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Abstract

A Heavy-Section Steel Technology testing program was ductile tearing on fracture toughness were investigated
conducted on full-thickness clad - beam specimens using a continuum damage model based on the Gurson-

|
fibricated using material from the reactor pressure vessel Tvergaard formulation. The inclusion of residual stress '

(RPV) of a canceled nuclear power plant to generate estimates had a measurable effect on the shallow-crack
fracture toughness data for both deep and shallow cracks in toughness data. The cleavage toughness data were
prototypic RPV material. The beam specimens compared with other shallow- and deep-crack uniaxial
incorporated weld, base, and overlay cladding materials. beam data generated previously from plate material that
Factors influencing the fracture toughness of RPV material conformed to SA533, Grade B material specification
containing shallow cracks include crack-tip constraint, requirements. The range in scatter for data obtained from
material property gradients, weld inhomogeneities, the the clad beam specimens is consistent with that from the j
cladding process, and residual stresses. laboratory-scale single-edge-notched-bend (SENB) |

specimens tested at the same temperature. The minimum
In the first testing phase, five full-thickness clad beam toughness value from the clad beam specimens was
specimens were fabricated with through-thickness cracks provided by a shallow-crack beam, not by the single deep-
that ranged in depth from 10 to 114 mm (0.05 s aM s 0.5) cracked beam tested in this series. However, the machined
in the weld material. These specimens were tested in three- flaw, and thus the sharpened crack tip, for this specimen
point bending at temperatures in the transition region of the was near the weld / base heat-affected-zone (HAZ). Even
weld metal fracture toughness curve (T- NDTabout 25'C). though no metallurgical investigation of the exact crack tip
Fracture toughness estimates were obtained from load location has been performed, it is possible that the
versus load-line displacement and crack-mouth opening toughness value obtained is not representative of the bulk
displacement data using finite-element techniques and weld metal. At this time, however, this toughness result is
estimation schemes based on the n-factor method. being treated as valid. Additional full-thickness clad beam

specimens that were tested with shallow cracks located in
One of the beams experienced a significant amount of prototypical full thickness RPV plate material are being
precleavage stable ductile tearing. Effects of precleavage evaluated to complete the investigation.
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1 Introduction

1.1 B8ckground weld, and base material shell segments. Shallow cracks in
these beams were located in the weld material.

Evaluations of reactor pressure vessel (RPV) integrity
under pressurized-thermal shock (PTS) loading are based Comparison of results from these tests with those from

4on the following: homogeneous shallow-crack test specimens provides an
opportunity to quantify the effects of certain near-surface

the Marshall flaw distdbution,1 conditions on fracture toughness. In addition, the effectivee

U.S. Nuclear Regulatory Commission (NRC) Guide fracture toughness from these large beams can be*

1.154,2 and compared with the toughness as defined by current rules 5
data from deep-crack fracture toughness specimens. Provided in Section XI of the American Society of*

Mechanical Engineers (ASME) Boiler and Pressure Vessel
The Marshall flaw distribution predicts more small flaws Code.

than large flaws; NRC Regulatory Guide 1.154 requires
that all flaws be considered surface flaws. Probabilistic 1.3 Scope i

fracture-mechanics (PFM) analyses of RPVs indicate that a
high percentage of the cracks that are predicted to fracture Chapter 2 provides a summary of the HSST full-thickness
by cleavage initiate from shallow flaws.3Because the clad beam testing program, including a description of
postulated existence of shallow flaws has a dominant specimen geometry, material characterization studies,
influence on the results of PFM analyses and ultimately on testing procedures, experimental results, and comparisons
the conditional probability of vessel failure in a FTS with other shallow-crack fracture toughn:ss data.
evaluation, the shallow surface crack is very important in
RPV structural integrity assessments. Analyses of the test data, including comparisons of test

data with finite-element analysis results and applications of
1.2 Purpose toughness estimation techniques, are described in Chap. 3.

Applications of stress-based constraint characterizations

This report describes preliminary results from a Heavy developed by O'Dowd and Shih -8 to the clad beam data6 '

Section Steel Technology (HSST) testing program - . are also included in Chap. 3.
designed to investigate some of the effects on fracture
toughness of the conditions outlined above. In the initial A summary and preliminary conclusions, together with a
phase of the investigation, five full-thickness clad beam review of future plans for the clad beam testing program,
specimens were fabricated at Oak Ridge National are given in Chap. 4.
Laboratory (ORNL) and tested at the National Institute for
Standards and Technology (NIST), Gaithersburg,
Maryland.* Material used to fabricate the test specimens
was obtained from a RPV of a canceled nuclear power
plant.

These tests were performed to investigate the influence of
metallurgical gradients, weld inhomogeneities, and the
cladding process on the fracture toughness of material
containing shallow cracks. Specifically, fracture toughness
data were generated from three-point arc-bend test
specimens (229- by 226-mm cross section and ~1300 mm
chord length) fabricated from full-thickness RPV clad,

*NIST Test Report for Full-Thickness Clad Bearn Fracture-Toughness
Test

Bendbar #1 tested April 6,1993 (report dated March 101994);
. Bendbar #2 tested January 13,1994 (report dated March 10,1994);

Bendbar #3 tested February 24,1994 (report dated March 21,1994);
Bendbar #4 tested August 24.1994 (report dated Decernber 23,1994);
Bendbar #5 tested September 1,1994 (report dared Decernber 23,1994).

I NUREG/CR-6380



2 Full-Thickness Clad Beam Testing Program

2.1 Test Specimen

The full-thickness clad beam specimens were fabricated
master blank. Abrasive-cutting was used at this stage to

from an RPV shell segment that was available from a
ensure that any material affected by the flame-cutting

canceled pressurized-water nuclear power reactor. The would not be contained in the test beams. Figure 2.3 shows
plant was canceled during construction, so the vessel was

one of the beam blanks before final machining. The weld
never placed into service. A sketch of the vessel shell

location was polished and etched to accurately locate the
segment is shown in Fig. 2.1. centerline of the weldjoining the two beam halves. This

centerline was then marked for machining reference.
'The shell segment includes two circumferential welds and
one longitudinal weld. The " lower" circumferential weld A circumferential coupon containing the test material was
connects two shell courses, and the " upper" circumferential removed from the master blank during the process of
weld connects a shell course with the nozzle ring. The cutting the test beam blanks. Metallurgical details of the
longitudinal weld is located near the mid-width of the shell coupon can be seen in Fig. 2.4. The base material, the weld
segment and runs from the " upper" circumferential weld material with its multiple layers, the heat-affected zone
through the lower end of the shell segment. (HAZ) between the weld and base materials, and the clad

layer with its HAZ are clearly visible.
The RPV base material conformed to SA 533, Grade B
material specification requirements. The welds were
submerged-are welds (SAW) utilizing the same weld
procedure and the same heat of A 533 B class I filler

metal.* For the circumferential welds, the root pass at the
inside surface of the vessel wall was removed by grinding
to sound material and back-welded by hand. The back-fill
welds were thus performed using a different processt and ~~

heat of weld wire. To check this information, chemistry """""
& %, """ %determinations were performed on the longitudinal weld, c'ca." P \ a

the circumferential weld, and the circumferential back-fill
\ i

welds. It was found that the longitudinal and y n jcircumferential weld had the same chemistry whereas the f !!'circumferential back-fill weld exhibited significant / ' % i
variation in several elements. After assembly, the inner

{
'

i :
.

surface of the RPV was clad with a stainless steel weld i: !

.

-
g

overlay. The base, clad overlay, and weld materials are P ' I,
prototypic of a production-quality RPV. The shell has a

,_ m ,,e .
nominal inner radius of 2210 mm (87 in.) and a thickness _
of 232 mm (9.125 in.) that includes -5 mm (-0.2 in.) of
clad overlay.

Figure 2.1 Sketch of RPV shell segment used
Because the first five-specimen series was intended to as source material for full-
investigate the fracture behavior of the longitudinal weld thickness clad beam specimens
material, the test beams were cut in the circumferential
direction of the shell. A longitudinal master blank with a
1:ngth sufficient to fabricate five test beams was first

flame-cut from the shell using the cut-up plans shown in
Fig. 2.2. Five blanks were then abrasive-cut from the

* Letter from Stephen T. Byrne, ABB Combustion Engineering, to W. E.
Pennell. Oak Ridge National Laboratory, April 1,1998,

i Personal communication from Stephen T. Byrne, ABB Combustion

Engineering. to W. L McAfee, Oak Ridge National Laboratory,
December 1,1998.
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Full-Thickness

After abrasive-cutting, the specimens were machined to yield stress for the weld material is 36 % higher than the
final dimensions, incorporating handling, load-contact, and yield stress for the base material.
flaw details. A sketch of the specimen geometry is shown
in Fig. 2.5. The specimen was designed to be tested in
three-point bending with a load span (S) of 1219.2 mm 2.2 Test Equipment and Procedures
(48 in.). Flat parallel-load contact points were machined on
the top and bottom surfaces of the beam to remove surface The full-thickness clad beam tests were performed at NIST
irregularities and to ensure uniform load application across using the 53.4 MN (12000 kips) servo-hydraulic test
the width of the beam. The centerline of the weld was machine. A three-point bend fixture with span and load
located and used as a reference in machining the specimen capacity sufficient to perform these tests was designed and
details such that a radial plane, nominally passing through fabricated. This fixture was designed for a load capacity of
the center of the weld, would be a plane of symmetry for at least 15 MN (3370 kips), which was calculated to be in
the specimen. excess of that required for these tests. Because the tests

were performed at a low temperature, an environmental
The flaw was machined to lie in this plane using the wire chamber was fabricated to completely enclose the test
electro-discharge machining (EDM) process and extended specimen and load-contact points to facilitate control of
from the shell inner surface, i.e., the clad surface, to a both time- and spatially-dependent temperature variations
predetermined depth into the beam. The EDM process in the specimen.
allows flaws with a very narrow width (0.5 mm) and
uniform depth to be machined into thick sections with The total test sequence for the set of five beams involved
minimum impact on the surrounding material. Heating and the following three phases:
the associated potential for introduction of surface residual
stresses is minimized using this method, and only small shakedown and demonstration,e

amounts of material are removed. fatigue precracking, ande

= failure test.
Final dimensions for each clad beam specimen are shown
in Table 2.1. Note that the flaw in each beam was As indicated by the footnote in Table 2.1, the deep-flaw

|

machined to a different depth. One deep-flaw specimen specimen was designated as a development beam for this
(CB-1,1) and four shallow-flaw specimens (CB-1.2 series. The primary purpose of the development beam test
through CB-1.5) were produced. The crack depth , a, listed was to verify and validate the testing procedures for the
for each beam is the final depth after fatigue precracking, remaining tests. This beam was sent to NIST in blank form,
Fatigue precracking details are provided in Sect. 2.2. i.e., before final machining and without a notch or crack. It

was instrumented with 16 thermocouples, shown
The shell contained both axial (longitudir al) and schematically in Fig. 2.7, and mounted in the test facility
circumferential welds. In the course of cutting the beam with the environmental enclosure in place. The beam was
blanks, the upper circumferential weld was made available then cooled as it would be for an actual fracture test, and
for material characterization. Tests, using the Automated measurements of cooling rate and temperature distribution
BallIndentation (ABI) technique,9 indicated that the were made. Cooling was achieved by a spray ofliquid
tensile properties of the axial and circumferential weld are nitrogen (LN ) onto the beam surface. A procedure was2

similar. The characterization of the circumferential weld developed whereby the beam would be cooled to about
included Charpy V-notch (CVN) tests, reference nil- 5 C below the target test temperature, the LN spray2

ductility temperature (RTm) determinations 10,and would be stopped, and the beam would then be allowed to
tensile tests (at temperatures ranging from -80 C to thermally equilibrate and warm to the test temperature.
23 *C). A complete description of the circumferential weld This procedure was selected because the change in
characteristics has been previously reported.1I temperature during the fracture test was considered

accepta' '.e. After these demonstration tests were
The impact and tensile material characterization data were completed, this beam was sent to the machine shop for
used to develop a consistent set of material properties final machining into the fracture test specimen CB-1.1.

; needed for test data evaluation and finite-element analyses

| of the clad beams. These properties are shown in Table 2.2. When CB-1.1 was returned as a test specimen, it was fully

| The ABI technique was used to determine the yield stress instrumented with crack-mouth-opening-displacement
'

for the weld material, as plotted in Fig. 2.6. The tabulated (CMOD) gages, as shown in Fig. 2.8, and surface strain

l
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Table 2.1 Specimen geometry of full-thickness clad beam specimens

Parameter CB-1.la CB-1.2 CB 1.3 CB-1.4 CB-1.5

Load span, S (mm) 1219.2 1219.2 1219.2 1219.2 1219.2

Thickness ,B(mm) 230.2 230.2 229.6 229.1 231.6b

Width, W(mm) 225.7 224.3 224.3 228.9 225.0
' Crack depth, a (mm) 117.5 10.8 23.7 22.6 12.1
Ratio, a/W 0.50 0.05 0.10 0.10 0.05

aUsed as development beam.
Diickness includes ~5 mm of clad overlay.

Table 2.2 Material properties at test temperature of-25 C

Property Base Weld Cladding
Material Material Overlay

Modulus of elasticity (E), MPa 200,000 200,000 152,000a

Poisson's ration (v) 0.3 0.3 0.3
Yield Strength (o ), MPa 440b 599C 367bo

Ultimate strength (o,), MPa 660d 7048 659
RTNDT, *C -23
NDT,*C -50
8 Measured E value from S. K. Iskander et al., Martin Marietta Energy Systems, Inc., Oak Ridge National Laboratory,
" Experimental Results of Tests to Investigate Flaw Behavior of Mechanically Loaded Stainless Steel Clad Plates,"
NUREG/CR-5785 (ORNL/TM-11950) April 1992.
bo measured by ABI technique.o
CEvaluated from c = 390 + 51650 / (T+ 273) where Tis the material temperature in *C.o
d , measured by Rockwell B indentation technique.o
' Evaluated from o, = 488 + 52830 / (T+ 273).

-
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Figure 2.8 Location of crack mouth-opening clip gages used on clad beam.

gages and thermocouples, as shown in Fig. 2.9. In addition, points mated properly. Figure 2.1I shows CB-1.1 in the
a specially designed fixture was used to measure load-line test fixture in preparation for the fatigue precracking phase.

displacement (LLD), shown in Fig. 2.10. The specimen Figure 2.12 illustrates the test specimen, loading fixture,
was then installed in t..e test fixture, and a careful and the load transfer configuration.

inspection was performed to confirm that the load-contact
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For the fracture phase, the manifold for spraying the LN near the beam sides, the flaw growth was very uniform2

onto the beam surface was mounted around the specimen, The fracture surface for specimen CB-1.5 is shown in
and the environmental chamber was used to enclose the Fig. 2.15. During the CB-1.5 test, a violent failure of the
assembly. Figure 2.13 shows a test beam mounted in the beam resulted in one half of the specimen and two rollers !

loading fixture, with the LN manifold in place, but with being ejected from the test fixture. The test fixture was (2

the load-line displacement (LLD) instrumentation and the significantly damaged by this action. Based on load vs j
environmental chamber not yet installed. Once the deflection data, substantial plasticity developed in the
specimen was completely enclosed, it was cooled to the beam before failure. Examination of the fracture surface
test temperature (-25 C) per the procedures just revealed that the fatigue crack was followed by
discussed. The specimen was then loted to fracture approximately 2.6 mm of ductile tearing and then by a
under stroke control using a constant displacement rate. fairly flat cleavage surface.
The same failure test procedure and the same general
instrumentation layout was used for all specimens.

2.3 Test Results
The fracture surface for specimen CB-1.4 is shown in

liPP ed load (P) vs displacement curves for each of theAFig. 2.14. The fracture surface can be divided into three
parts. The lower part is the machined flaw surface, where five beams are shown in Fig. 2.16 for LLD and in

the uniformity, or straightness, of the crack front is clearly Fig. 2.17 for CMOD, respectively. These curves depict
,

j

visible. The second part is the crack-growth produced the inelastic behavior in the shallow-crack specimens as
|

during fatigue precracking. The third part is the fracture fracture conditions are approached. In contrast, near- i

surface itself, which shows a cleavage fracture. While elastic conditions are demonstrated for deep-crack

there are multiple initiation sites, the first initiation specimen CB-1.1. The conditions of each specimen at j

location appeared to be near the center of the crack front. failure are listed in Table 2.3.
{

Note that, with the exception of portions of the crack front
{
i

I
|

I

Table 2.3 Summary of test results from the full-thickness clad beam testing program

CB-1.1 CB-1.2 CB-1.3 CB-1.4 CB-1.5
a/W 0.50 0.05 0.10 0.10 0.05 :

Temperature, 'C* -25.5 -25.0 -25.0 -25.3 -25.9
Stroke Rate **, mm/ min 2.49 8.38 6.89 3.76 8.76

Time to Failure, s 230 366 440 309 556 )
Failure conditions

P,kN 1232.5 5002.3 5060 3114 5783
LLD,mm 3.236 5.767 8.083 2.825 16.396

CMOD, mm 1.485 0.567 1.718 0.318 1.998
* Temperature values vary byi 1 C

.
l

** Stroke (load) rate was selected to give comparable K for each flaw configuration.
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3 Clad Beam Posttest Analyses i

3.1 Finite-Element Analysis Models the model over four elements on the outer edge (see
'

Fig. 3.l b).
Two analytical techniques were used to generate finite-
element solutions for the full-thickness clad beams. In clad Plane-strain analyses were carried out using an incremental
beam tests CB-1.1 through CB-1.4, the crack initiated in elastic plastic constitutive model (von Mises) and small-
cleavage, thus allowing use of static analysis techniques.12 strain theory. Local crack tip fields obtained from these
ne CB-1.5 specimen experienced approximately 2.6 mm analyses were applied in stress-based dual-parameter
of stable ductile tearing before initiation of cleavage characterization models to assess constraint effects.
fracture. Recent studies indicate that the onset of stable
ductile tearing leads to crack-tip profiles and crack-tip 3.1.2 Precleavage Ductile Tearing Model {fields ahead of the growing crack that differ from those of

.

a stationary crack. Stable ductile tearing exposes additional The finite-element model shown in Fig. 3.2 was employed !

volumes of material to elevated near-crack-tip fields as the to perform plane-strain nonlinear analyses of the clad beam
|

crack advances, thus altering the sampling of potential specimen CB-1.5 (a/W = 0.05) which had a small amount '

cleavage initiation sites on the microstructural level. Also, f precleavage ductile tearing (-2. mm). The finite-
|

measured cleavage fracture toughness values for these element c mPuter code WARP 3D (see Appendix A for
i

specimens are influenced by changes in crack-tip constraint s) was us&o perform h analysis. N3D was

conditions that occur with prior stable crack growth. The Ped at Mmemty ominois as a research tool m,

analysis of CB-1.5 utilized the Gurson-Tvergaard (G-T) the field of fracture mecham,es with specific features
,

)

dilatant plasticity modell3 for void growth and element riented toward the investigation of ductile fracture 1n
!

,

extinction, providing the capability to simulate crack metals. With the Gurson-Tvergaard (G-T) model, void
,

growth. This methodology is described in detail in nucleation and growth ahead of a stably tearing crack are

Appendix A. incorporated into a finite-element model with
computational cells having explicit length scales, as

j
illustrated in Fig. 3.3. For 2-D plane-strain analyses, the

3.1.1. Cleavage Model WARP 3D code utilizes a one-element-layer thick 3-D
model; plane-strain constraints are imposed on all nodes.

A two-dimensional (2-D) analysis was performed on the
clad beam specimen CB-1.4 depicted in Fig. 2.5 using the In Fig. 3.2, the mesh has 2706 nodes and 1248 elements.

l4ABAQUS finite-element program (analyses of CB-1.1 Symmetry about the crack plane permits modeling of one- i

through CB-1.3 are described in detail in Ref. I1). A one. half of the specimen. Square elements in the crack-tip i

half section of the complete clad beam specimen illustrated region and along the crack plane are defined to permit
in Fig. 2.5 is represented in the 2-D finite-element model of uniform increments of crack extension. The crack-tip
Fig. 3.1. 'lhis model of the clad beam specimen element size is 100 pm (chosen from prior analytical
(a/W= 0.10) incorporates the curvature of the plate and the experience 16) for adequate resolution of the crack-opening
flat region where the specimen is supported during loading, profile and stresses ahead of the growing crack. The finite-

element model is loaded by displacement increments
A highly refined mesh in the crack-tip region (see imposed on six centerplane nodes (the two end elements)
Fig. 3.lc) provides resolution of stress fields over the as shown in Fig. 3.2a.

normalized distance 2 < r / (J / c ) < 10 in front of theo

crack; where ris the distance from the crack tip, and o is The Gurson constitutive formulation is used for theo

the yield stress. The outermost semicircular ring of nodes elements along the crack plane where ductile tearing
in the mesh, shown in Fig. 3.lc, has a radius of 3.6 mm. occurs, and the remaining material is modeled by the

von Mises yield criterion with associated flow rule. Two
The model consists of 3630 nodes and 1105 eight-node principal input parameters for the G-T model are the initial
isoparametric elements with a reduced 2 X 2 Gaussian void volume fraction,f,. and the characteristic length, D,
quadrature. Collapsed-prism elements arranged in a associated with the G-T crack plane elements. According
focused-fan configuration at the crack tip are used to to theory, these parameters are dependent only on the

produce an approximate 1/r strain singularity appropriate material and not on specimen geometry. At the time that
for inelastic analysis. A distributed-pressure is used to load the plane-strain analyses were carried out no experimental

J-aa curves for the weld material were available;
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Figure 3.3 Two material damage parameters for the Gurson Tvergaard model: initial slab height J

D and initial volume fraction fo

there. a parametric study was performed to obtain the
initial wiume fractionf,and displacement increment which
would reproduce the experimental load vs CMOD curve 3.2 Calibration of the G-T Model
for CB-1.5. The value off, used in the final analysis was
0.006 with a displacement increment of 0.00215. The Two principal input parameters for the G-T model are the

explicit length scale D was set at 200 pm (since the crack- initial void volume fraction,fo, and the characteristic i

I

tip element size is 100 pm). Upon the void fractionf length, D, associated with the G-T crack plane elements.

increasing to the critical volume fraction, set atff = 0.15, According to theory, these parameters are dependent only

void coalescence occurs. Full interpretation of the test on the material and not on specimen geometry. To evaluate
,

results from CB-1.5 has not been completed. Additional this model, the steps illustrated in Fig. 3.5 were taken: i
I

work is on-going as noted later in the report.
Ductile crack growth data were generated from side-*

Material properties used for the posttest analyses of the gr ved compact tension (CT) specimens taken from the
clad beam specimens were taken from Table 2.2 and from weld material.I

i

[
the true stress vs true plastic strain curves given in Fig. 3.4.

The parametersfo and D were selected for the material=
.

*

to get agreement with load versus CMOD and crack
. ,,,

" '

o _ growth data from the CT specimens.

1L ( '

"t The same values of these parameters from the CT*:
5m. - a5 specimen analyses were then used to analyze the full-

j . .j thickness clad beams using a 3-D model to determine
|

if they predict the observed responses.
{

'" - O . ,,

|

[ */ Calibration analyses were performed with the WARP 3D*
* *a na sa *=

15' * * * * fracture analysis computer program which incorporates

Figure 3.4 Material representation for clad the Gurson-Tvergaard (G-T) dilatant plasticity model for
void growth and an element extinction capability for,

I beam.

NUREG/CR-6380 24
i

-._._u__. _.___m ._.__ m



Clad Beam
modeling crack growth. Two principal input parameters agreement with the numerical models (also shown in
for the G-T model are the initial void volume fraction,fo, Fig. 3.8). Note that reverse tunneling near the side grooves 1and the characteristic length, D, associated with the G-T

is visible in the CT specimens (base material) and |crack plane elements. Ductile crack growth data were predicted in the analysis.
generated from side-grooved CT specimens taken from the
RPV weld and base material. The parametersfo and D
were calibrated for the weld and base material through an 3.3 Analytical Results
iterative process involving finite-element analyses of the
CT specimens. A three-dimensional (3-D) model for a IT Results from the a posterior plane-strain analyses of tests
CT specimen (20% side grooved and aM= 0.63, depicted CB-1.4 and CB-1.5 are summarized in Figs. 3.9 and 3.10.
in Fig. 3.6) was used for the calibration analyses. Comparison of the measured and calculated P vs

displacement responses provides an interpretation of the
For the weld material, calibration analyses were carried out

accuracy of the analysis results and a means of establishing
for a D of 254 mm,fc f 0.15, and values forq,, q,, and q, confidence in the calculated fracture mechanics

o

of 1.25,1.0, and 1.5625, respectively. The q values were parameters.
introduced by Tvergaard in the equation for the G-T yield
condition to improve the model predictions for periodic The calculated P vs LLD curves are compared with
arrays of cylindrical and spherical voids. A value of 0.002 measured data for each test in Fig. 3.9. For comparison,
forfo gave the best approximation to the experimental load results for test CB-1.1, CB-1.2, and CB-1.3 are also
P vs LLD and J vs da curves. included in Fig. 3.9. Calculated LLD values at a given load

for the shallow-crack specimens were greater than the
For the base material, a value of 0.0008 forfo gave the best measured values for the full range of loading, except CB-
approximation to the experimental load vs LLD and J vs 1.5 where the measured values of LLD are greater than the

,

Aa curves (for the same D andfc values as the weld calculated values over the plastic range ofloading.
material). The values of q, and q, were adjusted to 1.35
and 0.95, respectively, due to the particular strain Comparisons of calculated and measured P vs CMOD in
hardening of this material. Fig. 3.10 show good agreement for CB-1.1 through -1.4.

'Ihe' calculated values for J vs Aa, shown in Fig. 3.7, are To match the measured CMOD at failure for CB-1.5, the. .

3g g . .o be increased by 12 %, because the plane-strainclose to measured values for the CT tests [SNB02 and
SNB04 (Base material); SNLO2 and SNLO4 (Weld model v.as too stiff *

material)]. Figure 3.8 shows the measured final crack *

profiles for the CT test specimens, which are in good

Q WpO:p-DATA <
W

,

: ' ym
J .ss y j

,) :
,

s. , >

ba
Compact Tension J-R Curve

Specimen

I
. l
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_

(
.

I

U

fo and D

Figure 3.5 Calibration of Gurson model parameters f, and D using small laboratory specimens
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Table 3.1 Summary of analysis results from the full-thickness clad beam testing program

CB-1.1 CB-1.2 CB 1.3 CB-1.4 CB-1.5
a/W 0.50 0.05 0.10 0.10 0.05
U t, kN-mm 135 6427 16879 93 __.ap
A t, kN-mm 88 1473 5486 79 _ap

11-factors
t

UPI 1.37 0.79 1.05 1.69

tl*i 2.26 4.16 4.08 2.82 ]
Fracture toughness

Elastic compnent
Jel, kJ/m 131.3 110.6 230.5 73.52 151.6b
Kf, MPag 173.0 154.5 223.1 126.0 180.9

P vs CMOD
21 t, kJ/m 8.1 124.7 486.0 4.69 -p

2 139.4 235.3 716.5 78.21 1082.5CTotal 1, kJ/m
KJc, MPag 173.5 225.4 393.3 130.0 483.5

P vs LLD
21pt, kJ/m 7.4 103.8 384.8 3.31 -

2 138.7 214.4 615.3 76.83 _Tota 11, kJ/m
KJc, MPag 173.1 215.2 364.5 128.8

_

aNot calculated since CB-1.5 underwent precleavage ductile tearing and toughness was not
estimated using11-factors.

bStatic analysis for crack depth location after ductile tearing ( a - 14.7 mm).

cGurson-Tvergaard plasticity model for void growth and element extinction for crack growth.

The plane strain model results for CB 1.5. shown in PATRAN The finite-element model is shown in Fig. 3.13.
Figs. 3.11 and 3.12 and given in Table 3.1, indicate that the Values of the weld calibrated parameters for the CT
crack began tearing at a load of 5659 kN (1 value of - specimen analyses ( see Sect. 3.1.3) were transferred to the
373 kN/m). The crack extended 2.6 mm with an end load clad-beam model (CB-1.5) to determine if they predict the
of 6497 kN and J value of 1083 kN/m. The difficulties in response observed in the test. Comparisons of calculated
cnalytically modeling the measured responses of P vs LLD and measured load (P) vs CMOD in Fig. 3.14 shows good
and P vs CMOD simultaneously have been described in agreement for CB-1.5 (tests CB-1.1 - CB 1.4 are also
previous reports.4,11-12,17 For the analyses presented included). The 3-D model results of CB-13, shown in
herein, emphasis was placed on modeling the P vs CMOD Fig. 3.15, indicate that the crack began tearing at a load of
response accurately for use in determining fracture 4400 kN (1 value of 94 kJ/m ). The crack extended to 2.6

2

toughness. mm (the amount of tearing in the test) at a load of 5600 kN
(1 value of 880 kJ/m'), which is close to the measured

A three-dimensional model of the full-thickness clad-beam cleavage fracture load in the experiment (5780 kN).
specimen was generated using the mesh-generator code
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3.4 Toughness Esthnation Tectm! ques toughness data obtained from the full-thickness clad beam

specimens CB-1.1 through CB-1.4. A thermal gradient
For the clad beam tests, fracture toughness is estimated in method (TGM) was used to generate stress distributions in
terms of the critical 1-integral a,.d then converted into an the beams that approximate the residual stresses. These

elastic-plastic stress-intensity factor, KJc. The two estimates of stress distribution were based on previous
techniques ,11-12,17 used to determine the critical 1for residual-stress studiesl9 conducted at ORNL. In the latter4

CB-1.1 through CB-1.4 (cleavage initiatioa) are based on studies, the TGM was based on application of a tempera-
the " work" at the crack tip as measured by the area under ture distribution in the form of a cosine function through
the load-displacement (LLD or CMOD) curves. The the thickness of the beam. The temperature distribution
me^ hods require an n-factor, which relates work at the was adjusted such that the generated stresses in the beam

crack tip to the plastic portion of the crack-driving force. would cause the opening displacements of a pre-crack
The first method of estimating 1uses the P vs LLD test notch in the beam to match those recorded during the wire

record as input for the toughness estimate. The J-integral is electro-discharge machining of the notch.These fictitious

divided into elastic and plastic parts given by thermal stresses were then imposed as initial stresses on

each of the clad beam models containing fatigued through-

J =- J + J,, (3.1) flaws. It should be noted that residual stress values may beg
larger in the RPV shell segment from which the clad beam

where specimens were fabricated. A previous study 20has shown
i that the stress level in a specimen cut from e plate is lowerl , = g y#, (3.2) than the stress level in the uncut plate, because the stresses.p Bb in the specimen were allowed to relax when the restraining

effects of the plate were removed.
,

and U,is the plastic component of the area under the P vs
'

LLD curve B is the specimen thickness, b is the remaining Estimates of residual stress effects on cleavage fracture
ligament (W-a), and n,'is the dimensionless constant toughness values measured in each of the four tests are
relating the area term to 1, . Finite-element analysis summarized in Table 3.2. Contributions of the residual
provides values of n,'as a function of U,for each loading stresses to the K-factor applied to the fatigue-sharpened
and specimen configuration. Analysis is also required to flaw (with no externally applied load) are given in
determine the relationship between J., and P. The U,value Column 1 of Table 3.2. Columns 2 and 3 provide estimates
from the measured P vs LLD curve and the corresponding of fracture toughness based on CMOD n-factors
value of n,' for each test at cleava (Table 3.1) that exclude and include the effects of residual
in Table 3.1. The second techniquege initiation are included8 for determining the stresses, respectively. Residual stresses were shown to
critical 1-integral uses the plastic component of the area have a measurable effect only on the shallow-crack
under the P vs CMOD curve (A ) to calculate 1, . The toughness data.s
values of A,(from the measured P vs CMOD data) and n,' Fracture toughness data from the HSST clad beam and
for each test at initiation are listed in Table 3.1. Cleavage shallow-crack single-edge-notched bend (SENB)

4fracture toughness values for the full-thickness clad beams programs are shown in Fig. 3.17 as a function of
are given in Table 3.1. normalized temperature (T-NDI). Figure 3.17 indicates an

increase in mean toughness and data scatter with decreased
in Fig. 3.16, values of / calculated for CB-1.4 from the two constraiat associated with shallow crack testing in the
TI-factor techniques are compared to 1 determined from transition temperature region. The range in scatter for data
finite-element analyses. These results showed relatively obtained from the clad beam specimens is consistent with
good agreement among the three methods of calculating 1. that from the laboratory-scale SENB specimens tested at

the same temperature. Note that the minimum toughness

3.5 ResidualStresses value fr m the clad beam specimens was provided by a
shallow-crack beam, not by the single deep-cracked beam

#
An analytical study was carried out to estimate the effects
of residual stresses on measured cleavage fracture
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Table 3.2 Summary of residual stress results from the full-thickness
clad beam testing program.

K(MPaVm ) j
(1) (2) (3)

Test aAV Residual Without RS With RS
Stress (RS) (n -factors) (n -factors)

CB-1.1 0.50 6 174 174

CB-1.2 0.05 18 225 243

CB-1.3 0.10 24 393 411

CB-1.4 0.10 24 130 155
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Figure 3.18 Distributions of normalized
Figure 3.17 Fracture toughness as function opening mode stress for deep crack clad

of normalized temperature T - NDT. beam specimen as a function of applied J up
to crack initiation.

3.6 Constraint Analyses

6The dual-parameter stress-based /-Q methodology -8 was
used to assess crack-tip stress triaxiality in the clad beam
specimens that experienced cleavage initiation.1 In these s
analyses, results for the deep-crack specimen (CB-1.1) at a '

, , ,,
' ''

1value of 43.63 kJ/m (1,= 139.4 kJ/m in Table 2.3) are - M$iS'Ej'$$2 2 d5

employed as an approximation to the small ccale yielding 9
, . es i.s. am.0.10. as22.s un

4(SSY) reference solution. Earlier analyses have shown ca.u. am.0ao. Ae7.72 en
that Q is approximately zero for the deep-crack specimens s.s ! - - + - 4 4 f j
under these loading conditions. This observation is e* i N j_ 3 m
supported by results shown in Fig. 3.18 for the normalized o' ' A N ! Iu
opening-mode stress (c /o.) distributions vs r/(1/c ) for o. M .yy o 2.s
the deep-crack specimen CB-1.1.

2 o. 0.rs 2__ _

The opening-mode stresses ahead of the crack tip for the ! !. i3.s
shallow-crack specimen (CB-1.4), shown in Fig. 3.19, I |exhibit an essentially uniform deviation from the SSY ; ;

'
, , , ,, ,,solution over a distance of 2 < r/(1/o,) < 10 (i.e., spatially

uniform). From Fig. 3.19, the clad beam specimen CB-1.4 ,f po,) ,

has a Q-stress value of about -0.36 at failure (for
2 < r/ (1/ o,) < 10), whereas CB-1.2 and CB-1.3 had Q-

Figure 3.19 Distributions of normalized
stress values of-0.78 at failure (a significant loss of opening mode stress for clad beam

constramt). This moderate loss of constraint in the CB-1.4 specimens as a function of applied J: a/W =
specimen is due primarily to the relatively lower failure 0.50, 0.05, and 0.10.

load observed in the test.
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4 Summary and Conclusions

This report describes results from an HSST testing program underway to provide updated material property data for the
that is utilizing full-thickness clad beam specimens base, weld, clad, and clad HAZ.

j fabricated using material from the RPV of a canceled
J nuclear power plant. The beam specimens, which In the HSST Program, initial studies of ductile tearing
! incorporate RPV fabrication weld, base, and clad overlay models have focused on the Gurson-Tvergaard (G-T)

materials, are providing fracture toughness data for shallow dilatant plasticity model for void growth and an element
cracks in material for which metallurgical conditions are extinction capability for modeling crack growth. Two
prototypic of those found in RPVs. Factors influencing the principal input parameters for the G-T model are the initial
fracture toughness of RPV material containing shallow void volume fraction,fo, and the characteristic length, D,
cracks include material property gradients, weld inhomo- associated with the G-T crack plane elements. According
geneities, the cladding process, and residual stresses. to theory, these parameters are dependent only on the

material and not on specimen geometry. To evaluate this
In the first testing phase, five full-thickness clad beam model, ductile crack growth data were generated from side-
specimens were fabricated with through-thickness cracks grooved CT specimens taken from the weld material. The
that ranged in depth from 10 to 114 mm (0.05 s al Ws 0.5) parametersf, and D were then calibrated for the material
in the weld material. These specimens were tested in three- through an iterative process involving finite-element
point bending at temperatures in the transition region of the analyses of these CT specimens (see Fig. 3.5). The
weld metal fracture toughness curve (T- NDT about calibrated parameters provided analytical results in
25 'C). Fracture toughness estimates were obtained from P agreement with load versus CMOD and crack growth datai

vs LLD and P vs CMOD data using finite-element from the CT specimens. Values of these parameters from
techniques and estimatio3 xhemes based on the r;-factor the CT specimen analyses were transferred to a 3-D model
method. The inclusion of residual stress estimates had a of the full-thickness clad beams. Comparisons of calculated
measurable effect on the shallow-crack toughness data. and measured load (P) vs CMOD showed good agreement

for CB-1.5. Analytical results of CB-1.5 also indicated that
The cleavage toughness data were compared with other the crack began tearing at a load of 4400 kN (1 value of 94
shallow- and deep-crack uniaxial beam data generated kN/m). The crack extended to 2.6 mm (the amount of
previously from base material that conformed to SA533, tearing in the test) at a load of 5600 kN (1 value of 880
Grade B requirements. The range in scatter for data kN/m), which is close to the measured cleavage fracture
obtained from the clad beam specimens is consistent with load in the experircent (5780 kN).
that from the laboratory-scale SENB specimens tested at
the same temperature. The minimum toughness value from Additional full-thickness clad beam tests have been tested
the clad beam specimens was provided by a shallow-crack and results are being evaluated to complete the
beam, not by the single deep-cracked beam tested in this investigation of fracture toughness of shallow cracks
series. located in prototypical full-thickness plate material.

Shallow-crack fracture toughness results from these
These data should be regarded as preliminary, because the specimens should provide additional data that are essential
potential effects of material property gradients in the HAZ to a better understanding of the effects of metallurgical
(associated with the cladding) were not considered in the conditions in the region of the clad HAZ.
toughness determinations. Material testing is currently
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Appendix A |

Ductile Tearing Model Developinent i
.

!

In recent years, developments of models to quantify ductile To describe the nucleation of voids, Brocks et al.A2 adopt
tearing resistance in steels increasingly have emphasized the empirical formulation of Needleman and Rice,^3
the coupling of fracture processes on the microscale with

.
I

conventional continuum approaches. Particular attention fog, = Aa, +(B/3)o (A4) |u .
has been given to constitutive models that describe the

i
evolution of local damage in front of the growing crack. where cij is the macroscopic Cauchy stress. Brocks et al.A2
Constraint conditions that influence triaxiality of the crack- reference the formulation of Chu and Needleman^4 for the
tip stress fields also affect the extent of plastic flow around parameters A and B. Rese parameters have one form if i

the crack-tip. Higher stress triaxiality inhibits plastic flow, void nucleation is driven by accumulated plastic strain
promotes void growth on the micromechanical level, and (strain controlled), or another form if controlled by
leads to increased damage in the fracture process zone. hydrostatic stress (stress controlled).
Constitutive equations have been formulated to describe the
physical effects of constraint on void nucleation, growth In the material matrix undergoing plastic deformation, the
and coalescence and, consequently, on tearing resistance. nucleated micro-voids experience shape changes and
An advantage claimed for micromechanical models over volumetric growth. GursonAl used a relationship which I
conventional continuum models is that material parameters postulates that void growth rate depends exponentially on !
describing the tearing process can be transferred in a more the stress triaxiality to describe plastic yielding of a matrix !
general way among different specimen geometries. material containing voids. He constitutive relation
Typically, these parameters for the damage model are employed to model an elastic-plastic solid containing voids

,

determined through a process which combines small- is a form of the Gurson model as modified by Tvergaard !
specimen testing and numerical modeling. and Needleman.As-As ne central feature of the modified i

Gurson modelis the yield function given by

A.1 Gurson Model
@ = (o, / c )2 ,o

he Gurson formulation ^l is comprised of a yield 2q, fcosh((3420.)/(2c )) - (A.5)ocondition, flow rule, definition of void volume fraction,
criteria for void nucleation, and a rule for evolution of the (1 + q,f ) = 0

2
.

void volume fraction. Microyoids nucleate at inclusions

and second-phase particles by a process of debonding or
Here, c is the macroscopic Mises effective stress, emthecracking during plastic deformation. He ratio of the void e

macroscopic mean stress, a the current flow stress,f the
,

volume to the whole volume of a unit cellis defined as the o

void volume fraction (f). De temporal evolution offis current void volume fraction, and q,, 42, q, are factors

PmPosed by Tvergaard.^8 (Typicag) values for these factors
,

governed by two terms that define void nucleation and
are q, = 1.25, q, = 1.0, and q, = q, . A flow law relatinggrowth rates'
the plastic strain rate to the stress rate is provided in various
re crences (for example, see Refs. A2 and A9). For thef = f "* + f"d'" (A~1)'8 void-free condition given byf= 0, the Gurson model
reduces to the 1 incremental flow theory of plasticity.2where the growth rate is given by

A m dified form of the void volume fraction (f*)is/ ** = (1-f)D/ (A.2)*
8 employed to account for coalescence of voids which occurs

| and the initial condition by after a critical volume fraction (fe) is reached:

i

f(t ) = fo (A.3)o .

Here Dij denotes components of the symmetric part of the
spatial velocity gradient tensor and D/ the plastic part
thereof.
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Appendix A

f* fI Sun et al.^13 performed a comparative study of the damage'

(f, + K(f-f,) for f > f, models based on the modified Gurson model and on the
(A.6) critical void growth model developed by Rice and

with K
f",-fe Tracey^t4 using the von Mises yield function. Damage

fj _ f, parameters were investigated and the local and global
behavior of several specimen geometries were compared

The materialloses stress-carrying capacity when the final with experimental data. Both damage models were

void volume fraction (ff) is reached, and wheref* achieves described as producing qualitatively consistent results with

its ultimate valuefu*. regard to the influence of stress triaxiality on void growth
and on the early stages of material failure. Conclusions

The modified Gurson formulation has been augmented with
drawn from the study were that the Gurson model provided ]equations to account for strain rate and temperature a mme acewate s m anon of material faHe aner the

dependence of the current yield stress.^10Also, this model
nset of void coalescence, and the enu. cal crack growth

has been combined with an adiabatic heating model to
m del produced fewer numerical convergence problems m

incorporate the effects of temperature increase due to
* *N "** "'

plastic work in dynamic fracture analyses.All-A12Two
groups of material parameters are required to characterize
this model: A.2 Slab-Type Gurson Model

+ param:ters associated with classical rate Shih and Xia,AIS Xia and Shih,A9 and Ruggieri and
mdependent plasticity or strain-rate dependent DoddsA16 have idealized the void grow th mechanism in a
P asticity, which would include temperaturel model which assumes that void growth and coalescence are
effects, and '

confined to a narrow material layer of initial thickness D,
+ parameters required for the modified Gurson which is centered about the macroscopic fracture plane (see

model, i.e., En,/n, s ,fo .fc,ff, and91,92,q3 Fig. A.1). They justify this simplification on the basis thatn
many metals which fail by void growth and coalescence

Three parameters, i.e., En, fn, 3n, are required to model void exhibit a macroscopically planar fracture process zone of
nucleation [through Eq. (A.4)], while other parameters, i.e.,

"* ".two void spacings in thickness. Ligaments betweenf,,fe, andf/ escribe void growth, coalescence, and the voids experience intense plastic deformation. Voids
d

I"" * ' which are outside this region are observed to display little
r n gr wth. Within the fracture process zone layer of

Strategies for evaluating the parameters in the modified thickness D, the material response is described by a
,

Gurson model are discussed by Brocks et al.A2 Even
simplified form of the Gurson m,cromechanical model.i

though there may not be a generally accepted scheme for
Outside this layer, the material is assumed free of vo,ds andi

determining these parameters, load vs reduction of diameter
the response to deformation is described by classical 12

curves from notched tensile bars appear to provide one
il w theory of plasucity. The overall objective of this

avenue. Values for the parametersfa fe, andff are approach is to develop an engineering micromechanics
determined by fitting various segments of the

m del that embodies the essence of stress tnaxiality on
computationally determined load vs reduction in diameter fracture-toughness, while requiring only a few essential
curve with the experimental data. It should be noted that

metallurgical parameters.
the void volume fraction,fa was not determined from
micrographs of the material. Tensile bars from a mild steel
with notch radii of 4 mm and 10 mm were used to ._ _

', e, Qcharacterize parameters in the modified Gurson model as

follows:fo = 0.0025,fc = 0.021, andff = 0.19. A four-node *00.,0d*N l
*'

linear displacement element with full integration and an -a M . o ,

" " " **""
edge length of 0.25 mm was used in the center of the
tensile bar model. The remaining parameters describing
void nucleation were taken from the paper of Needleman |j~ |

and Tvergaard.A7 This set of parameters characterizing the M '

" ' "Gurson model was used to successfully predict J -curves ]R
from a range of specimen geometries subjected to static and
dynamic loading conditions. Figure A.1 Ductile tearing by void growth and

coalescence with the Gurson local
damage model
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! Appendix A
A further simplification of the Gurson model is introduced and O'Dowd, Shih and DoddsA21). For low initial
by neglecting the evolution equation for void nucleation, porosities, material softening was found to reduce the )

lleaving only the void growth rate term in Eq. (A.1). (Some normal stress in the fracture process zone, but to cause an
implications of void nucleation modeling for fracture elevation immediately outside the process zone; the latter
predictions can be found in papers by Tvergaard and redistribution of stress was not found in Refs. A20 and
Hutchinson^l7 and Needleman and Tvergaard.^7) The A21. This result is cited as indicating a possible drawback
parameters of the Gurson model remaining to be specified for those analysis procedures that do not include material
are the initial porosity,fo, the porosity at failure ff, the softening, such as node release techniques.
explicit internal length scale, D, which defines dimensions
of the computational cells, and the number of finite The SGMM was employed to compute 1 resistance curves
el:ments to be defined over D (2-4 elements are thought to for deep- and shallow-crack bend bars previously tested by
be satisfactory). The important microstructural parameters Joyce.A22 Applications using damage parameters given by
are D andfo, which can be taken as material parameters and D/2 = 100 microns andfo = 0.005 (ff = 0.2) successfully
estimated from metallurgical studies of the surfaces of reproduced the experimentally measured 1-Aa curves for
fracture specimens. As an alternative, these parameters can both the shallow and deep-crack bend bars. Results from
be treated phenomenologically and selected to give the best these calculations are used to address the competition
fit to crack growth data. between ductile tearing and unstable cleavage fracture in

the transition temperature region. Their discussion focuses
Shih and XiaA15 discretized the process zone with a single on the argument that the stress elevation caused by crack
row of computational cells having dimensions Da X Da. growth is one of several factors contributing to the
The Gurson cell is modeled using quadrilateral elements transition to cleavage fracture after some amount of stable
each of which consists of four constant-strain triangular ductile crack growth. It is suggested that the SGMM can be
el;ments. Each cell contains a single void of initial volume used in combination with a statistical cleavage fracture
fractionfo, and growth of the void is governed by the stress model and a proper length scale to predict the transition to
and strain (computed from the Gurson model) averaged cleavage fracture after some amount of ductile tearing. A
over that cell. Typically, the cell for whichf= 0.1 is taken procedure is proposed for calibrating the parameters of
as the current position of the advancing crack-tip. A such a combined ductile / cleavage computational model. A
damaged cell is rendered extinct using the element combined testing / analytical program would utilize high
vanishing technique of TvergaardA18 when its volume constraint specimens (i.e., no ductile tearing) to determine
fraction,f, exceeds a critical value,ff. When this failure parameters for the cleavage model, while low constraint
condition is reached, the nodal forces computed from the geometries would provide data incorporating substantial
remaining stresses in the now-extinct cell are released in N ductile tearing for calibration of D andfo. The calibrated
subsequent solution steps (Nis typically 5-20). model would then be used to predict fracture behavior in a

third geometry which exhibits some amount of pre-
Shih and XiaA15 employ the simplified Gurson material cleavage tearing.
model(SGMM)in finite element calculations to determine

1crack growth resistance curves for plane-strain mode-I In a later study, Xia, Shih and HutchinsonA23 select the two
crack growth under SSY conditions. Values of initial parameters, D andfo, using a phenomenological approach,

i
porosity (fo) ranged from 0.001 to 0.03. Their calculations i.e., the parameters are adjusted to give the best fit for one j
show that the stress peak and stress distribution in front of set of experimental crack growth data for a specific
the crack-tip are strongly affected by the initial porosity material. In applications of the model to specific materials, ;

and length of the fracture process zone. For a low initial it is recommended in Ref. A23 that the analyst first choose |
porosity, strong spatial gradients are computed for both the a sub-clement discretization scheme for the Gurson slab on

'

porosity and the normal stress ahead of the crack-tip. 'Ihese the fracture plane. In the second step, D andfo are selected
results are interpreted as being consistent with a single void to best reproduce the experimental data for the material.
interacting with the crack tip, the latter being a fracture The sub-clement discretization and parameters D,fo rea

mechanism previously studied by Rice and Johnson.Al9 In then transferred to different specimen geometries of the
the case of a higher initial porosity, results indicating less same material. The latter technique was applied in
severe gradients in porosity and stress are interpreted as Ref. A23 to model ductile crack growth in specimens of
being consistent with multiple interacting voids. A 533 B and A 710 steels, using as many as five different

( specimen geometries (i.e., three-point bend, compact
| These SGMM fields were shown to be different from those tension, double-edge-notch tension strip, single edge-notch

obtained from transient and steady state solutions for tension strip, and center crack panel).
growing cracks that do not include damage and material
softening in their calculations (such as Varias and ShihA20

l
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Ruggieri and Dodds have incorporated the SGMM into The explicit length scale D was set at 0.2 mm the criticalA16

the finite-element computer program WARP 3DA24 which ve!ume fraction atff = 0.2, and values offo ranged from ;

is under development at the University ofIllinois. 0.001 to 0.01, to allow comparisons of results with recent i

Descriptions of the WARP 3D program emphasize a plane-strain analysis of Xia and Shih.^9 In Ref. A16, D and

solution strategy employing an implicit element-by. foare regarded as computational parameters which are

element, preconditioned conjugate-gradient algorithm. The loosely coupled with specific metallurgical features of the

computational scheme is implemented to execute in material such as mean spacing of particles. Mesh models

parallel / vector mode for the efficient solution oflarge- used in the analyses employed 8-node,3-D isoparametric
scale, three-dimensional (3-D) finite element models. The elements incorporating a finite strain fonnulation. Plane .

WARP 3D program is described as offering a range of strain constraints were imposed on the 3-D elements to I

nonlinear constitutive models (in addition to Gurson), a facilitate comparisons with results of Xia and Shih.A9

domain integral formulation for 1-integral calculations,
various procedures for crack growth modeling, and a global Analysis results for an amount of crack growth equal to D

dynamic analysis capability. in the SSY model indicate that near-tip stresses
demonstrate an inverse dependence on initial porosity.

A16 of the WARP 3D model for ductile crack Thus, a low initial value for the void volume fraction leadsApplications
growth were described for an SSY model (with T = 0) and to higher stresses and to larger regions near the crack-tip

for a deeply-notched SENB specimen (aM= 0.6), based on which are subjected to higher tensile stresses. Before the

properties typical of a moderate strength pressure vessel onset of crack growth, stresses ahead of the tip are reduced

steel.A24The focus of these analyses was on the in magnitude due to blunting of the crack-tip. Crack growth

capabilities of the model to predict 1-resistance curves for a restores the higher stresses and increases the distance ahead

range of initial void volume fraction values under both of the crack-tip over which the higher stresses occur. This

small-scale and large-scale yielding conditions. According feature of the stress fields associated with ductile tearing

to Ruggieri and Dodds,A16 crack growth by ductile tearing has implications for fracture-mode conversion in the
would be anticipated for relatively large initial porosity (for transition temperature region. In particular, for materials

example,fo = 0.01) because the high stresses necessary for with initially low void volume fraction, conversion to
cleavage initiation could not be achieved near the crack-tip. cleavage becomes more likely during the ductile crack

As the porosity is lowered (for example, tofo = 0.001), a growth process.

transition to the cleavage mode is expected to be favored
because the stresses ahead of the crack-tip would be The model for the SENB specimen used to predict a 1-da

significantly higher and the high stress region would extend curve provided somewhat lower 1-values than the
over a larger region. Since the role of void nucleation is experimental data. This result was attributed to the effects
neglected in the SGMM, it is anticipated that the SGMM of using values for the computational parameters D,fo that
will perform better for materials characterized by larger were previously calibrated numerically by Xia and ShihA9 i

initial porosities (such as low-temid strength structural and using a stiffer model. {
pressure vessel steels). j

|

|
1
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