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Abstract - This paper presents a summary of the descriptive (continuum) and predictive (microme-
chanics incorporating statistics) approaches to characterize constraint effects on cleavage fracture
toughness. Discussions emphasize features of the J-Q approach to extend descriptive fracture mechan-
ics using J-Q trajectories. The paper then addresses a local (micromechanics) approach for cleavage
fracture based on a probabilistic fracture parameter —the Weibull stress (¢,,). The presentation explores
development of a toughness scaling methodology based upon Weibull stress trajectories for different
crack configurations which enables assessment of constraint loss in conventional fracture specimens
and 3-D cracked solids.
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1. INTRODUCTION

Conventional fracture mechanics methodologies to assess unstable cracking behavior (cleav-
agefracture) of different cracked bodies (i.e., laboratory specimens and engineering structures)
rely on the similarity of their respective crack tip stress and deformation fields. Under well-con-
tained near-tip plasticity, a single parameter, such as the linear elastic stress intensity factor,
K, and the J-integral (or, equivalently, the crack tip opening displacement, CTOD or 9),
uniquely scales the elastic-plastic near-tip fields. To the extent that such one-parameter singu-
lar fields dominate over microstructuraly significant size scales (i.e., the fracture process zone
of a few CTODs ahead of a macroscopic crack), the parameters K and J (d) fully describe the
local conditions leading to unstable (cleavage) failure. However, fracture testing of ferritic
structural steelsin the ductile-to-brittle (DBT) transition region consistently reveals a signifi-
cant effect of specimen geometry and loading mode (bending vs. tension) in measured cleavage
toughness values (i.e., the critical parameters K, J, 0.). Moreover, well within the transition
region, strong statistical effects on fracture toughness arise due to variability of cleavage re-
sistance at microstructural level; such statistical effects cause large scatter on measured
toughness values. Figure 1 provides illustrative data for typical structural steels tested in the
DBT transition region (Toyoda et al., 1991; Wiesner et al., 1996). which display large amount
of scatter in J.-values. In particular, Fig. 1(a) clearly shows significant elevations in the mea-
sured values of cleavage fracture toughness for shallow crack SE(B) specimens. This apparent



increased toughness of structural steels in service conditions has enormous practical implica-
tions in defect assessment procedures, particularly repair decisions and life extension pro-
grams of in-service structures. Moreover, the large amount of scatter, coupled with specimen
geometry effects, greatly complicates the interpretation of toughness data to define meaning-
ful values for applications in fracture assessments of structures.
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Figure 1 (a) Experimental cleavage fracture toughness data (SE(B) test results) for a
quenched and tempered (QT) steel at —120°C (Toyoda et al., 1991). (b) Measured
toughness data for a structural BS 4360 steel (Wiesner et al., 1996) (deep notch
SE(B) specimens with varying thickness and a/W=0.5).

The marked differences of J.-values for shallow crack and deep crack specimen geometries
exhibited by the plots shown in Fig. 1(a) underly the loss of one-to-one correspondence between
J and the elastic-plastic crack-tip fields. This loss of uniqueness, most often termed as loss of
constraint, produces the increase of toughness valuesin shallow crack bend specimens and ten-
sion loaded geometries. The issue of constraint loss for a finite cracked body is conveniently
addressed by considering a reference constraint level associated with a reference crack-tip
field. Differences in levels of stress triaxiality ahead of the crack front under increased remote
loading (as measured by J) for a reference field and for the near-tip fields of the finite cracked
body quantifies the “relative” constraint for the finite body. While there is no unique choice for
the reference field, it proves convenient to adopt the high triaxiality small scale yielding (SSY)
fields as the reference solution. The SSY fields are easily constructed from the modified bound-
ary layer (MBL) formulation (Larsson and Carlsson, 1973) to a single-ended crack in an infinite
body. Computational procedures to obtain the necessary fields generally employ finite element
analyses incorporating general material response under small geometry changes (SGC) or
large geometry changes (LCG) - see details of the numerical implementation in Trovato and
Ruggieri (1999). Within this framework, the differences in the actual finite-body field and the
reference SSY field quantify the extent of large scale yielding (LSY) that develops as deforma-
tion progresses. At increasing loads in the finite body, the initially strong SSY fields gradually
diminish as crack-tip plastic zones increasingly merge with the global bending plasticity on the
nearby traction free boundaries. The phenomenon of constraint loss requires larger J-values
in the finite body to generate a highly stressed region ahead of crack tip sufficient to trigger
cleavage. Consequently, once SSY conditions no longer apply, the near-tip stresses (and



strains) that develop ahead of a macroscopic crack cannot be described uniquely by J (or, equiv-
alently, by K or CTOD).

The above arguments that a single parameter might not suffice to characterize the near-tip
behavior of cracked geometries under LSY conditions motivated the development of two-pa-
rameter fracture theories. Under fixed loading, such methodologies assume a separable form
for the actual cracked-body fields in a high triaxiality fields (such as the SSY field) and a
constant field which quantifies the level of crack tip stress triaxiality. These research efforts
proceed along essentially two lines: (1) the J-T methodology building upon the elastic T-stress
(see review by Parks (1992)), and (2) the J-@ methodology developed by O’'Dowd and Shih
(1991, 1992) building upon the hydrostatic parameter . Both frameworks characterize fami-
lies of self-similar fields which describe crack tip fracture states in the full range of high and
low triaxiality: in each one, J sets the size scale over which large stresses and strain develop
while the second parameter (T or @) scales the near-tip distribution relative to the reference
stress state.

While theJ-T and J-Q approaches are equivalent under well-contained near-tip plastic de-
formation, the elastic T-stress become undefined under fully-yielded conditions as the elastic
near-tip fields upon which T'is derived no longer apply. In contrast, the @-parameter continues
to characterize the evolution of near-tip stress triaxiality over a wider range of crack-tip plas-
ticity associated with a wide variety of crack configurations under general loading conditions.
A concept of toughness locus for a specific material and temperature then emerges in connec-
tion with a J-@ driving force trajectory for each crack geometry; the toughness locus for the
material is constructed upon determining the @-value at fracture which corresponds to each
measured J.-value (O’Dowd and Shih, 1992; Dodds et al., 1993). However, the large number
of fracture specimens and temperatures needed to construct the J-@ toughness locus greatly
complicates the direct implementation of this approach to fracture assessments as does the ap-
plication of the method (which derives from a 2-D framework) to fully 3-D crack geometries.
Moreover, such models do not address the strong statistical effects on cleavage fracture in the
DBT region neither do they provide a means to predict the effects of constraint and prior ductile
tearing on toughness.

The above limitations of continuum (descriptive) fracture mechanics approaches to charac-
terize the fracture behavior of fully yielded crack geometries motivated the development of mi-
cromechanics models based upon a probabilistic interpretation of the fracture process (most
often referred to as local approaches). Attention has been primarily focused on probabilistic
models incorporating weakest link statistics to describe material failure caused by stress-con-
trolled transgranular cleavage. By coupling macroscopic measures of fracture toughness (J,
CTOD) with micromechanics models for material failure ahead of the crack tip, researchers
endeavour to predict, rather than correlate, constraint effects on fracture toughness. The semi-
nal work of Beremin (1983) provides the basis for establishing a relationship between the mi-
croregime of fracture and macroscopic crack driving forces (such as the J/-integral) by introduc-
ing the Weibull stress (0,) as a probabilistic fracture parameter. Retaining contact with
conventional approaches, this fracture parameter conveniently characterizes macroscopic
fracture behavior for a wide range of loading conditions and crack configurations. A key feature
of the Beremin approach is that o,, follows a two-parameter Weibull distribution (Mann et al.,
1974) in terms of the Weibull modulus, m, and the scale parameter, g,. Further idealization
postulates that parameter m represents a material property in this model (Mudry, 1987) which
provides a means to correlate fracture toughness for varying crack configurations under differ-
ent loading/temperature conditions. When implemented in a finite element code, the Beremin
model predicts the evolution of the Weibull stress with applied load to define conditionsleading
to (local) material failure. More recent efforts in this area have focused on developing transfer-
ability models for cleavage fracture toughness based upon the Beremin’s Weibull stress. Mina-
mi et al. (1992), Ruggieri et al. (1995), assess effects of specimen thickness and crack length
on elastic-plastic fracture toughness (J., J.). Further studies by Ruggieri and Dodds (R&D)
(1996, 1997, 1998) generalize the Weibull stress for stationary and growing cracks to include
the effects of loss of constraint and ductile tearing on macroscopic fracture toughness.



The objectives of this paper focus on a summary of the descriptive (continuum) and predic-
tive (micromechanics incorporating statistics) approachesto characterize constraint effects on
cleavage fracture toughness. Discussions emphasize features of the J-Q approach to extend
descriptive fracture mechanics usingJ-Q trajectories. The paper then addresses a local (micro-
mechanics) approach for cleavage fracture based on the Weibull stress. The presentation ex-
plores development of a toughness scaling methodology based upon the Weibull stress trajecto-
ries for different crack configurations which enables assessment of constraint loss in
conventional fracture specimens.

2. TWO-PARAMETER CHARACTERIZATION: THE J-Q METHODOLOGY

2.1 J-Q Theory

The characteristic feature emerging from a multi-parameter description of the (stationary)
elastic-plastic crack tip fields in homogeneous materials is the use of a scalar parameter to
quantify the magnitude of these fields. Here, the J-integral sets the size scale over which high
stresses develop while the second parameter (the elastic T-stress or the hydrostatic @-parame-
ter) quantifies the level of stress triaxiality at distances of a few CTODS ahead of the crack tip.
In particular, the J-@ description of mode I, plane strain crack tip fields derives from consider-
ation of a modified boundary layer (MBL) formulation [3] in which the remote tractions are
given by the first two-terms of Williams’ linear elastic solution (Williams, 1957)

K
0; = /2:; f;;0) + T6,0,; . (1)
Here r and 6 are polar coordinates centered at the crack tip with 6 =0 corresponding to a line
ahead of the crack and K;= ,/EJ/(1 — v?), E is Young’s modulus, v is Poisson’s ratio and f are
dimensionless functions of 0. Crack tip fields differing in stress triaxiality are generated by va-
rying the non-singular stress, T, parallel to the crack plane (which does not affect the value of
J). From dimensional considerations, these fields can be represented by a family of self-similar
fields parameterized by the load parameter T'/o, which provides a convenient measure of near-
tip stress triaxiality such as, for example, when assessing effects of specimen geometry on
crack tip constraint. However, the general applicability of T'under fully yielded conditions be-
come elusive since the elastic solution given by (1), upon which the T-stress is defined, is an
asymptotic solution which is increasingly violated as plastic flow progresses beyond well-con-

tained near-tip yielding.

The above limitations motivated O’ Dowd and Shih (OS) (1991, 1992) to propose an approxi-
mate two-parameter description for the elastic-plastic crack tip fields based upon a triaxiality
parameter more applicable under LSY conditions for materials with elastic-plastic response
described by a power hardeninglaw given by €/e, « (0/0,)". Here, n denotes the strain harden-
ing exponent, 0, and €, are the reference (yield) stress and strain, respectively. Guided by de-
tailed numerical analyses employing the MBL model OS identified a family of self-similar
fields in the form

OOfLJ(J/ 9 Q/OO) ’ (2)

where the dimensionless second parameter @ defines the amount by which o;;in fracture speci-
mens differ from the reference SSY solution with 7'=0.

Limiting attention to the forward sector ahead of the crack tip between the SSY,_, and
the fracture specimen fields, OS showed that Qo corresponds effectively to a spatially uniform
hydrostatic stress, i.e., the difference field relative to a high triaxiality reference stress state

(oy)SSYT ot Qooéhéy ;0] <Z J/o0 <r<5dJ/o, . 3)

Operationally, Q is defined by



Q=2 (Ggi)SSY;T=0, at6 = 0, r = 2J/o, (4)
where finite element analyses containing sufficient mesh refinement to resolve the fields at
thislength scale provide the finite body stresses. Here, we note that @ is evaluated at r=2J /o,
for definiteness; however, OS also showed that @ is virtually independent of distance in the
range J/o, < r < 5J/o,.

Construction of a J-@Q trajectory follows by the evaluation of Eq. (4) at each stage in loading
of the finite body. Again, this procedure imposes no restrictions on models to describe material
flow properties or incremental vs. deformation plasticity. Large geometry changes (LGC) may
be included although values of @ derived from small geometry change (SGC) analyses prove
satisfactory in applications which make use of stresses sufficiently outside the near tip blunt-
ing region. To incorporate loading rate (i.e., strain rate) effects on material response in the
boundary layer model, the K; (T'=0) displacement field is imposed over prescribed time incre-
ments.

Figures 2(a) and 2(b) show the J-@ trajectories generated under increased loading at loca-
tions over the crack front for plane-sided, deep and shallow notch SE(B) specimens having
W/B=1 and n =10 (Nevalainen and Dodds, 1995). Here, W denotes the specimen width and
B is the specimen thickness. @ is defined by Eq. (4) at the normalized distance ahead of the
crack front given by r/(J/o,) = 2. For the deep notch in Fig. 2 (a), @-values are positive at low
loads (corresponding to the positive elastic T-stress for this geometry) except near the outside
surface (z/(B/2)=0.6). Over the center portion of the specimen thickness, SSY conditions
(Q =0) exist strictly for deformation levels b > 140 ,,5/0,, where b denotes the remaining liga-
ment length and J,, is the average J-value over the crack front; at larger deformations @
takes on negative values. The plane-strain result for this configuration shownin Fig. 2 (a) indi-
cates constraint loss at lower-levels of deformation, b >170J,,/0,. The difference between
plane-strain and 3-D (centerplane) trajectories increases with continued loading. In contrast,
Q-values for the a/W=0.1 configuration reveal an immediate loss of constraint upon loading
n Fig. 2 (b). The plane-strain result agrees reasonably well with the 3-D analysis over this por-
tion of the crack front. The global bending field impinges less strongly on the crack-tip fields
in the shallow notch geometry. However, no practical size /deformation limit exists to maintain
SSY conditionsin this specimen; constraint loss occurs upon initial loading (the T-stressis neg-
ative for this a/W ratio).

2.2 Fracture Toughness Locus Using J-Q Trajectories

Testing of fracture specimens enables construction of J-Q toughness loci to characterize cleav-
age fracture toughness over a range of crack tip stress triaxiality at a fixed temperature in the
DBT range (Dodds et al., 1993). Experimentally measured /-values at cleavage fracture are
plotted on the trajectories computed by finite element analyses for the specimens, such asthose
shown in Fig. 3(a). The @-value at fracture is thus not measured; rather it is inferred by the
J controlled location on the appropriate J-@ trajectory. The usual scatter in results observed
for multiple tests of the same specimen configuration defines points that lie along the loading
trajectory for that specimen. By connecting, separately, the upper-most fracture value on all
loading trajectories tested and then the lower-most fracture values, measured envelopes of
toughness may be constructed. Utilization of the toughness locus in fracture assessments is
illustrated in Fig. 3(b). The driving force curve for a highly constrained geometry (structure
A) risesrapidly in the J-Q space. Consequently, cleavage fracture occurs when it intersects the
failure locus for cleavage. In contrast, a low constraint geometry (structure B) induces a gradu-
ally rising driving force so that ductile tearing is the likely event at overload.

The success in correlating fracture conditions across different crack geometries/loading
modes of the same material depends on how well the experimental toughness locus represents
the actual fracture process in J-@ space (see Fig. 3). The experimental determination of a
toughnesslocus can become very costly, requiring considerable material and testing time, espe-
cially if toughness data are needed for varying test temperatures. Additional complications re-
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Figure 2 J-Q trajectories for plane-sided, SE(B) specimens with W/B =1 at different
crack front locations, 2(B/2) (z is the thickness coordinate). The strain harden-
ing exponent in all analyses is n =10 (Nevalainen and Dodds, 1995).

lated to the inherent scatter of measured values of fracture toughness also introduce difficul-
tiesin the correlative methodology. Furthermore, extension of this correlative approach within
a 3-D framework still remains a open issue; each of these characterizing parameters derive
from a two-dimensional viewpoint, i.e.,d, @, vary pointwise along a crack front. Extensions and
applications within a fully 3-D framework to treat these crack front variations remain elusive,
as does their integration into a systematic treatment of strong statistical effects on cleavage
toughness in the DBT region.

3. PROBABILISTIC MODELING OF CLEAVAGE FRACTURE

3.1 Probabilistic Fracture Parameter: The Weibull Stress

There has recently been a surge of interest in analyzing and predicting material failure caused
by transgranular cleavage based upon a probabilistic interpretation of the fracture process. A
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Figure 3 Application oftheJ-Q methodology in fracture assessments (Dodds et al., 1993).

primary impetus for bringing probabilistic fracture mechanics concepts into play is the in-
herent random nature of fracture due to inhomogeneity in the local characteristics of the mate-
rial. The random character of fracture drives the development of probabilistic models employ-
ing weakest link arguments to describe the failure event. Such methodologies are collectively
termed local approaches and couple the micromechanical features of the fracture process with
the inhomogeneous distribution of the near-tip stress fields for multiaxially stressed, 3-D
cracked bodies.

Limiting attention to the specific micromechanism of transgranular cleavage, Beremin
(1983) has provided the basis for establishing a relationship between the microregime of frac-
ture and macroscopic crack driving forces (such as the J-integral) by introducing the Weibull
stress (0,,) as a probabilistic fracture parameter. In Beremin’s model, the probability distribu-
tion for the fracture stress of a cracked solid is a monotonically increasing function of loading
(represented by the J-integral) given by the two-parameter Weibull distribution (Ruggieri and
Dodds, 1996)

Fo,) =1- exp[ - VL[ (g—l) dQ] =1- expl— (oo_w)m] , (5)
0 )\ ¢

where 2 denotes the volume of the (near-tip) fracture process zone (FPZ), V,, is a reference vol-
ume and o, is the maximum principal stress acting on material points inside the FPZ addition-
al details are found in related work by Ruggieri et al. (1996, 1997, 1999a, 1999b, 1999¢). Rug-
gieri and Dodds (1996) define the FPZ as the loci 0, = Ao, with A=2. Alternative definitions
for the FPZ include the plastic region ahead of the macroscopic crack (Beremin, 1983; Mudry,
1987), 0.= o, where o, denotes the equivalent Mises stress. Parameters m and o, appearing
in Eq. (5) denote the Weibull modulus and the scale parameter of the Weibull distribution. Fol-
lowing Beremin (1983), the Weibull stress is defined as the stress integral

1/m
|1 m
Ow = [Vo Igol dQ] : (6)

In the context of probabilistic fracture mechanics, the Weibull stress, 0,,, emerges as anear-
tip fracture parameter to describe the coupling of remote loading (as measured by </ or, equiva-
lently, K and CTOD) with a micromechanics model which incorporates the statistics of micro-
cracks (weakest link philosophy). A key feature of this methodology is that o, 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.

3.2 Toughness Scaling Methodology Using Weibull Stress Trajectories

Ruggieri and Dodds (1996) proposed a toughness scaling model to assess the combined effects
of constraint variations on cleavage fracture toughness data. A central feature of this method-
ology lies on the interpretation of 0,, as the crack tip driving force coupled with the simple ax-
iom that cleavage fracture occurs when the Weibull stress reaches a critical value, o, .. For
the same material at a fixed temperature, the scaling model requires the attainment of a speci-
fied value for the Weibull stress to trigger cleavage fracture in different specimens even though
J-values may differ widely. In the probabilistic context adopted here, attainment of equivalent
values of Weibull stress in different cracked configurations implies the same probability for
triggering cleavage fracture.

Figure 4(a) illustrates the procedure to assess the effects of constraint loss on toughness
values for different cracked configurations. The procedure employs</ as the measure of macro-
scopic loading, but remains valid for other measures of remote loading, such as K ; or CTOD.
Very detailed, nonlinear 3-D finite element analyses provide the functional relationship be-
tween the Weibull stress (0,) and applied loading (/) for a specified value of the Weibull
modulus, m. The procedure illustrated in Fig. 4 aims to predict the (distribution of) fracture
toughness values for configurations exhibiting low levels of crack-tip stress triaxiality, such as
shallow notch SE(B) specimens (configuration B), from the measured toughness values ob-
tained using high constraint, deep notch specimens, SE(B) or C(T) specimens (configuration
A). Given the J 4-value for the high constraint fracture specimen, the lines shown on Fig. 4(a)
readily illustrate the technique used to determine the corresponding J z-value. Toughness val-
ues are often normalized by bo to provide a set of curves applicable for geometrically scaled
specimens, i.e., all SE(B)s with a/W=0.5, W=B, S=4W.

3.3 LSY — SSY Constraint Corrections for Standard SE(B) Specimens

To illustrate an application of the Weibull stress based scaling model, Fig. 4(b) provides the
constraint corrections (LSY — SSY) for a 1(T) SE(B) specimen with the material’s elastic-plas-
tic response described by a power hardening law given by €/e, x (0/0,)" [see Ruggieri et al.
(1999a, 1999b, 1999¢)] for additional details) and for varying Weibull moduli, m. Here, the
strain hardeningexponentisn =10 and E/o,= 500 where E is Young’s modulus and o, denotes
areference (yield) stress; these values represent typical material response for pressure vessel
steels. The LSY — SSY constraint corrections shown in the plots utilize the same methodology
outlined in Fig. 4(a), but with curves of 0, vs. J for the fracture specimen (configuration B) and
for a plane-strain, SSY reference solution (T'/o,=0) (configuration A) with the same thickness
of the fracture specimen. Such curves are constructed for a fixed, representative value of the
Weibull modulus, m, for the prescribed set of mechanical flow properties (the normalizing vol-
ume for the Weibull stress, V), is conveniently assigned the value of 1 mm?). The present com-
putations consider values of m =10, 15, 20, 25 and 30 to assess the sensitivity of constraint
corrections on the specified Weibull modulus. These m-values are consistent with previously
reported values for structural steels.

Each curve displayed on Fig. 4(b) provides pairs of J-values, J; ¢y in the SE(B) specimen
and J yin SSY, that produce the same o,,. Reference lines are shown which define a constant
ratio of “constraint loss”, e.g., J 4 =1.2 X J; which implies that the SE(B) average J must be
20% larger than the SSY value to generate the same Weibull stress. For each value of the Wei-
bull modulus, the SE(B) and SSY curves agree very well early in the loading history while the
SE(B) specimen maintains near SSY conditions across the crack front (recall that computation
of 0, in the SE(B) specimens considers the entire crack front). Once near-front stresses deviate
from the (plane-strain) SSY levels, the o,, curves for the SE(B) specimens fail to increase at the
same rate with further loading. These results illustrate clearly the gradual nature of
constraint loss in the deep-notch SE(B) specimens, especially for moderate to low hardening
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Figure 4 (a) Toughness scaling model used to constraint correct toughness val-
ues for different crack configurations; (b) sy — Jssy correction for
plane-sided 1(T) SE(B) specimens with n=10.

materials. The Weibull modulus does have an appreciable effect on predictions of constraint
loss; increasing m values indicate a higher load level at the onset of constraint loss and a re-
duced rate of constraint loss under further loading. The larger m values, in effect, assign a
greater weight factor to stresses at locations very near the crack front. The bending field, which
impinges on the crack front, affects the smaller m curves more readily.

4. CONCLUDING REMARKS

The arguments presented in this brief paper, derived by extensive experimental observations,
that conventional fracture mechanics approaches do not suffice to characterize the fracture be-
havior of fully yielded cracked solids provide compelling support to develop more realistic meth-
odologies for fracture assessments. Our presentation explored the development of two recent
of such methodologies. The descriptive approach employing multiparameter characterization
of crack-tip fields relies on the J-Q theory. The micromechanics approach builds upon a proba-
bilisticinterpretation of the fracture processto yield a probabilistic fracture parameter termed



Weibull stress (0,,). Unlike parameters derived from a descriptive methodology, such as the hy-
drostatic @ parameter, the Weibull stress provides a strong link between the microregime of
fracture (by coupling a local failure criterion with the stresses that develop ahead of the macro-
scopiccrack) and macroscopic (remote) loading (/). Recent on-going work has demonstrated the
potential capability of the Weibull stress approach over the J-@ methodology to effectively pre-
dict constraint and ductile tearing effects in fracture specimens. Research efforts are in prog-
ress to refine the model and to establish a realistic, robust local approach for cleavage fracture.
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