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ABSTRACT

Cleavage fracture toughness can be influenced by specimen dimensions. Crack tip constraint can
relax in small specimens, resulting in higher apparent toughness. Moreover, there is a statistical
sampling effect, where thicker specimens tend to have lower toughness than thin specimens due
to an increased sample volume.

In deeply notched bend and compact specimens, theoretical modeling, finite element
analysis, and experimental data indicate that the results will not be significantly influenced by
crack tip constraint as long as the following specimen size requirements are met:

a/W> 0.5 bZMJL and Bb =21

Oy

where a is the crack length, W is the specimen width, B is the specimen thickness, b is the

uncracked ligament length, J, is the critical J value, Oy is the effective yield strength, and M is a
dimensionless constant. These size requirements are conservative if M is set equal to 100; M =
50 appears to be adequate for many materials, but the authors recommend the stricter
requirement until further validation is performed. When specimens meet the above requirements,
fracture toughness should not be influenced by size, provided statistical thickness effects are
taken into account. '
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1.0 INTRODUCTION

Classical fracture mechanics theory assumes that a single parameter, such as the stress intensity

factor (K), the J-integral, or the crack tip opening displacement (CTOD), completely defines the

crack tip stresses and strains. When this assumption is valid, a critical value of K, Jor CTOD is a
unique measure of a material's fracture toughness, which can be transferred to structural
applications, much like small-scale tensile test data can be used to predict yielding in large and
complex structures. However, the single-parameter crack tip description breaks down when
extensive plasticity precedes fracture and the crack tip constraint relaxes. In such cases,
measured fracture toughness values are a function of the size and geometry of the test specimen.

Fracture toughness testing standards, such as those published by the American Society for
Testing and Materials (ASTM), often include specimen size requirements that are designed to
ensure that the measured toughness is a material property, as opposed to a quantity that varies
with specimen size. These size criteria vary in severity depending on the fracture parameter and
material behavior. For example, size requirements for valid J tests are less stringent that K-based
size criteria because K is valid only for linear elastic behavior, while the J-integral accounts for
nonlinear material deformation. Appropriate size requirements can also depend on the
micromechanism of fracture; cleavage fracture toughness is more sensitive to specimen size than
ductile initiation toughness because cleavage is stress controlled, while ductile hole growth is
predominately strain controlled.

In 1991, the authors [1] recommended specimen size criteria for deeply notched bend and
compact specimens that fail by cleavage. This earlier study was based on 2-dimensional plane
strain finite element analyses. We have recently completed a series of 3-D elastic-plastic finite
element analyses on common test specimens [2]. These new results indicate that the earlier
recommendations on specimen size were overly conservative. Moreover, experimental data that
have become available since 1991 confirm that the recommendations in Ref. [1] are
unnecessarily restrictive.

This report revisits the issue of size effects on cleavage fracture toughness in light of new
data and analyses. In the present work, we consider only deeply notched single edge notched
bend (SENB) specimens and compact (CT) specimens that fail by cleavage without significant
prior stable crack growth.

2.0 THEORETICAL BACKGROUND

The present authors have developed a methodology for quantifying the effect of specimen size
and geometry on cleavage fracture toughness [1-5]. This approach involves very detailed elastic-
plastic finite element analysis which resolves crack tip stress fields, combined with a local failure
criterion. The Anderson-Dodds model, which is summarized below, can predict the toughness of
a particular specimen or structural geometry, given the toughness of a reference configuration.
This methodology also quantifies the deviation from the single-parameter assumption, and thus
can be used to infer specimen size requirements.

2.1 Cleavage Fracture Criterion

In order to quantify size and geometry effects on fracture toughness, one must assume a local
failure criterion. In the case of cleavage fracture, a number of micromechanical models have
been proposed [6-11], most based on weakest-link statistics. The weakest-link models assume
that cleavage failure is controlled by the largest or most favorably oriented fracture-triggering
particle. The actual trigger event involves a local Griffith instability of a microcrack which
forms from a microstructural feature such as a carbide or inclusion; the Griffith energy balance is




satisfied when a critical stress is reached in the vicinity of the microcrack. The size and location
of the critical microstructural feature dictate the fracture toughness; thus cleavage toughness is

subject to considerable scatter.

The Griffith instability criterion implies fracture at a critical normal stress near the tip of
the crack; the statistical sampling nature of cleavage initiation (i.e., the probability of finding a
critical microstructural feature near the crack tip) suggests that the volume of the process zone is
also important. Thus the probability of cleavage fracture in a cracked specimen can be

expressed in the following general form:
F = F[V(o1)] o)

where F is the failure probability, ] is the maximum principle stress at a point, and V(0}) is the

cumulative volume sampled where the principal stress is 2 61. Equation (1) is sufficiently
general to apply to any fracture process controlled by maximum principal stress, not just weakest
link failure. For a specimen subjected to plane strain conditions, V = BA, where B is the speci-

men thickness and A is cumulative area on the x-y planel.

2.2 The J, Parameter

For small scale yielding, dimensional analysis shows that the principal stress ahead of the crack
tip can be written as

ﬁ:f(.i,e] 2

O, O,r

where 0, is a reference stress (usually the yield strength), r is the radial distance from the crack

plane, and 6 is the angle from the crack plane. Equation (2) implies that the crack tip stress fields
depend only on J. It can be shown that the Hutchinson-Rice-Rosengren (HRR) singularity
[12,13] is a special case of Eq. (2). When J dominance is lost, there is a relaxation in triaxiality;

the principal stress at a fixed r and 0 is less than the small scale yielding value.

Equation (2) can be inverted to solve for the radius corresponding to a given stress and
angle:

J
r(O’l / 0'0,0) = ;—g(O'l /0'0,0) (3)

o
Solving for the area inside a specific principal stress contour gives

2

Ao/ 0,)= ; h(oy ! a,) @
2
o

where

1The standard fracture mechanics convention is used here, where x is the direction of crack propagation, and the y
axis is normal to the crack plane.




T
h(oy / ao)=% [g%(01/ 0,,6)d6 6)
-n

Thus for a given stress, the area scales with J2 in the case of small scale yielding. Under large
scale yielding conditions, the test specimen or structure experiences a loss in constraint, and the
area inside a given principal stress contour (at a given J value) is less than predicted from small
scale yielding:

2

A(o1/0,)= ¢—‘L—h(al /0,) ©
0'02

where ¢ is a constraint factor that is < 1. Let us define an effective J in large scale yielding that

relates the area inside the principal stress contour to the small scale yielding case:

2
Ao,/ 0,)= ((J’oz ko, ! 0,) %)

(/]

where J,, is the effective small scale yielding J; i.e., the value of J that would result in the area

A(0)/0,) if the structure were large relative to the plastic zone. Therefore, the ratio of the
applied J to the effective J is given by

J_ |1 ®)

Jo ¢

The small scale yielding J value (J,) can be viewed as the effective driving force for cleavage,
while J is the apparent driving force.

Figure 1 illustrates a somewhat simpler method, based on ligament stress, for estimating J,.

The ligament stress method was applied in Ref. 2. The stress normal to the crack plane, Oy, is
plotted against normalized distance. In small-scale yielding, the resulting curve is invariant
because the absolute distance is scaled by J. When constraint relaxes, however, the normalized
stress versus distance curve falls below the small-scale yielding result. The curves can be made
to coincide (at least at a point) by multiplying the horizontal coordinate of the large-scale
yielding curve by a constant. This constant is taken as the J/J, ratio.

The J/J , ratio quantifies the size dependence of cleavage fracture toughness. Consider, for
example, a finite size test specimen that fails at J. = 200 kPa m. If the J/J, ratio were 2.0 in this
case, a very large specimen made from the same material would fail at J. = 100 kPa m. An
equivalent toughness ratio in terms of crack tip opening displacement (CTOD) can also be
defined.

One of the key assumptions of this model is that J, does not depend on the principal stress,

G1, in the case of the area method or the choice of normalized distance in the ligament stress
method. This assumption, which is reasonable for most geometries up to high deformation
levels, implies that the principal stress contours are self-similar in shape with respect to both
deformation level and distance from the crack tip. In such cases, the contours for a given
geometry can be scaled to the small-scale yielding reference solution to produce a unique J,, for




that particular case. If the principal stress contours scale, the ligament stress method produces a
unique J, which is very close to the value obtained by the area method. When the contours cease
to be self-similar, the computed J, value depends on the choice of principal stress contour or
normalized distance in the area and ligament stress method, respectively.

The break-down of self-similarity in the principal stresses is most pronounced in deeply
notched bend and compact geometries. When the ligament is fully yielded in such specimens, the
crack tip stresses are dominated by the global bending field, which is nearly linear.

The authors are currently investigating a generalized scaling model that can be applied to
cases where the principal stress contours do not scale. One difficulty with the more general
model is that it contains parameters that are material dependent.

2.3 Three-Dimensional Effects

The constraint model described above considers only stressed areas in front of the crack tip. This
model is incomplete, because it is the volume of material sampled ahead of the crack tip that
controls cleavage fracture. The stressed volume obviously scales with specimen thickness (or
crack front length in the more general case). Moreover, the stressed volume is a function of the
constraint parallel to the crack front; higher constraint results in a larger volume, as is the case

for in-plane constraint.

One way to treat three-dimensional constraint effects is to define an effective thickness
based on an equivalent two-dimensional case. Consider a three-dimensional specimen that is
loaded to a given J value. If we choose a principal stress value and construct contours at two-
dimensional slices on the x-y plane, the area inside of these contours will vary along the crack
front, as Fig. 2 illustrates. The volume can be obtained by summing the areas in these two-
dimensional contours. This volume can then be related to an equivalent 2-D specimen loaded to

the same J value:

B/2
V=2 [A(0),2)dz = B,gA(0y) )
0

where A is the area inside the 07 contour on the center plane of the 3-D specimen and Befr is the
effective thickness.

The effective thickness influences the cleavage driving force through a sample volume
effect: longer crack fronts have a higher probability of cleavage fracture because more volume is
sampled along the crack front. This effect can be characterized by a three-parameter Weibull

distribution:

4

Fel-exp __e(_fgc;&u_-g) 10)
B, Og - Kpin

Where B is the thickness (or crack front length), B, is a reference thickness, K,;, is the threshold

toughness, and ©x is the 63rd percentile toughness when B= B,,.

Consider two samples with effective crack front lengths B; and B>. If a value of Kjc(y) is
measured for Specimen 1, the expected toughness for Specimen 2 can be inferred from Eq. (10)
by equating failure probabilities:




B )"
Kjc) = (-B;J (Kyc1y — Kmin) *+ Kmin (11)

Equation (11) is a statistical thickness adjustment that can be used to relate two sets of data with
different thicknesses.

3.0 FINITE ELEMENT RESULTS

Three-dimensional finite element analyses have recently been performed on both compact and
three-point bend specimens. In the case of the single edge notched bend (SENB) specimens,
width/thickness (W/B) ratios of 1, 2, and 4 were analyzed. Both deep and shallow notched SENB
specimens were analyzed, but only the former (a/W = 0.5) is considered in the present report. In
the case of the compact specimen, the standard B x 2B geometry with a/W = 0.6 was analyzed.
Reference [2] describes the analysis methodology and results in detail. The key results are
summarized below. Although Reference [2] considers the effect of strain hardening, only results
for a Ramberg-Osgood exponent (n) of 10 are reported here. This hardening exponent is
appropriate for typical reactor pressure vessel steels.

Figure 3 is a nondimensional plot of J, at the midplane versus the average J through the
thickness2 of SENB specimens with various W/B ratios. The plane strain result from earlier work
is shown for comparison. Note that for W/B = 1 and 2, J,, at the midplane lies well above the
plane strain curve. For W/B = 4, J, at the midplane follows the plane strain curve initially, but
falls below the plane strain results at high deformation levels. The three-dimensional nature of
the plastic deformation apparently results in a high level of constraint at the midplane when the
uncracked ligament length is < the specimen thickness.

Figure 4 is a plot of effective thickness, B, as a function of deformation. The trends in
this plot are consistent with Fig. 3; namely, that the constraint increases with decreasing W/B.
Note that all three curves reach a plateau. Recall that Beg is defined in such a way as to be a
measure of the through-thickness relaxation of constraint, relative to the in-plane constraint at the
midplane. At low deformation levels there is negligible relation at the midplane and J = J,,, but
through-thickness constraint relation occurs, resulting in a falling Be/B ratio. At high
deformation levels, the B /B ratio is essentially constant, indicating that the constraint relaxation
is proportional in three dimensions.

Section 2.2 introduced the J, parameter and discussed the assumption that principal stress
contours are self similar. When this self-similarity breaks down, it is no longer possible to define
a unique J,. Figure 5, which is a plot of J,, versus J for various principal stress values, indicates
that the scaling assumption is not valid for SENB specimens at high deformation levels. The
compact specimen exhibits similar variability in computed J,, values. Consequently, the present
scaling model is not applicable to deeply notched bend and compact specimens at high

deformation levels3.

Figure 6 compares computed J, values for SENB and compact specimens. The compact
specimen appears to be more highly constrained (at the mid-plane) than the three-point bend
geometry. The relative relaxation of constraint in the thickness direction is similar for the two
specimen types, as Fig. 7 indicates.

2In this report, the deformation level is characterized by the average J rather than a local J (e.g. at the midplane)
because the former corresponds closely to experimental estimates of J inferred from load-displacement curves.
3The scaling model appears to be more reasonable for high hardening materials, as discussed in Ref. [2].




Although the scaling model in its present form is unable to provide an unambiguous
prediction of the elevation of toughness (i.e., a unique J/J,) due to constraint loss in deeply
notched bend and compact specimens, the model in conjunction with the 3-D finite element
results may provide some insight with respect to appropriate specimen size requirements for size-
independent fracture toughness. In existing ASTM standards, size requirement for J-controlled
fracture are typically written in the following form:

Bb> M. (12)
GY

where b is the uncracked ligament length, M is a dimensionless constant, and oy is the effective
yield strength, defined as the average of yield and tensile strengths. .

In earlier work, the authors [1] recommended M = 200. This recommendation was based on
2-D plane strain finite element results. However, 3-D results in Fig. 3 indicates the plane strain
analyses underestimate the midplane constraint of a fracture toughness specimen. Consequently,
M =200 appears to be too restrictive.

Figure 8 is a re-plot of the curves in Fig. 6, but with both axes normalized by oy rather than

004 Based on J, estimates from the area method with 6)/0,, = 3.0, M = 100 appears to be
appropriate to ensure J-controlled fracture. The ligament stress method, however, predicts that
the J versus J, curves fall significantly below the 1:1 line for M values in the range of 50 to 75.

In the next section, we investigate alternative size criteria (M = 100 and M = 50) with
experimental cleavage fracture toughness data.

4.0 VALIDATION WITH EXPERIMENTAL DATA

McCabe [14] recently published fracture toughness data for various sized specimens fabricated
from A533 Grade B steel. This data set consisted of 1/2 T, 1T, 2T, and 4T compact specimens.
Figure 9 (top portion) shows the measured fracture toughness values at -75°C. These data, as
well as all subsequent data discussed in this report, are plotted in terms of Kjc, a K-equivalent of
critical J values, defined as

J.E
K, = < 13

The data plotted in the top portion of Fig. 9 exhibit an apparent size effect. Although the
scatter bands overlap, the average toughness tends to decrease with increasing specimen size.
However, when all of the data are adjusted to a fixed B 5 through Eq. (11), the size dependence
disappears. (A reference thickness of 6 mm was chosen for this data set because it corresponds
approximately to the lower plateau By for the smallest specimens.) Thus the only observable
size dependence in this data set can be explained by statistical effects (as opposed to constraint
relaxation). The minimum ligament requirements of Eq. (12) are plotted in Fig. 9 for both M =
50 and M = 100. Note that all data but one point satisfy the size requirement when M = 50, but a
significant number of specimens fail the M = 100 requirement. The latter size requirement is too
strict for the data in Fig. 9 because it would unnecessarily invalidate data obtained from the

smaller specimens.

4For a Ramberg-Osgood material with n = 10, 0, = 0.74 oy.




Figures 10 and 11 show fracture toughness data for an A36 steel [15]. At -76°C, most of
the data pass the M = 50 requirement, and there is no discernible size dependence in this data set
when a B, adjustment is applied. At -43°C, however, all of the smallest specimens fail the M =
50 requirement and they tend to exhibit higher toughness than larger specimens.

A recent round-robin testing program conducted in Japan resulted in a very large database
of mechanical properties of numerous heats of reactor pressure vessel steels and weldments.
These data were provided to one of the authors (TLA) by the Electric Power Research Institute
(EPRI). Selected cleavage fracture toughness data from this database are tabulated and analyzed
in an upcoming EPRI report [16]. This database includes fracture toughness tests on a wide range
of specimen sizes. Table 1 summarizes the portion of the Japanese database that is pertinent to
the present work.

Figures 12 to 23 are plots of the fracture toughness data from the Japanese round robin. In
each case, the top graph shows the unadjusted data, while the bottom graph shows the same data
adjusted to a reference thickness. The size limits M = 50 and 100 are plotted on each graph for
the case of 1T specimens. These plots, taken together, lead to the following observations:

 Data that satisfy the M = 100 requirement do not exhibit a size dependence when a thickness
adjustment is made.

» Data that satisfy the M = 50 requirement but fail the M = 100 requirement do not appear to
exhibit a significant size dependence, but the data are inconclusive because 1T specimens
that fail the M = 100 requirement typically sustain substantial ductile crack growth prior to
failure. The size requirements under consideration here apply only to cleavage without
significant ductile tearing.

e Data in the upper transition region appear to exhibit an “inverse” size dependence, with
larger specimens tending toward higher toughness. This effect is particularly pronounced
when a thickness adjustment is made. Ductile tearing prior to cleavage may be responsible
for this phenomena. Ductile growth tends to lower cleavage fracture toughness by re-
sharpening the crack and causing more material to be sampled. This effect may be less
pronounced in larger specimens because a given amount of ductile tearing comprises a
smaller relative fraction of the uncracked ligament.

5.0 SUMMARY AND CONCLUSIONS

The Anderson-Dodds scaling model does not work well for deeply notched bend and compact
specimens (at least for n = 10) because the principal stress contours are not self-similar, and it is
not possible to obtain a unique J, value. A generalized scaling model is currently being
developed.

Because it is not possible to infer a unique J,, for standard test specimens, the scaling model
does not give an unambiguous indication of appropriate size requirements. Provisionally, we
recommend the following size requirements for J-controlled cleavage fracture:

MJ,
Oy

a/W20.5 b2 Bb 210

where M = 100. For some materials, a requirement of M = 50 appears to be sufficient, but further
work is needed to validate this more relaxed requirement. The M = 100 requirement should be
conservative.




Data that meet the above size requirement will still exhibit a statistical thickness

dependence, but this effect can be taken into account through Eq. (11). It is important to point
out that the above size requirement should be applied to data before any statistical thickness

adjustment is made.
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TABLE 1.

Material Designation

Compact Specimen
Size(s)

Summary of materials and test specimens from the Japanese round robin [16].

3-Pt. Bend Specimen
Size(s)

1T

THA A533 B Class 1 1T, 2T, 10T
7HB A533 B Class 1 4T, 10T 1T
THC AS508 Class 3 1T, 2T, 4T 1T
8HA A533 B Class 1 1T 1T, 4T
8HB A533 B Class 1 1T 1T, 4T
8HC AS508 Class 3 1T, 3T, 6T 1T, 4T
8HD A508 Class 3 1T, 4T —
" 8HE A508 Class 3 - 1T, 4T
9HA (Base) A533 B Class 1 1T 1T, 2T
9HA (Weld*) A533BCL 1, SAW - 1T, 2T
9HC (Weld HAZ) A508 CI. 3, SAW - 1T, 2T
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(a) Normalized by J
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(b) Normalized by J,

FIGURE 1. Schematic illustration of the ligament stress method for estimating the effective driving force for
cleavage (J,)-
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FIGURE 2. Schematic illustration of the effective crack front length, Bef.
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FIGURE 3. Effective driving force for cleavage fracture at the midplane of SENB specimens.
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FIGURE 4. Effective thickness in SENB specimens as a function of geometry and deformation.
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FIGURE 5. Effect of principal stress contour on J, estimates for standard B x 2B SENB specimens.
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FIGURE 6. Comparison of effective cleavage driving force for SENB and compact specimens.
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FIGURE7. Comparison of effective thickness for SENB and compact specimens.
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FIGURE 8. J, for SENB and compact specimens, normalized by flow stress rather than yield strength. The
parameter M is defined in Eq. (12).

18




300 r

250

300

250

| 1 ! PR | L 1l 1 |

A533 B STEEL -75°C

COMPACT SPECIMENS

UNADJUSTED DATA

L L ) X 1

SRR SO TOONY TS NS W Y WO N

0.5T IT 2T 3T
SPECIMEN SIZE

4T

I 1

b =100]cl o,

Y | 1 A I Il |

A533 B STEEL -75°C

COMPACT SPECIMENS

ADJUSTED TO B o = 6 MM

PR I S

U W S T DU YO0 WO S S N N WY

0.5T 1T 2T 3T
SPECIMEN SIZE

4T

FIGUREY. Fracture toughness data for A533 B steel at -75°C [14].

19




150 i LA AL B L —r T T T ]
- A36 STEEL -76°C
SENB SPECIMENS, a/W ~ 0.5
® W/B=1
O W/B=2
g 100 ]
=
O
S o
Y :
» 50 7]
UNADJUSTED DATA ]
0 1 1 1 L 1 ) 1 1 1 I I ] L 1 I | ] 1 Lol | 'l 1 A 1 | 1 1 1 ]
0 5 10 15 20 25 30 35
LIGAMENT LENGTH, mm
150 i ' T L | T T T LI T L T T T T T
A36 STEEL -76°C .
SENB SPECIMENS, a/W ~ 0.5 |
. o ]
100 O -1
- ]
3 O -
= ° ]
] _
M -
50 ® W/B=1
O W/B=2 ]
ADJUSTEDTOB_ =6 mm|
0 1 L 1 i 1 1 1 L I ] L 1. 4 1 I i 1 l N ] | T - l 1 e 1 1 l 1 L ' ]
0 5 10 15 20 25 30 35

LIGAMENT LENGTH, mm

FIGURE 10.  Fracture toughness data for A36 steel at -76°C [15].
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FIGURE20.  Fracture toughness data for Steel 9HA base metal [16).
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FIGURE 21. Fracture toughness data for Steel 9HA weld HAZ [16].
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APPENDIX A. FRACTURE TOUGHNESS DATA FROM THE JAPANESE
ROUND ROBIN.
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