple statistical and dynamic effects on cleavage fracture toughness in the DBT region.

4.5. Materials with macroscopic heterogeneities

The effects of macroscopic heterogeneities on fracture behavior play an important role in accurate assessments of struc-
tural integrity for a wide range of engineering structures, including welded components. In particular, reduced fracture per-
formance of a weld joint (as compared to the baseplate material) generally imposes the use of weldments with weld metal
strength higher than the baseplate strength, a condition referred to as overmatching, to shield the welded region by shifting
the large plastic deformation field into the lower strength baseplate where the fracture resistance is presumably higher and
potentially fewer defects occur. However, while the overmatch practice has been used effectively in many structural appli-
cations, the level of mismatch between the weld metal and baseplate material may strongly alter the relationship between
remotely applied loading and crack-tip driving forces. Here, the interaction between the local crack-tip fields (most often
controlled by the flow properties of the weld metal) and the global elastic-plastic regime gives rise to near-tip constraint
states which can differ significantly than the corresponding levels in crack-tip constraint for a homogeneous fracture spec-
imen at the same (macroscopic) loading. Moreover, fracture tests of weld specimens exhibit significant scatter in measured
values of cleavage fracture toughness caused not only by the variability in the microestructural features of the material but
also by macroscopic heterogeneities inherently present along the crack front (see, e.g., Satoh et al. [91] and McGrath and
Braid [92]). This phenomenon is further magnified by the overmatching condition in steel weldments thereby contributing
to potentially increase the propensity to trigger cleavage before gross yield section. Clearly, the transferability of fracture
toughness data measured using small, laboratory specimens to large, complex structural components still remains one of
the key difficulties in developments of predictive methodologies for defect assessments of welded structures. Advanced pro-
cedures for structural integrity analyses must include the complex interplay between the effects of weld strength mismatch
and the variability of cleavage resistance at the microstructural level for the different regions of steel weldments.

To address this issue on the basis of a probabilistic framework, the Weibull stress approach can easily be extended in a
rather simplified manner to consider typical weld crack configurations. Consider first a schematic illustration of a macro-
scopic crack embedded in the weld metal depicted in Fig. 8(a) in which the fracture process zone is fully confined to the weld
material. Since fracture takes place entirely in the weld metal, the distribution of cleavage fracture stress can expressed as
the two-parameter Weibull function in terms of o, or, in a more general form, by G, described by previous Egs. (3) and (6)
[34]. Observe, however, that the Weibull stress parameters (m, ¢,) are related to the weld metal properties, including frac-
ture toughness, flow properties and the level of weld strength mismatch, and should be calibrated accordingly based on the
procedure described in Gao et al. [32] but using weld fracture specimens having shallow and deep cracks.
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Fig. 8. (a) Schematic of a macroscopic crack embedded in the weld metal in which the fracture process zone is fully confined to the weld material. (b)
Interface macroscopic face between the weld metal and baseplate material.

Consider now a bimaterial crack configuration shown in Fig. 8(b), which represents a macroscopic crack at the interface
between the weld metal and the baseplate material (the heat affected zone is not considered for simplicity). Upon loading
(and crack opening), cleavage fracture can occur either in the weld metal or in the baseplate material so that one is tempted
to adopt a mixed distribution model such that the k-folded probability density function is given by [53]

Fx(x) = Zpkka(x) (10)
=1

where fy, (x) is the k-th subpopulation and 0 < p, < 1 in which p, is often referred to as the mixing parameter [53]. With
cleavage fracture toughness conveniently described by a Weibull distribution (let us assume a two-parameter distribution
for convenience), then a twofold mixed Weibull distribution describing cleavage fracture toughness, as characterized by J,
could be of the form

Fx(J,) :p{l — exp (]—”)aWM] +(1-p) {1 —exp (]—C)%M] (11)

ﬁ WM ﬁ BM

where atwm, %m, By and fgy are parameters of the Weibull distribution with WM and BM denoting the weld metal and the
baseplate material. The above expression then motivates introducing analogously a twofold mixed Weibull stress distribu-
tion for the cleavage fracture stress given by

(o) aepfi-e ()]} 12

The resulting twofold mixed Weibull stress distribution is rather complex to manipulate in general since it requires the
specification of two sets of Weibull stress parameters (one for each material) and the mixing parameter p. Clearly, for engi-
neering applications, the calibration procedure to specify values for the Weibull stress parameters remains a non-trivial task
in connection with the enormous testing demands to obtain a representative set of experimental toughness values describ-
ing the interface crack problem.

Pr(ow) :p{l — exp

4.6. The weakest link paradigm

At the heart of LAF models to describe cleavage fracture in ferritic steels, including the Beremin model and the modified
Weibull stress approach outlined in the present work, is the weakest link statistics related to the distribution of the largest
and most favorably oriented, fractured carbides (here associated with the Griffith-like microcracks) embedded in the near-
tip highly stressed region. While often overlooked in applications of LAF models to cleavage fracture, the weakest link con-
cept represents a key central assumption in the development of the probabilistic model as it strongly relies on the catas-
trophic failure being controlled by the instability of the weakest flaw, which may not necessarily describe the local
fracture mechanism. Further, another assumption that also plays a central role in developing LAF models to cleavage fracture
lies in the adoption of a Griffith criterion to characterize unstable propagation of the largest and most favorably oriented,
fractured carbide. Since the Griffith criterion implies linear elastic conditions and, further, since the Griffith-like microcracks



396 C. Ruggieri, R.H. Dodds Jr./ Engineering Fracture Mechanics 187 (2018) 381-403

are formed in the course of plastic deformation ahead of the (macroscopic) crack tip, it becomes clear that valid objections
can be raised against this assumption.

For materials having local inhomogeneity in strength, the unstable propagation of a flaw may be arrested by the sur-
rounding region having higher fracture resistance. Failure of a critical flaw in any small element of the material causes redis-
tribution of the local stresses, so that increasing the applied load is necessary to promote further cracking. Only after a
number of elements have cracked does the failure occur in a macroscopic scale, ultimately through a chain-of-bundles mech-
anism [93,94]. Brittle fracture preceded by extensive near-tip plastic deformation and intense blunting of the tip, as observed
in most steels in the transition region, also bears strong similarity to this mechanism. The local stresses are therefore redis-
tributed to the uncracked near-tip elements until a local critical stress is reached. Fracture is thus locally progressive to the
extent that instability of a critical flaw may no longer lead to total failure thereby yielding a limiting distribution for the frac-
ture stress in terms of a first asymptotic distribution of smallest values or Gumbel distribution [53] — observe here that the
Weibull distribution describing the fracture stress is defined by a third asymptotic distribution of smallest values [53].

Early research efforts made use of the chain-of-bundles probability model primarily to analyze the strength of fibrous and
composite materials [95-98]. However, since both models share commonly the essential features of an asymptotic distribu-
tion of smallest values [53] to characterize material failure and, further, since the Gumbel distributions is essentially an
extreme value distribution derived from the logarithmic transformation of the two-parameter Weibull function, we confi-
dently expect a good description of cleavage fracture in situations for which the weakest link assumptions are perhaps
too stringent.

4.7. Delamination effects on fracture toughness

A case of considerable interest also involves the phenomenon of delamination associated with increased fracture tough-
ness in structural alloys. Here, development of delamination cracking in the transverse (L — T or T — L) direction for common
fracture specimens affects their macroscopic fracture behavior by changing the crack front (through thickness) constraint
and, at the same time, providing an additional contribution to the total work of fracture. Early experimental studies on
delamination effects in notch impact specimens for hot-rolled steels [99-101] revealed a marked influence of delamination
cracking on the ductile-to-brittle transition (DBT) behavior for these materials as the ductile-brittle transition shifts towards
lower temperatures with increased number of fracture surface delaminations. These effects arise from the strong interaction
between anisotropic microstructural features of the material which govern the separation of transverse weak planes and the
loss of stress triaxiality in the crack front region due to through-thickness splitting. While these previous studies advanced
the understanding of delamination effects on the experimental fracture toughness behavior of structural materials, only little
effort has been expended to quantify the rather complex interaction of a transverse delamination with the macroscopic crack
front. The primary reason offered for the increased fracture toughness observed in fracture testing of specimens in the trans-
verse (L—T or T — L) direction is that the behavior of laminated materials is controlled by a mechanism of crack-divider
delamination toughening in which the incidence of through-thickness splitting results in loss of through-thickness con-
straint [102]. However, how the controlling mechanical features - delamination size and crack-tip constraint - are intercon-
nected and their relative contributions to the macroscopic fracture behavior remain open issues.

To address this issue, an exploratory application of the Weibull stress approach provides valuable insight into the effect of
delamination cracks on macroscopic fracture behavior in conventional fracture specimens. Alam et al. [103] recently per-
formed fracture toughness tests on conventional, plane-sided three-point bend fracture specimens with a/W = 0.5 in the
L-T and T-L orientation. The geometry and dimensions of the tested fracture specimens follow ASTM E1820 [63] with
B=1.67 mm, W = 3.33 mm and S = 4W. Here, a is the crack size, W denotes the specimen width, B represents the specimen
thickness and S is the load span. Testing of this configuration was performed at different temperatures ranging from
T=20°C to —196°C. The material is a very high strength nanostructured ferritic alloy (NFA) designated as 14YWT
(Fe — 14Cr — 3W — 0.4Ti — 0.2Y,05; wt.%) and developed at Oak Ridge National Laboratory [104] for future fission and fusion
reactor critical applications. This class of NFA material is derived from oxide (Y,03) dispersion strengthened (ODS) ferritic
alloys with increased amount of chromium and Y,0; which results in excellent fracture toughness properties at low tem-
peratures. The fracture toughness tests of the deeply-cracked SE(B) specimens were performed following the procedures
given by ASTM E1921 [64] and ASTM E1820 [63] based on records of load versus load line displacement (LLD). Exceptionally
high fracture toughness and low transition temperature were observed by Alam et al. [103] in which the measured upper-
shelf fracture toughness is in the range of K; = 100 MPay/m with a remarkably low ductile-to-brittle transition (DBT) tem-
perature at about —175 °C - here, fracture toughness characterized in terms of Kj-values is determined using the standard
relationshipJ = (1 — vZ)KJ2 /E where E is the elastic longitudinal modulus and v is Poisson’s ratio. Much of this fracture tough-
ness behavior can explained in terms of the connection between delamination cracking and increased toughness due to loss
of through-thickness constraint by a crack-divider toughening mechanism where it is evident that the through-thickness
splitting causes the bulk of the specimen to be divided into thinner ligaments defined by the delamination cracks thereby
relaxing the near-tip stresses which drive the cleavage fracture process and, further, affecting strongly the crack-front size
over which high levels of near-tip stress triaxiality (constraint) are maintained.

In recent and yet-unpublished work, Ruggieri et al. [105] conducted extensive set of nonlinear, 3-D finite element anal-
yses of subsize SE(B) fracture specimens with a prescribed crack-divider delamination made of NFA material to describe the
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Fig. 9. (a) Quarter-symmetric finite element model used in the 3-D analyses of an SE(B) specimen with a/W = 0.5 made of a nanostructured ferritic alloy
(NFA) tested by Alam et al. [103]. (b) Schematic for the adopted geometry of the transverse rectangular delamination. (c) Finite element model of the
transverse rectangular delamination including the near-tip mesh detail.

coupling effect of specimen geometry and delamination size on fracture behavior based on the Weibull stress as the crack
driving force. Here, we follow that work closely and repeat the key results that have a direct bearing on the probabilistic
framework pursued in this work. Fig. 9(a) shows the finite element model constructed for analyses of the tested SE(B) spec-
imen. Modeling of the center-plane delamination crack requires a very refined crack-front mesh to adequately characterize
the stress-free delamination surface and to resolve accurately the crack-front stress fields. A conventional mesh configura-
tion having a focused ring of elements surrounding the crack front is used with a small blunt notch at the crack tip; the
radius of the blunt notch, p,, is 1 pm (0.001 mm). Symmetry conditions enable analyses using one-quarter of the 3-D models
with appropriate constraints imposed on the symmetry planes. The finite element mesh has 33 variable thickness layers
defined over the half-thickness (B/2) to accommodate strong Z variations in the stress distribution and at the same time
to resolve the steep stress gradients near the center-plane delamination crack. Here, the layer thickness defining the delam-
ination crack at Z = 0 is 0.006B whereas the layer defined near the free surface (Z = B/2) is 0.03B. The quarter-symmetric, 3-
D model for this specimen has 98,702 nodes and 92,037 elements.

Because transverse delamination cracking is associated with anisotropic microstructural features of the material which
govern the separation of transverse weak planes [101], a delamination crack in the specimen center-plane region with a pre-
scribed length, ¢p, and height, hp, at the onset of loading as depicted in Fig. 9(b). Within the present simplification, the delam-
ination crack is viewed as a thin rectangular slab embedded into the specimen center plane and centered at the crack tip.
Fig. 9(c) shows the highly refined finite element mesh defining the delamination crack region in which the size of the square
elements within the thin slab is 0.025 mm. Guided by experimental observations made by Alam et al. [103] and following
previous work by Kalyanam et al. [106], the delamination sizes (as characterized by the length, ¢p, and the height, hp)
adopted in the present study are taken as 0.5 x 0.25 mm, 1 x 0.5 mm and 2 x 1 mm. This range of sizes provides a close rep-
resentation of the observed delamination crack sizes and shapes with increased load levels up to a maximum Kj-value of
100 MPa\/m which is in accord with the upper shelf fracture toughness measured in the fracture testing conducted by Alam
et al. [103]. Moreover, while the adopted approach does not consider the growth of the delamination crack with increased
loading, thereby not including history effects on the evolving crack front stress fields and crack front constraint, it is ade-
quately descriptive of the local conditions affecting macroscopic fracture behavior in conventional fracture specimens with
a crack-divider delamination. The numerical solutions to analyze delamination cracking effects on fracture behavior based
on the Weibull stress described next utilize an elastic-plastic constitutive model with J, flow theory and conventional Mises
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Fig. 10. Weibull stress trajectories with increased remote loading, K, for the plane-sided SE(B) specimen with and without transverse delamination crack
made of an NFA material tested by Alam et al. [103] for varying Weibull moduli: (a) m = 10; (b) m = 20.

plasticity in large geometry change (LGC) setting incorporating a piecewise linear approximation to the measured tensile
response for the tested high strength nanostructured ferritic (14YWT) alloy reported by Alam et al. [103]. The present results
focus on the numerical solutions corresponding to the mechanical and flow properties at the test temperature T = —150 °C.
The finite element code WARP3D [107] provides the numerical solutions for the 3-D analyses reported here.

Following the methodology outlined previously (see also Ruggieri and Dodds [6], under increased remote loading (as
measured by K; in the present context), differences in evolution of the Weibull stress reflect the potentially strong variations
of near-tip stress fields due to the coupling effect of constraint loss and delamination cracking, which has a direct bearing on
the macroscopic fracture behavior for the analyzed fracture specimen. Further, the variation of macroscale crack driving
force (K)) resulting from delamination cracking effects in the 3-D SE(B) models is then characterized by the toughness scaling
model based upon the standard Beremin Weibull stress, ,,, and the resulting fracture toughness ratios for the fracture spec-
imens with and without delamination. In these analyses, the g, vs. K| trajectories are determined for two different values of
the Weibull modulus, m = 10 and 20. These values are representative of typical structural ferritic steels and well in accord
with previous reported values. A value of m = 20 is mostly appropriate for ferritic material exhibiting moderate hardening
behavior such as the nanoferritic alloy at T = —150 °C utilized in this study (see Alam et al. [103]).

Fig. 10(a) and (b) illustrate the effect of delamination crack size on the g, vs. K| trajectories for the plane-sided model
with m = 10 and 20. In these plots, the Weibull stress, gy, is normalized by the material yield stress at T = —150 °C. The
trend is clear. In the initial stage of load level, all curves collapse onto a single trajectory indicating essentially no effect
of transverse delamination on macroscopic fracture. After this transitional behavior, the value of g, is reduced (relative
to the model with no delamination) with increased delamination size as deformation progresses. Observe that the effect
of delamination on macroscopic fracture behavior is more prominent for the numerical models having a small-to-
moderate delamination crack sizes (0.5 x 0.25 mm and 1 x 0.5 mm delaminations), which is entirely consistent with the
evolution of crack-front stress contours already shown previously. Fig. 11(a) and (b) recast these g, vs. K| trajectories for
the plane-sided model into the form of toughness ratios defined by K} — K™ for varying delamination sizes and dif-
ferent Weibull moduli, m, as derived directly from the toughness scaling model outlined in Ruggieri and Dodds [6]. Each
curve provides pairs of Kj-values in the SE(B) specimens with and without delamination which produce the same Weibull
stress, Gy, for a fixed m-value. Further, within the present context of probabilistic fracture mechanics, each pair

(Kf"’de’am, KJDE’“’“) on a given delamination size curve defines equal failure probabilities for cleavage fracture. A reference line

is shown which defines a unit toughness ratio defined by Kf"’de’“m = K]De"””. These results clearly show the influence of a trans-
verse delamination in increasing an effective K;-value at fracture. Significant observations from these plots include: (1) The
curves for each delamination size agree very well early in the loading history while the perturbation in the crack-front stres-
ses (due to the transverse delamination) is relatively weak associated with small fracture process zone sizes; (2) Once the
stress-free surface at the center plane (associated with the transverse delamination) relaxes the through-thickness con-
straint, the curves for the numerical models with delamination fail to increase at the same rate with further loading thereby
clearly showing the gradual nature of constraint loss with increased loading due to transverse splitting; (3) The Weibull
modulus does not have an appreciable effect on the resulting toughness ratios for the analyzed crack configurations; here,
the K]N"de"’m — K]D""”’" are only weakly sensitive to the adopted m-values and (4) Similar to the previous observations, the
effect of delamination on the resulting toughness ratios is more prominent for the numerical models having a small-to-
moderate delamination crack sizes (0.5 x 0.25 mm and 1 x 0.5 mm delaminations).



C. Ruggieri, R.H. Dodds Jr./ Engineering Fracture Mechanics 187 (2018) 381-403 399

Kyodelam (MPa v"“g)

Kgodelam (MPa VJ‘E)

100 ‘ ‘ 100 ‘ ‘
[ —— NoDelamination ] [ —— No Delamination i
80 O ---- €=05mm X h,=0.25mm _ — 80 O ---- (p=05mm X hy=0.25mm /,/’j
P ¢p=1mm X h,=05mm . Co-- ¢p=1mm X hy=05mm -
60 __ ——  {p=2mm X hp=1lmm 7] 60  —— {p=2mm X hy=1mm ]
: Nodelc Delc /“/' ' : : Nodelc Dl "‘/’ :
wp TR 1 wp BT ]
- 4 - / 4
20 - m=10 ] 20 - m =20 ]
oY) e R L. ] ok v v e
0 20 40 80 100 0 20 40 60 80 100
@ KDelam (MPa /m) (b) KDelam (MPa /m)

Fig. 11. Toughness ratios in terms of Kj-values for the plane-sided SE(B) specimen made of an NFA material tested by Alam et al. [103] with varying
transverse delamination crack sizes and different Weibull moduli: (a) m = 10; (b) m = 20.

In using these results to discuss the effects of transverse delamination cracking on the cleavage fracture behavior, it is
well to keep in mind the relatively simplified nature of these analyses. As already hinted, the adopted approach does not
consider the growth of the delamination crack with increased loading and, thus, does not include history effects on the
evolving crack front stress fields and crack front constraint. Further, the 3-D FE models for the SE(B) specimens, albeit highly
refined, consider only one transverse, central delamination crack. Alam et al. [103] observed the formation of several delam-
ination cracks (splits) extending over a large fraction of the remaining crack ligament as much as ~ 0.8—1.2 mm from the
crack tip and having delamination planes normal to both the extrusion and cross rolling directions. Finally, computation
of the evolution of o, with K; considers only the principal stress criterion. Since the delamination cracks occur when the
near-tip stresses acting along the through-thickness direction (Z) reach a critical value [101] thereby causing fracture of
the weak planes (most often by a transgranular cleavage mechanism) and creating a macroscopically transverse planar crack,
it should be expected that the fracture criterion entering into the Weibull stress computation should also reflect the potential
changes in the out-of-plane stresses after the formation of a transverse crack (see Kalyanam et al. [106]). Nevertheless, the
Weibull stress approach briefly described here shows promise as an engineering procedure for assessing the effects of
delamination cracking on fracture toughness for ferritic materials.

4.8. Extension to other brittle fracture problems

Most of the applications of the Weibull stress approach discussed briefly earlier (see also R&D [6], Pineau [3], Pineau et al.
[45] and references therein) have the common feature of involving homogeneous ferritic materials, typically represented by
pressure vessel steels. Despite additional potential difficulties, extensions of the methodology to address some classes of
problems related to brittle fracture may be expected to provide reasonable descriptions of fracture behavior based on the
Weibull stress concept. While we would hesitate to generalize such a broad statement, a case of considerable interest
involves the assessment of hydrogen embrittlement (HE) and hydrogen-induced cracking (HIC) in high strength steels.

HE and HIC represent a complex phenomenon of material degradation for which several mechanisms related to its kinetic
process are not well understood at the fundamental level. For structural ferritic steels, however, hydrogen-induced trans-
granular cleavage fracture is relatively well understood and often attributed to the formation of incipient cracks by the pre-
cipitation of molecular hydrogen that meet the Griffith condition of crack instability [108]. While there is still strong debate
over the hydrogen embrittlement mechanisms that control the cleavage and quasi-cleavage fracture due to hydrogen [109],
the underlying features and importance of HE and HIC in many engineering applications largely justify further extensions of
the Weibull stress approach to address the influence of hydrogen embrittlement in reducing fracture toughness of structural
steels. However, there are, at present, only few studies adopting LAF methodologies to evaluate the effects of HE and HIC
phenomena on fracture behavior of ferritic materials, including the works of Takagi et al. [110,111] and Ohata [112]. In par-
ticular, by adopting an alternative form of the Weibull stress incorporating the local stresses and the reduction in content of
cohesive energy diffusible hydrogen, Ohata et al. [112] were able to assess the susceptibility of hydrogen-induced fracture
for the specimens tested in their study. While these analyses and results seem consistent with the present level of develop-
ment of the Weibull stress framework, they remain rather untested as a robust and verified methodology to address HE and
HIC related fracture in structural steels. A similar approach based on the Weibull stress concept has also been adopted in
previous work of Malaplate et al. [113] to assess the effects of He on the degradation of fracture toughness for a 9Cr-1Mo
steel.
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5. Concluding remarks

One objective of this brief review is to summarize recent advances in the local approach to cleavage fracture modeling,
illustrated by selected examples of application to predict effects of specimen geometry on cleavage fracture toughness for
typical pressure vessel steels. In particular, it has been shown the effectiveness of a modified form of the Weibull stress
incorporating the influence of plastic strain on the number of eligible Griffith-like microcracks nucleated from brittle parti-
cles dispersed into the ferrite matrix on fracture assessments and toughness predictions for low constraint crack configura-
tions. Another objective of this work is to discuss some key features associated with the robustness of the Weibull stress
approach while, at the same time, considering some challenges for potential new extensions and applications. These new
research initiatives cover many fracture problems involving collective microfeatures that are intrinsically complex to capture
in a rather simplified model, ranging from loading rate effects, materials with macroscopic heterogeneities, delamination
effects of fracture and material degradation by hydrogen embrittlement (HE) and hydrogen-induced cracking (HIC).

Specifically for the conventional cases of multiscale predictions of fracture behavior in structural components with
diverse range of crack-tip constraint, inclusion of the effect of near-tip plastic strain on cleavage microcracking which
impacts directly the magnitude of the Weibull stress appear central to derive improved toughness scaling corrections
and, consequently, to obtain more accurate fracture toughness predictions. Adoption of a modified form of the Weibull stress
incorporating plastic strain effects does appear to bring fracture toughness predictions into better agreement with experi-
mental measurements. Nevertheless, we raise another line of argument that goes beyond the interpretation of plastic strain
as a computed quantity that simply represents implicitly a rather complex coupling of different microfeatures (mostly
unknown) such as microcrack blunting, microvoid formation and a more realistic Griffith fracture criterion at the microscale,
among others, and essentially serves to provide better fitting of the Weibull stress parameters in the present framework. The
influence of plastic strain is viewed as a key crack tip quantity (as much as the principal stresses) effectively driving the
microprocess of cleavage fracture and strongly linked to fracture mechanism. Such arguments thus motivate the interpreta-
tion of the plastic strains acting inside the fracture process zone ahead of crack tip as a proxy for more complex, interacting
deformations mechanisms over grain size length scales.

Powerful computational resources now available offer a route for large scale simulations of different structural compo-
nents having crack-like flaws allowing a relatively rapid and detailed description of their mechanical (global) response
and associated local stress-strain fields. However, to obtain meaningful predictions which are reasonably invariant to model
details, including crack and loading configuration, there are still restrictions imposed by our current understanding of the
methodology and its fundamental concepts. Moreover, the need to incorporate all the relevant mechanical and metallurgical
microfeatures into the model to obtain a more accurate description of the physical mechanism (thereby placing emphasis on
developing a more fundamental, scientific model) should be tempered by the need to develop a relatively simpler, but yet
highly effective, engineering model capable of dealing with complex situations with only modest effort. The authors hope
that the present article and the work described herein will encourage further developments in local approach to cleavage
fracture modeling.
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