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ABSTRACT
A primary objective of the United States Nuclear Regulatory Commission (USNRC)
-sponsored Heavy-Section Steel Technology (HSST) Program is to develop and
validate technology applicable to quantitative assessments of fracture prevention
margins in nuclear reactor pressure vessels (RPVs) containing flaws and subjected
to service-induced material toughness degradation. This paper describes a
coordinated experimental/analytical program for the development of a Weibull
statistical model of cleavage fracture toughness for applications to shallow surfacebreaking and embedded flaws in RPV materials subjected to multi-axial loading
conditions. The experimental portion includes both material characterization testing
and larger fracture toughness experiments conducted using a special-purpose
cruciform beam specimen developed by Oak Ridge National Laboratory for applying
biaxial loads to shallow cracks. Test materials (pressure vessel steels) included (1)
plate product forms (conforming to ASTM A533 Grade B Class 1 specifications) and
(2) shell segments procured from a pressurized-water reactor vessel intended for a
nuclear power plant that was cancelled. Results from uniaxial and biaxial tests
performed on cruciform specimens demonstrated that biaxial loading can have a
pronounced effect on shallow-flaw fracture toughness in the lower-transition
temperature region. A local approach methodology based on a three-parameter
Weibull model was developed to correlate these experimentally-observed biaxial
effects on fracture toughness. The Weibull model, combined with a new hydrostatic
stress criterion in place of the more commonly used maximum principal stress in the
kernel of the Weibull stress integral definition, is shown to provide a scaling
mechanism between uniaxial and biaxial loading states for 2-dimensional flaws
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located in the A533 B plate material. The Weibull stress density was introduced in
the Weibull cleavage fracture model as a metric for identifying regions along a semielliptical (3-dimensional) flaw front that have a higher probability of cleavage
initiation. Cumulative probability curves generated for RPV shell cruciform
specimens indicate a difference in median toughness of 36 MPaVm for the uniaxial
(0:1) and biaxial (1:1) loading conditions applied to shallow surface flaws at -60°C.

Introduction
The fracture toughness of shallow surface flaws subjected to biaxial far-field stresses
represents an active and important area of research in the field of structural integrity
safety assessments of nuclear reactor pressure vessels (RPVs). In the lowertransition temperature region, uniaxial shallow-flaw fracture toughness data [1] for
RPV steels exhibit higher mean values and broader scatter bands than are
measured for deep flaws under the same loading conditions. This increase in mean
fracture toughness has been attributed to a loss of crack-tip constraint due to the
close proximity of the crack tip to a free surface of the test specimen [2]. Any
increase in crack-tip constraint, for example due to out-of-plane near-surface biaxial
stresses, could partially offset this observed trend of shallow-flaw fracture toughness
enhancement.
Under pressurized-thermal-shock (PTS) upset conditions, as well as normal
pressure-temperature (P-T) operational transients, the thermal, pressure, and
residual stresses in an RPV wall are all biaxial (see Figure 1) and combine to form a
complex nonlinear biaxial state of stress. Included in this stress field are significant
tensile out-of-plane stresses aligned parallel to possible surface or embedded flaws
oriented in either the longitudinal or circumferential directions. Standardized fracture
toughness testing procedures typically employ specimens such as compact tension,
C(T), or single-edge notched bend, SE(B), specimens, that are loaded under a
uniaxial state of stress (either tension or bending). Therefore, the resulting fracture
toughness data do not reflect the actual biaxial loading state that the postulated RPV
flaw will be subjected to in a PTS or P-T transient.
A special cruciform bend specimen (see Figure 2) [3-9] was developed by the Heavy
Section Steel Technology (HSST) Program at Oak Ridge National Laboratory
(ORNL) to introduce a linear, far-field, out-of-plane biaxial bending stress component
in the test section that approximates the nonlinear stresses of PTS or P-T loading.
The cruciform specimen permits the application of biaxial loading ratios resulting in
controlled variations of crack-tip constraint for shallow surface flaws. The biaxial load
ratio is defined as PT/PL , where Pj is the load applied to the transverse beam arms
and PL is the load applied to the longitudinal arms. A special test fixture was also
designed and fabricated permitting testing under a uniaxial (4-point bending) loading,
PT/PL ratio of (0:1), and two biaxial (8-point bending) loading ratios, PT/PL ratios of
(0.6:1) and (1:1). The specimen and test fixture have been described extensively in
HSST publications [3-9].
This paper provides a status report on the development and experimental validation
of cleavage fracture toughness models for shallow surface flaws located in RPV
material and subjected to biaxial loading conditions. An integrated experimental and
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analytical approach is used to achieve the program objectives. The experimental
portion includes both material characterization testing and larger specialized
toughness experiments conducted on the cruciform beam specimen. To make the
final products as germane as possible to the evaluation of RPV structural integrity,
test materials were selected from the HSST inventory of nuclear pressure vessel
steels. These materials included (1) plate product forms (conforming to ASTM A533
Grade B Class 1 specifications) and (2) shell segments from fabricated RPVs. The
RPV shell segments were procured from a pressurized-water reactor vessel
intended for a nuclear power plant that was cancelled. Thus, the RPV segments are
prototypic of materials and fabrication procedures present in operating pressurized
water reactors (PWRs). Results from uniaxial and biaxial tests performed on
cruciform specimens from these materials demonstrated that biaxial loading can
have a pronounced effect on shallow-flaw fracture toughness in the lower-transition
temperature region.
A local approach methodology based on a three-parameter Weibull model was
developed to correlate these experimentally observed biaxial effects on fracture
toughness. The Weibull model, combined with a new hydrostatic stress criterion in
place of the more commonly used maximum principal stress in the kernel of the
Weibull stress integral definition, has been shown to provide a scaling mechanism
between uniaxial and biaxial loading states for 2-dimensional (i.e., straight) surface
flaws located in an A533 B plate. The Weibull stress density was employed in the
Weibull cleavage fracture model as a metric for identifying regions along a semielliptical (3-dimensional) flaw front that have a higher probability of cleavage
initiation. Fracture probability curves from the latter model predicted a difference in
median toughness of 36 MPaVm between uniaxial (0:1) and biaxial (1:1) loading
conditions at -60 °C for a shallow 3-dimensional flaw located in a fabrication weld of
the RPV shell.

Two-dimensional flaws in heat-treated A533 B material
HSST Plate 14 cruciform testing program
Early experimental studies at ORNL included a series of cruciform bend tests to
evaluate biaxial loading effects on the fracture toughness of 2-dimensional shallow
surface flaws (straight flaws approximating an infinite-length condition). An A533 B
pressure vessel steel, designated HSST Plate 14, was the source material for the
initial cruciform bend specimens. The Plate 14 material underwent heat treatment to
achieve an elevated yield strength approximating that of a typical radiation-sensitive
RPV steel. The heat treatment was performed successfully, providing a room
temperature yield stress in the desired range (see Figure 3). From Charpy V-notch
testing, TCv was determined to be 56 °C, and the drop-weight nil-ductility
temperature {NDT) was found to be 40 °C. Thus, NDT controlled the reference
temperature, and RTNDT= 40 °C. A series of compact tension, C(T)-1/2T, specimens,
taken from different locations within the parent plate, were used to determine a
reference temperature To = -50.9 °C based on the Master Curve approach [10].
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The initial cruciform bend specimens were fabricated with the test section having
dimensions of 104 mm x 104 mm x 104 mm and a 2-dimensional shallow flaw with a
flaw-to-depth ratio of a/W = 0.1 (see Figure 2). The flaw was located in material near
the mid-plane of the original plate. Load-diffusion control slots (LDCS) were
machined into the specimen loading arms to create boundary conditions required to
achieve a uniform stress field in the central test section. For each cruciform
specimen, the shallow 2-dimensional flaw was fatigue-sharpened and a mechanical
milling process was used to relieve each corner of the sharpened flaw and remove a
small region of material at the LDCS/flaw intersection. That region had exhibited
preferential crack growth during the fatiguing process due to prior surface
embrittlement resulting from wire electron-discharge-machine (EDM) fabrication of
the LDCS. Next, the transverse loading arms were attached by electron-beam (EB)
welding. The specimen design, coupled with a statically-determinate load-reaction
system installed in the ORNL testing machine, permitted the specimen to be loaded
in either uniaxial (4-point bending) or biaxial (8-point bending) configurations. Tests
of nominally identical specimens could therefore be performed with the level of
stress biaxiality as the only loading test variable.
A basic functional requirement for the cruciform bend test specimen was that
stresses in the ligament beneath the shallow flaw remain in the elastic range up to
the point of fracture, thus maintaining a condition of "well-contained" yielding within
the vicinity of the flaw front. The technical basis for this requirement arises from the
following observations: (1) well-contained yielding is the condition present in the RPV
wall during a PTS transient and (2) previous biaxial experimental studies [11] have
shown that when substantial plastic strains are allowed to develop in the ligament,
the effects of biaxial loading on fracture toughness are lost. Extensive experimental
and analytical studies [12] confirmed that the ORNL cruciform specimen satisfied
these requirements.
Instrumentation applied to the test specimens included thermocouples, strain gages,
clip gages, and displacement transducers. Both crack-mouth-opening displacement
(CMOD) and load-line displacement (LLD) were monitored continuously throughout
each of the tests. Control of the test temperature was achieved with various liquid
nitrogen distribution systems. Mechanical loading was applied to the cruciform
specimens using a large-scale cruciform test fixture mounted in a 3.1 MN Instron
servo-hydraulic testing machine located at ORNL.
Six cruciform specimens were tested at -30 °C to provide data for (a) three biaxial
load ratios and (b) two duplicate tests at each condition. At this temperature, the
specimens exhibited very little plastic deformation as measured by both CMOD and
LLD, regardless of the applied biaxial load. For cases where primarily elastic
deformation occurs, biaxial loading would be expected to have little effect on
constraint at the flaw tip, and thus little effect on toughness. The elastic response of
these specimens gave an indication that the test temperature was too low to produce
a biaxial loading effect (i.e., -30 °C was on or nearly on the lower shelf).
A second set of fifteen cruciform specimens was tested at a nominal test
temperature of -5 °C. This higher temperature was expected to provide a better
balance between cleavage behavior and accumulated plasticity at failure for
ICONE9051
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evaluation of biaxial effects on toughness. Six specimens each were tested under
uniaxial (0:1) and equibiaxial (1:1) loadings, and three specimens under (0.6:1) biaxial loading. Deformation responses of longitudinal load versus CMOD results are
shown in Figure 4. The longitudinal load versus CMOD traces for these specimens
were comparable, but the failure deformation magnitudes and scatter exhibited a
strong dependence on the applied biaxial load as shown in Figure 4.
Three-dimensional elastic-plastic finite element analyses of the cruciform specimen
were performed with the ABAQUS program [13] to generate 77-factors for
determination of fracture-toughness values from test data [12]. The estimated
toughness values obtained from the Plate 14 cruciform specimens are shown
graphically in Figures 5 and 6 for the -30 °C and -5 °C test sets, respectively. The
-30 °C specimens behaved in an elastic manner and little biaxial effect was
observed. For the six specimens tested, the toughness increased slightly with an
increase in biaxial ratio. It is expected that additional specimens would show
statistically no difference between uniaxial and biaxial loading at this temperature.
For the tests performed at -5 °C, the test data demonstrate a significant effect of
biaxial loading on shallow-flaw fracture toughness, as is shown in Figure 6. The
mean value of the biaxial (1:1) toughness resulted in approximately a 35 percent
decrease from the mean uniaxial toughness (KJcm/KJom =0.65). In terms of the
median of the data sets, the decrease was 41 percent (Kmed_Jcm/Kmed_MM) =0.59).
The statistical significance of the observed difference in sample means
(K/c(o.i)~Kfc(o:i}= 106.3MPaVm) can be estimated with a two-sample comparison of
the means. The critical and fundamental assumption of statistical independence of
the sample data is made. The application of the t statistic also requires the
assumption of normal parent populations; however, the procedure is robust in the
presence of non-normalcy due to the Central Limit Theorem and the use of linear
statistics. A one-sided test based on the difference of the means asserts a null
hypothesis which states that the two samples represent random drawings from the
same parent population, HO: //(0:1) - //(1;1) = 0, against the alternative hypothesis,
H1:// (0:1) -// (1:1) > 0 . For 10 degrees of freedom ( v = /ip-i) + n^A) - 2), the resulting
heteroscedastic f-statistic (tw = 2.656) produces a p-value of 0.0121, i.e., the
probability that the null hypothesis is true is only 1.21%, and the null hypothesis is
rejected. The test data therefore support the contention that the biaxial effect
indicated by the trends of the means of the uniaxial (0:1) and biaxial (1:1) toughness
data in Figure 6 is statistically significant.
Weibull Model of Cleavage Fracture Toughness
The effects of biaxial loading on cruciform shallow-flaw fracture toughness data in
the lower-transition temperature region were studied using the Weibull methodology
implemented in the WSTRESS (Version 2.0) computer code [14]. The WSTRESS
code employs a multi-axial form of the weakest-link model applicable for a 3dimensional cracked solid; the Weibull stress, cw, is characterized as a fracture
parameter reflecting the local damage of the material near the crack tip. The Weibull
stress, ow, given by the expression
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is evaluated by integration of the equivalent stress, aq, over the process zone. In
Eq. (1), Vois a reference volume; m is the Weibull modulus; 0and <p are curvilinear
coordinates for integration of the tensile stress; and £1 denotes the volume of the
near-tip fracture process zone, defined as the volume within the contour surface
<7i > XGQ , where a\ is the maximum principal stress and oo is the yield stress. The cut
parameter X is nominally set to 2 to ensure that all material points within the active
process zone have undergone plastic deformation, as recommended in [14].
A fracture criterion must be specified to determine the equivalent (tensile) stress, cq
in Eq. (1), acting on a microcrack included into the fracture process zone. Three
options for fracture criteria are implemented in the distributed version of WSTRESS
[14] to evaluate the critical stress at which the crack becomes unstable:
(1) maximum principal stress (MPS), (2)coplanar energy release (CER) rate, and
(3) normal stress averaging (NSA). Three additional fracture criteria were added to
WSTRESS: (4) the principal of independent action (PIA) [15] as proposed by
Dortmans et al. [16], (5) the noncoplanar energy release (NICER) rate [17-18], and
(6) the hydrostatic stress (HYDRO) criterion developed during the present study. As
reported in [19], the first five criteria shared an insensitivity to the effects of biaxial
loading due to the dominant role of the opening-mode stress in their definitions. Of
the six criteria studied, only the hydrostatic stress criterion, where Gq = /?/3 = OH (h is
the first invariant of the Cauchy stress tensor), showed a consistent response to
biaxial loading. In this paper, the MPS criterion, where aq = o?, is applied as
representative of the group of (1)-(5) criteria in comparisons with the HYDRO
criterion. See [9,19] for detailed comparisons of these criteria.
After applying a calibration procedure [20] to determine the required model
parameters (the Weibull shape parameter, m, and scale pararneter.au) for the HSST
Plate 14 material and test temperature, the sensitivity of the Weibull stress (for the
cruciform specimen) to variations in loading and constraint levels is shown in
Figure 7 for two definitions of the equivalent stress, Gq, in Eq. (1). In Figure 7(a), the
conventional definition using the maximum principal stress demonstrates a sensitivity
to constraint variation due to relative flaw depth but not due to biaxiality. The C(T)
load path in Figures 7(a) and (b) is based on a deep flaw (a/W= 0.5), and the
cruciform load paths (x:1) are based on a shallow flaw (a/W= 0.1), all with a 1T flaw
length. The Weibull stresses in Figure 7(b) are calculated using the hydrostatic
stress as the equivalent stress, and the sensitivity to constraint variations due both to
relative flaw depth and to biaxial loading state is evident.
The cumulative probability of failure by transgranular cleavage Pf can be estimated
by a three-parameter Weibull distribution [21] of the form
i = 1 - exp

"^w-min I
^u-OW-mln
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where the parameters of the distribution are the Weibull modulus m (shape
parameter), the scaling stress (scale parameter) o o , and the minimum Weibull stress
for cleavage fracture <5w.mm (location parameter). The probability of failure may also
be expressed as a function of the fracture parameter, Jc, with a three-parameter
Weibull distribution

(3)

where a, /?, and y are the shape, scale, and location parameters of the distribution,
respectively. The shape and scale parameters (a,fi) were estimated by the
maximum-likelihood method using the cruciform toughness data. The threshold
parameter y is assumed to be 2.05 kJ/m2 corresponding to a Kmin of 20 MPaVm
employed in the Master Curve model [10]. The associated Weibull probability density
function is given by

A calibration scheme was proposed by Gao, Ruggieri, and Dodds [20] (designated
herein as the G-R-D Method) to determine unique values of the Weibull parameters
(m,(7u) by applying toughness data measured under low and high constraint
conditions at the crack front. They demonstrated analytically and numerically that
calibration schemes based only on toughness data from high-constraint specimens
under small-scale-yielding (SSY) conditions produce non-unique values of the
Weibull parameters. The new G-R-D calibration scheme eliminates this nonuniqueness by mapping the available toughness data at two levels of constraint back
to an SSY Weibull stress space where a [in Eq. (3)] takes on the theoretical values
of 2 or 4 for Weibull distributions expressed in terms of Jc or KJc, respectively. In SSY
space, the scale parameter (fi) can be uniquely determined by iteration on the
Weibull shape parameter, m.
In addition to elastic-plastic analyses of large-scale yielding (LSY) specimens, the GR-D calibration scheme also requires the results of a finite-element analysis of a
stationary crack under SSY conditions. The plane-strain, modified boundary layer
(MBL) model [22,23] provides asymptotic crack-tip stress fields. For applications
described herein, an MBL finite-element model was employed utilizing Plate 14
material property data for -5 °C to calculate SSY solutions corresponding to an
applied Mode I loading of the finite-root-tip crack. Details of the G-R-D calibration
scheme are given in [20], and its application to cruciform toughness data is
described in [9,19]. In summary, the G-R-D scheme proceeds by the following steps:
Step 1. Test two sets of specimens (both under LSY conditions) with different levels
of crack-tip constraint. In the terminology of [20], the biaxial (1:1) data are
designated as Configuration A (high constraint), and the uniaxial (0:1) data
are designated as Configuration B (low constraint).
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Step 2. Perform detailed 3-dimensional finite-element analyses for Configurations A
and B and for a plane-strain SSY model with a reference thickness adjusted
to be consistent with the specimens in Configurations A or B.
Step 3. Assume a trial m-value, and calculate the GW versus J histories for Configurations A and B and the SSY model. Constraint-correct the
Configuration A and B toughness data by mapping the data points on the
crw versus J curves back to the SSY curve as shown in Figure 8a such that
Jc-(i)-^ J(i)-SSY f o r Gw(x:i) = GW-SSY-

Step 4. Estimate /?(0:i) and ftw) in SSY Weibull stress space for the two
configurations by the maximum-likelihood point estimate relation (without
small-sample bias) for a sample size n

and calculate a relative error with the error function R(m),

Step 5. Repeat Steps 3 and 4 for a range of trial m-values and determine the mvalue that produces an acceptably small relative error R(m) (see Figures 8b
and 8c). The scaling stress, GU, can then be calculated from the converged
{GW-SSY versus J) curve by
&U = Vw-ssy @JSSY = Ao.1) = At1)

(7)

For the 3-parameter Weibull distribution, the location parameter, ow-min, is calculated
from the intercept of the SSY-(GW.SSY versus J) curve at J = 2.05kJ/m2
{Kj = 20 MPaVm using a plane-strain conversion relation).
The G-R-D scheme represented by Steps 1-5 above was employed to determine
parameters for the Weibull model based on the HYDRO criterion for cleavage
fracture. With the C(T) specimen (12 data points) as Configuration A and the uniaxial
(0:1) specimen (6 data points) as Configuration B, the resulting Weibull parameters
were (m, GU) = (10.2, 2154 MPa). For the three-parameter Weibull model, the third
parameter Gw.m\n was determined to be 1040 MPa from the GWSSY versus J curve at
J min = 2.05 kJ/m2 (Km]n = 20 MPaVm).
Figure 9 presents plots of the resulting failure probabilities calculated by Eq. (2) for
the two data sets used to calibrate the model (Figure 9a for C(T) and Figure 9c for
uniaxial (0:1)). Failure probabilities for the equibiaxial (1:1) condition, representing an
intermediate constraint level not employed in the calibration, are shown in Figure 9b.
The median rank probabilities assigned to the toughness data were calculated using
the following estimate [24] for the /th data point in a sample of n data points
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where the toughness data are ranked according to increasing magnitude. The 90
percent confidence limits on the median rank probability estimates were determined
with an algorithm presented in [25].
With the Weibull statistical fracture model calibrated, a toughness biaxial scaling
model was then constructed and expressed in several graphical forms as shown in
Figures 10 and 11. In Figure 10a, the ordinate is the J-integral normalized by the
value of $SSY obtained from the converged solution in the G-R-D calibration scheme.
Curves of J(X:i)l fissY for the different biaxial ratios (i.e., constraint levels) are plotted
as a function of the normalized Weibull stress serving as the fracture parameter. For
a given probability of failure, Pf , Eq. (2) can be inverted to calculate the
corresponding critical Weibull stress
j_

(9)

As shown in Figure 10a for a Pf= 0.5, the intersection of the vertical line of constant
Weibull stress with the J(x:i)l PSSY curves gives the scaling of the various constraint
levels for the same probability of failure. Traversing a range of failure probabilities
allows the construction of Figure 10b where the abscissa is the normalized uniaxial
The scaling model may also be expressed in terms of toughness ratios as in
Figures 11a and 11b. Ratios of stress intensity factors can be calculated from
J-integral ratios by
K.

..

I.I. ..
(10)

In Figure 11a, the ratio KjC(X:i/KjC(o:i) is plotted as a function of KjC(o:i). The C(T) curve
can be seen to follow very closely the biaxial (2:1) cruciform curve in Figure 11 a. The
ratio of the median toughness Kjc-med(x:i/Kjc-med(o:i) at the failure probability Pf = 0.5
can be plotted as a function of the biaxial ratio. In Figure 11b, the predicted biaxial
scaling model curve for the median failure probability of Pf = 0.5 is compared to the
medians of the cruciform normalized by the median toughness of the uniaxial (0:1)
specimen predicted by the scaling model. Good agreement at PT/PL = 0 is not
unexpected since the uniaxial (0:1) data were used in the calibration of the model.
The fact that the data at PT/PL - 0.6 and PT/PL = 1-0 also show good agreement with
the biaxial scaling model, however, provides encouraging evidence of the validity of
the analysis, since these data were not used in the model calibration.

SHALLOW SURFACE FLAWS IN RPV SHELL MATERIAL
RPV Shell Cruciform Testing Program
The RPV shell cruciform test program was initiated as a follow-on task to the Plate
14 cruciform test series [8-9,19]. The plate material is A533 B steel with a stainlessICONE9051
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steel strip-clad overlay on the inner surface. Two shell segments, measuring
approximately 3890 mm in the axial direction, and 1370 mm in the circumferential
direction, were acquired. Each shell segment included two circumferential welds and
one longitudinal weld. The longitudinal weld was of the double-J geometry and ran
from the "upper" circumferential weld through the lower end of the shell segment.
The vessel was cut such that the longitudinal weld was located near the mid-width of
the shell segment. The welds were submerged-arc welds (SAWs) with A 533 B
Class 1 filler metal. The plate material, clad overlay, and weldment are typical of a
production-quality RPV. The shell had a nominal inner radius of 2210 mm (87 in.)
and a thickness of 232 mm (9.125 in), which includes ~5 mm of clad overlay. The
cruciform specimens tested in this series were constructed with surface flaws
extending into the fabrication weld material from this RPV shell.
Characterization studies of the component materials in the RPV shell, i.e., the
fabrication welds, clad layer, clad/HAZ region, and plate material, included tensile
tests, Charpy V-notch (CVN) tests, drop-weight tear (DWT) tests, RTNDT and 7"0
determinations, and fracture toughness determinations from CT and SE(B)
specimens; detailed results are reported in [12]. These tests showed little difference
in the mechanical properties of the circumferential and longitudinal welds. The
longitudinal weld appears to be slightly tougher than the circumferential weld, but
both welds have similar strengths, impact properties, nil-ductility (NDT)
temperatures, and fracture toughness. Figure 12 depicts the stress-strain response
from the component materials measured at -30 °C using round-bar and sheet-type
tensile specimens.
Companion shallow- and deep-flaw SE(B) specimens were tested to provide the
fracture toughness data under low- and high-constraint conditions needed for a
Weibull model calibration using the G-R-D scheme. Eight shallow-flaw specimens
and eight deep-flaw specimens were removed from the RPV longitudinal weld. The
specimen design was a standard ASTM 1T SE(B) specimen with the exception that
the final a/W ratio for the shallow-flaw specimens was 0.2 . A test temperature of T =
-62 °C was selected for both specimen types; for the longitudinal weld material,
RTNDT = -60 °C. The toughness values were calculated using the ASTM E1921
procedure [10]. The ^-factors required for fracture toughness determinations from
the SE(B) specimens were computed from three-dimensional finite-element analyses
of each geometry. The resulting toughness values for the deep-flaw specimens are
shown in Table 1 and those for the shallow-flaw specimens in Table 2.
Intermediate-scale cruciform specimens, measuring 104-mm (4-in.) in thickness,
were cut from the inner (clad) surface of the RPV shell containing the longitudinal
weld, shown schematically in Figure 13. Two phases of the fabrication sequence for
these specimens are shown pictorially in Figure 14. A finite-length semi-elliptical (or
3-dimensional) surface flaw was inserted into the test section of the longitudinal
beam configuration (shown in Figure 14a), through the inner (clad) surface, using a
shaped electrode and the EDM process. Then, the flaw was extended approximately
1.2 mm around its entire periphery by fatigue loading. After fatigue pre-cracking, the
flaw had a depth, a, and surface length, 2£, dimensions of 19 mm and 53 mm,
respectively. The test flaw was oriented with its major axis parallel to the direction of
the fabrication weld deposition. The leading edge of the flaw passed through the clad
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layer, the clad/HAZ, and into the fabrication weld. Finally, transverse beam arms
were EB welded onto the longitudinal beam to achieve the cruciform configuration
shown in Figure 14b.
Tests of RPV cruciforms were performed to provide a data base for validation of a
Weibull model of cleavage fracture for 3-dimensional surface flaws. Ideally, a
minimum of six specimens would be tested under uniaxial loading and six under
biaxial loading, at a single temperature in the lower-transition region of the weld
material. That number of tests could provide a credible data set for application of
order statistics in the assessment of probabilistic models of fracture (described in the
previous section). However, only six longitudinal weld cruciform specimens were
provided for the validation study at a single test temperature, four of which were
tested under (1:1) biaxial loading and two under (0:1) uniaxial loading. All six
specimens were tested at temperatures near -62 °C, resulting in normalized
temperatures of T- RTNDT = (-62 - (-60)) = -2 °C, and T-To = (-62 - (-68)) = +6 °C.
The test procedures and instrumentation for these specimens were the same as
those used for the Plate 14 cruciform tests described in the previous section. The
test results are summarized in Table 3. Fractographic examinations were performed
on the fracture surfaces to verify the amount of flaw growth during fatigue precracking, to determine the amount of ductile tearing (if present), and to measure the
location of the cleavage initiation site(s). Typical fracture surfaces are shown in
Figure 15a and 15b for specimens tested under uniaxial (0:1) and biaxial (1:1)
loading, respectively. Location of the cleavage initiation site(s) was observed to be
dependent upon the biaxial loading ratio. Uniaxially (0:1) loaded specimens tended
to initiate near the deepest point along the flaw tip, while biaxially (1:1) loaded
specimens tended to initiate near the interface between the clad/HAZ and fabrication
welds.
Weibull Model of Cleavage Fracture for Shallow Surface Flaws
The SE(B) specimens from RPV longitudinal weld material provided data for
calibration of a Weibull cleavage fracture model based on hydrostatic stress. Eight
shallow-flaw (a/W= 0.2) and eight deep-flaw (a/W = 0.5) SE(B) 1T specimens were
tested at a single test temperature to provide comparative toughness data between
shallow- and deep-flaw behavior. The calibration procedure required the
development of four finite-element models, sharp-tip and blunt-tip models for each of
the two specimen geometries. Essential elements and results of the calibration
procedure are summarized in Figure 16.
The concept of Weibull stress density was introduced into the Weibull cleavage
fracture model as a metric for identifying regions along the 3-dimensional flaw front
that have a higher probability of cleavage initiation. The Weibull stress density
calculations were performed using the ORNL-developed ORWED (Oak Ridge
WEibull Stress Density) computer program. ORWED is based on a formulation
developed by Gao and Dodds [21]. They introduced a Weibull stress density function
(crj defined by
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where cr, is the maximum principal stress, m is the calibrated shape parameter of
the Weibull model, and A(z) is the area of the local fracture process zone at the
plane z = constant, such that the complete process zone volume is given by
V=\iA(z)dz,
B/2

(12)

where B is the thickness of a bend-bar specimen with a straight crack front. The
global Weibull stress is then defined by

where the Weibull stress-density function aw depends implicitly on the local Jintegral at crack-front position zthrough the maximum principal stress, a,.
In the ORWED program, the Weibull stress density was generalized for curved crack
fronts with multiaxial loading. Figure 17 shows a schematic of a semielliptical surface
crack of depth a and width 21 with a layer of cladding along the inner surface. The
crack front can be expressed mathematically as a semi-elliptic arc of length 2s.
Taking advantage of symmetry, one half of the crack front is approximated by the
sum of a series of discrete line segments ASJ. At each discrete position, a plane, A-,,
is defined whose normal is equal to the tangent vector at position s, (see Figure 17).
The sub-volume AV<is that volume bounded by A and A+i and the outer bounding
planes of the model. A local fracture-process zone AQ, can now be defined as the
volume contained within AVJ such that
AQ,={A\4|aQ2>A<70}

(14)

where conventionally <rn = a^, X~2, and cr0 is the yield stress. With this definition of
a local fracture-process zone, the generalized Weibull stress density at the discrete
position si on the crack front is now given by

where, for the case of multiaxial loading, the equivalent tensile stress is the
hydrostatic stress, aq=aH. Given the calculated profile of the Weibull stress density
along the crack front, the global Weibull stress can be determined from
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Figure 18 depicts a blunt-tip finite-element 1/4 model of the cruciform with bending
loads applied as uniform surface pressures at ends of longitudinal and transverse
beam arms. A rigid contact surface under the test section completes the staticallydeterminate boundary conditions that simulate 8-point bending. In Figure 19,
elements of that cruciform model have been partitioned into discrete regions along
the flaw front to carry out the Weibull stress density calculations. Figure 20 shows
the variation of normalized Weibull stress density plotted as a function of distance
measured from the symmetry plane below the clad layer for a beam subjected to
uniaxial moment loading of 143.1 kN-m; peak values occur near the maximum flaw
depth. In Figure 21, biaxial (1:1) loading is seen to produce a relative uniform
distribution of the normalized Weibull stress density along the flaw front for lower
applied loads. At the highest load, peak values of the Weibull stress density occur in
the near-surface region of base metal, i.e, near the clad heat-affected zone. Thus, a
transition from uniaxial to biaxial loading leads to a substantial shift in location of the
calculated maximum Weibull stress density for the clad cruciform. Inspection of
fracture surfaces from clad cruciform tests (see for example Figures 15a and 15b)
have produced experimental data that are consistent with the shift in location of
cleavage initiation sites (due to a transition from uniaxial to biaxial loading) predicted
by the Weibull stress density model.
An applied Kj (or J) is computed as an averaged value over a portion of the flaw
perimeter where the Weibull stress density assumes near-peak values. That
averaged parameter is used in conjunction with the Weibull cleavage fracture model
to predict probability of initiation for shallow surface flaws in the clad cruciform
beams. In Fig 22, applied longitudinal load versus applied Kd is plotted for clad
cruciform beam specimens tested under uniaxial (0:1) and biaxial (1:1) loading at 60 °C. The applied Kj represents an averaged value taken over a region of the flaw
perimeter where the Weibull stress density assumes near-peak values for each of
the two loading cases. Figures 20 and 21 indicate where on the flaw perimeter
(corresponding approximately to the region where the Weibull density was greater
than 90 percent of the peak value) the averaging was carried out.
It should be noted that, while the designated region for determining K3 in the
uniaxial loading case generally corresponded to the region near the peak applied Kj
at the deepest point of the flaw, in the biaxial (1:1) loading case the two regions of
peak Weibull density and peak applied local Kj did not necessarily coincide. Over
much of the range of biaxial (1:1) loading levels, the applied local Kj was
approximately uniform over the base weld material with the peak Kj located near the
HAZ/clad interface. The Weibull density was also nearly uniform in this base weld
region at lower load levels, establishing a definitive peak only with higher loading as
shown in Figure 21. This Weibull density peak was located in a region below the
HAZ/base interface and below the location of the peak Kj.
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Linkage between the applied loading (expressed in terms of J or K) and the
cumulative probability of initiation for a given biaxial constraint condition is depicted
in the schematic diagram of Figure 23. The three major elements of that diagram are
described as follows:
(A) Finite-element modeling analyses of the flawed structure establish the unique
functional relationship between the applied load (Jor Kj) and the Weibull stress, ow,
for a given constraint condition. The Weibull stress distribution along the flaw front is
computed using the ORWED program and the Weibull model parameters
determined from the calibration procedure based on shallow- and deep-flaw bend
bar data. The applied load J (or Kj) values are determined from the averaging
process taken over a region of peak Weibull stress density (described above).
(B) The cumulative probability of initiation, Pf, as a function of cw is completely
defined by the Weibull model parameters calibrated for a specific material and
temperature from the bend-bar data.
(C) The relations established in steps (A) and (B) provide the unique linkage
between Pf and applied J or Kj for the given variables of structural flaw geometry,
loading, material properties and temperature.
Application of these procedures to analysis of the RPV clad cruciform beam
specimen is illustrated in Figures 24-26. Sharp-tip and blunt-tip finite element models
of the cruciform specimen containing a finite-length surface flaw in the RPV
fabrication weld material (and cladding) were constructed and analyzed for uniaxial
and biaxial loading conditions. These analyses provided input to the ORWED
program for the generation of normalized Weibull stress versus normalized applied J
curves for uniaxial (0:1) and biaxial (1:1) loading conditions. The Weibull model
parameters used in these analyses are those determined from the calibration
procedure based on shallow- and deep-flaw bend bars. The small-scale yielding
solution for the weld material is shown in the plot for reference. Fracture toughness
data obtained from a series of six clad cruciform tests conducted near -60 °C under
uniaxial and biaxial loading are also included in the plot; additional details concerning
those data are given in Table 3. Cumulative probability and probability density
functions versus applied Kj (generated using the Weibull stress versus applied load
curves in Figure 24) are shown in Figures 25-26, respectively. Those probability
curves indicate a predicted difference of 36 MPaVm in median toughness between
uniaxial (0:1) and biaxial (1:1) loading conditions for a shallow flaw located in
fabrication weld material at -60°C.
The fracture toughness data obtained from this RPV shell cruciform test series were
not sufficient to apply order statistics (see Eq. 8) for comparison with the predicted
cumulative probability functions given in Figure 25. However, a new series of
cruciform beam specimens, fabricated from another RPV shell, are scheduled to be
tested jointly by the HSST Program and the European Commission Network for
Evaluating Structural Components (NESC) in 2001 as a major element of the NESCIV Project [26]. The NESC-IV Project should provide additional data needed for
evaluating the Weibull cleavage fracture model when applied to shallow 3dimensional flaws in RPV fabrication welds subjected to biaxial loading.
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SUMMARY AND CONCLUSIONS
The HSST Program is engaged in development and experimental validation of
cleavage fracture toughness models for shallow surface flaws located in RPV
material and subjected to biaxial loading conditions. Objectives are being achieved
through an integrated experimental and analytical approach. Material
characterization testing and specialized toughness testing of larger cruciform beam
specimen are part of the experimental program. Local approach methodology based
on a three-parameter Weibull analytical model is used to correlate experimentally
observed biaxial effects on fracture toughness. Preliminary conclusions derived from
this study include the following:
•

Results from uniaxial and biaxial tests performed on cruciform specimens from
A533 B steels demonstrate that biaxial loading can have a pronounced effect on
shallow-flaw fracture toughness in the lower-transition temperature region.

•

The G-R-D calibration scheme was successfully applied in calibrations of threeparameter Weibull cleavage fracture toughness models for RPV steels.

•

The Weibull model, with the hydrostatic stress criterion in place of the more
commonly used maximum principal stress in the kernel of the Weibull stress
integral definition, was shown to correlate experimentally observed biaxial effect
in cruciform specimens in the lower-transition temperature region, thereby
providing a scaling mechanism between uniaxial and biaxial loading states.

•

Testing of 3-dimensional flaws in RPV fabrication weld material indicated that
location of the cleavage initiation site(s) was dependent upon the biaxial loading
ratio.

•

Inspection of fracture surfaces from clad cruciform tests have produced
experimental data that support the expected shift in location of cleavage initiation
sites (due to a transition from uniaxial to biaxial loading) predicted by the Weibull
stress density model. These experimental results highlight the potential utility of
the Weibull stress density as a predictive tool for identifying locations along the 3dimensional flaw perimeter with the highest probabilities of cleavage initiation for
a given loading state.

•

Cumulative probability functions predicted a difference of 36 MPaVm in median
toughness between uniaxial (0:1) and biaxial (1:1) loading conditions for a
shallow flaw located in RPV fabrication weld material and tested at -60 °C. The
current very limited data set (see Table 3) indicates a difference in median
toughness of approximately 62 MPaVm; however, there are currently insufficient
data available (2 uniaxial tests and 4 biaxial tests) to produce an experimentallybased estimate of mean or median shifts due to biaxiality with an acceptable level
of statistical confidence.

The NESC-IV project should provide needed data for evaluating the Weibull
cleavage fracture model when applied to shallow 3-dimensional flaws in RPV
fabrication welds subjected to biaxial loading.
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Table 1. Deep-Flaw SE(B)
Specimen
Test
ID
Temperature
(°C)
SBD1
-62.2
SBD2
-62.2
SBD3
-62.2
SBD4
-62.2
SBD5
-62.2
SBD6
-62.2
SBD7
-62.2
SBD8
-62.2

Data for Longitudinal Weld
Failure
a/W
Load
Kj
(kN) (MPa-Vm)
0.5
65.8
161.1
0.5
35.4
71.5
0.5
42.2
85.9
0.5
48.9
103.5
0.5
42.5
92.5
0.5
52.9
178.8
0.5
56.6
121.3
0.5
56.7
131.8

Table 2. Shallow-Flaw SE(B)
Specimen
Test
ID
Temperature
(°C)
SBS1
-62.2
SBS2
-62.2
SBS3
-62.2
SBS4
-62.2
SBS5
-62.2
SBS6
-62.2
SBS7
-62.2
SBS8
-62.2

Data for Longitudinal Weld
Failure
a/W
Load
Kj
(kN) (MPa-Vm)
0.2
149.3
169.2
175.4
0.2
152.4
0.2
155.5
192.2
0.2
188.6
149.5
0.2
151.4
220.9
0.2
155.6
139.6
0.2
96.6
83.4
0.2
138.1
148.5

Table 3. Estimated Toughness Values for Clad Cruciform Beams Fabricated
from Longitudinal Weld Material
Specimen
ID(1)

Biaxial
Ratio

Temperature

T-RTNDTW

r-r0(3)

Longitudinal
Failure
Moment
(kN-m)
139.6
133.4
122.1
133.7
96.1
113.2
85.4

(°C)
(°C)
(°C)
(0:1)
-56.5
3.4
CBL11-3
11.1
(0:1)
-3.5
CBL11-2
-63.5
4.2
(1:1)
-2.6
5.1
CBL11-1
-62.5
CBC22
(1:1)
-42.7
-2.7
0.7
(1:1)
CBL17
-63.9
-3.9
3.8
(1:1)
-65.4
-5.8
CBL25
1.9
CBL15
-63.2
-3.2
4.5
(1:1)
(1;
CBL = Clad Beam Longitudinal Weld
CBC = Clad Beam Circumferential Weld
(2)
Longitudinal Weld:
RTNDT = -60°C
Circumferential Weld
RTNDT = -40°C
(3)
Longitudinal Weld
To = -67.7°C
Circumferential Weld
To = -43.4°C assuming initiation site near surface
(4)
Estimated based on assumed initiation site location
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Fracture
Toughness
(MPa-Vm)
162.4
149.5
110.9
133.4(4)
82.1 (4)
105.4(4)
72.1<4)
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276 MPa
THERMAL STRESS
(BIAXIAL 1:1)

Shallow
Flaw
PRESSURE STRESS
(BIAXIAL 2:1)

34 MPa

RESIDUAL STRESS
(BIAXIAL)

41 MPa

xx

(a)

Figure 1. Pressurized thermal shock loading produces a nonlinear biaxial
stress state in a pressure vessel wall: (a) contributions of thermal,
pressure, and residual stresses and (b) total complex state of stress
applied to a shallow surface flaw.
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CRACK

(a)

IN-PLANE
STRESSES

Vyr

OUT-OF-PLANE
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(b)

Figure 2. Shallow-flaw cruciform bend specimen developed in the HSST
Program: (a) conceptual features of test specimen subjected to biaxial
loading; (b) cruciform specimen fabricated from heat-treated HSST
Plate 14 material.
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Figure 3. Stress-strain behavior for HSST Plate 14 RPV steel.
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Figure 4. Comparison of CMOD responses for HSST Plate 14 cruciform
specimens at a nominal test temperature of -5 °C (23 °F) for biaxial
load ratios of (0:1), (0.6:1), and (1:1).
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Figure 5. Fracture toughness data determined for heat-treated HSST Plate 14
tested at -30° C indicating no effect of biaxial load ratio on fracture
toughness at the lower-shelf temperature.
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Figure 6. The effect of biaxial load ratio on fracture toughness determined for
heat-treated HSST Plate 14 tested at -5 °C.
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Figure 7. Sensitivity of Weibull stress to variations in constraint levels for
(a) maximum principal stress criterion and (b) hydrostatic stress
criterion at m = 10.5 for HSST Plate 14 cruciform bend specimen
(straight flaw).
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uniaxial (0:1) cruciform toughness data: (a) constraint correction to
SSY, (b) PSSY versus m, and (c) error function R(m) versus m.
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Figure 9. Failure probabilities resulting from calibration using hydrostaticstress criterion with (high-constraint) C(T) and (low-constraint)
uniaxial (0:1) cruciform toughness data, three-parameter Weibull
model: m = 10.2, ou = 2154, and aw.m,n = 1040 MPa: (a) C(T) correlation,
(b) equibiaxial (1:1) correlation, and (c) uniaxial (0:1) correlation.
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Figure 10. Biaxial scaling model for variations in biaxiality in terms of Jintegral.
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Figure 11. Biaxial scaling model for variations in biaxiality in terms of
toughness ratios: (a) variation with uniaxial (0:1) toughness and
(b) variation with biaxiality ratio for Pf= 0.5. Experimental points are
the medians of the test data normalized by the predicted median of
the uniaxial (0:1) cruciform.
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Figure 13. Finite-length flaw specimens cut from an RPV shell segment are
used to investigate the effect of the clad layer and specimen size on
initiation behavior of prototypic RPV welds.
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Figure 14. RPV clad-cruciform specimens are fabricated from either a
machined test section or a uniaxiai beam. After fatigue pre-cracking,
transverse beam arms are electron beam (EB) -welded to form a
cruciform specimen. Relevant dimensions of the cruciform specimen
are given in mm.
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Figure 15. Fracture surface for (a) specimen CBL 11-3 showing initiation site
location; test performed at-56.6°C under uniaxial (0:1) loading; (b)
specimen CBL 11-1 showing initiation site location; test performed at
-62.6°C under biaxial (1:1) loading.
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Figure 16. Calibration with low- and high-constraint SE(B) specimens under
uniaxial loading (3-point bending) establishes the Weibull model
parameters m, au, a^n), p, and Jssvimin) for a given material (RPV
longitudinal weld).
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Figure 17. Model for semi-elliptical surface flaw to calculate Weibull stress
density.
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Figure 18. Finite-element 1/4 model with bending loads applied as uniform
surface pressures at ends of longitudinal and transverse beam arms.
Rigid contact surface under test section completes staticallydeterminate boundary conditions that simulate 8-point bending.

Figure 19. Layout of element partitions for the calculation of a generalized
Weibull density function as a function of position along the flaw-front
of an RPV clad cruciform specimen.
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Figure 20. Normalized Weibull stress density versus distance from symmetry
plane for an RPV clad cruciform beam subjected to a uniaxial moment
loading of 143.1 kN-m.
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Figure 21. Normalized Weibull stress density versus distance from symmetry
plane for an RPV clad cruciform beam subjected to biaxial moment
loading.
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Figure 22. Applied longitudinal load versus applied Kj for an RPV clad
cruciform specimen subjected to uniaxial (0:1) and biaxial (1:1)
loading at - 60C.
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Figure 23. Schematic diagram depicting the linkage between essential
elements of the analysis process: (a) the unique functional
relationship between the applied load (in terms of J or Kj) and the
Weibull stress, aw, for a given constraint condition (b) the Weibull
stress and the cumulative probability of initiation, Pf, defined by the
Weibull model parameters, and (c) the resulting toughness scaling
curves for varying levels of constraint.
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Figure 24. Normalized Weibull stress versus normalized applied Jfor RPV clad
cruciform specimen subjected to uniaxial (0:1) and biaxial (1:1)
loading at - 60°C.
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Figure 25. Cumulative probability versus applied Kj for RPV clad cruciform
specimen subjected to uniaxial (0:1) and biaxial (1:1) loading at - 60°C.
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Figure 26. Probability density versus applied Kjfor RPV clad cruciform
specimen subjected to uniaxial (0:1) and biaxial (1:1) loading at - 60°C.
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