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ABSTRACT

This paper describes a preliminary investigation into the residual stress levels in welded nickel alloy compact
tension specimens used in stress corrosion cracking (SCC) growth/ rate experiments. Results from this work
document the effect of specimen size and location on residual stressiprofiles, the methodology outlined in this paper
is appropriate to determine the degree to which residual stresses affect crack growth measurements made in coupons
containing welds. Slitting method residual stress measurements (Hill Engineering and UC Davis) and finite element
weld simulation (US Nuclear Regulatory Commission) have been conducted in order to evaluate both the residual
stress intensity factor and residual stress profiles for twe‘compact tension coupon blanks containing welds. The two
compact tension coupon blanks were provided by Argonne National Lab (ANL) and are similar to coupons used in
on-going SCC studies in weld metal. The experimental data and finite element results are in reasonable agreement,
showing similar trends in calculated residual stress profiles.

INTRODUCTION

In pressurized-water reactor (PWR)<coolant systems, nickel based Dissimilar Metal (DM) welds are typically used
to join carbon steel components,/including the reactor pressure vessel, steam generators, and the pressurizer, to
stainless steel piping. Figure 1a illustrates a répresentative nozzle to piping connection indicating the location of the
DM weld [1-4]. The DM weld is fabricated by sequentially depositing weld passes as high-temperature molten metal
that cools, solidifies, and‘contracts, retaining stresses that approach the material’s yield strength. Pressurized water
reactor piping system dissimilar metal welds are susceptible to Primary Water Stress Corrosion Cracking (PWSCC)
as an active degradation mechanism. PWSCEC,is-highly influenced by the state of stress within susceptible material
with«tensile,residual stresses in welds being an established driving force for crack growth. Several experimental
programs have focused on measuring crack growth rates in weld metal [1-3, 5], noting that crack growth rates are
function of the bulk chromium concentration and the plastic strain resulting from welding [4].

In addition to'crack growth rate data; component integrity assessments require accurate prediction or measurement
of weld residual stresses. The US Nuclear Regulatory Commission (NRC) and Electric Power Research Institute
(EPRI) are working cooperatively under a memorandum of understanding to validate weld residual stress prediction
in pressurized water reactor primary cooling loop components containing dissimilar metal (DM) welds [5-9]. This
paper focuses on the effect of residual stresses on SCC test specimens fabricated by Argonne National Lab (ANL)
from weld metal typical of nuclear reactor piping systems and similar to coupons used in on-going SCC test
programs investigating weld overlays [11-13]. Hill Engineering (HE) has used the slitting method on two compact
(C(T)) coupon,blanks to provide measurements of both residual stress intensity factor (Kgs) and residual stress for
the coupons. These experimental measured residual stress profiles are compared to results of a Finite Element (FE)
weld simulation performed by the NRC staff and sensitivity studies at UC Davis.

! Matthew Kerr is now with the Knolls Atomic Power Laboratory and can be reach at matthew.kerr.contractor@unnpp.gov
2 The views expressed herein are those of the authors and do not represent an official position of the U.S. NRC.
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COUPON GEOMETRY

One method of mitigating DM welds susceptible to PWSCC is to overlay additional weld metal on the outer
diameter of piping systems susceptible to PWSCC. The metal deposited in the overlay is more resistant to PWSCC,
providing a structural benefit to the piping system by the addition of additional more SCC resistant material and can
provide a reduction in residual stresses that drive SCC in susceptible material [15, 16]. The current, work
characterizes residual stress levels in C(T) coupon blanks studying SCC crack growth rates across interfaces in
material from a weld overlay mockup. The C(T) coupon blanks provided by ANL were cut from a<weld overlay
mockup with a multi-pass double V-groove weld and weld overlay. The double V-groove weld was constructed from
Alloy 182 using the Shielded Metal Arc welding process (SMAW) joining two 51 millimeter Alloy 600 plates [11y
13]. The weld overlay weld deposit was constructed from Alloy 52 using the Gas Tungsten’ Arc welding process
(GTAW). Alloy 52 exhibits greater SCC resistance when compared to Alloy 182, primarily attributable toithe higher
nominal chromium content of 30 weight percent for Alloy 52 versus 16 weight percent Alloy 182 and Alloy 600.
The overlay mockup is shown in
Figure 1b and the location of the blanks relative to the weld geometry is'illustrated in Figure 2. The blanks shownin
Figure 3, are identical to C(T) coupons used in fracture tests, but lacking the crack-starter notch. One of the blanks
has a 1T nominal in-plane geometry (characteristic width W = 50.8 mm (2.0 inch), total width W' = 1.25W, total
height H = 1.20W) and out-of-plane thickness B = 12.7 mm (0.5 inch).«The second blank has a 0:5T nominal in-
plane geometry, with all in-plane dimensions nearly half those of the 1T coupon, and B'= 12.7 mm. Aectual coupon
geometry differed somewhat from nominal dimensions, and is provided in Table 1.

EXPERIMENTAL METHODS

Slitting method mechanical relaxation measurements were performed on the C(T) coupon blanks to determine
residual stress. Slitting uses cutting to release residual stress and measurements)of cut-induced deformation to
estimate the residual stress intensity factor at a series of cut depths and the residual stress that existed prior to
cutting. This is in contrast residual plastic strain measurements of welds using electron backscatter diffraction
(EBSD), where variation in crystal orientation measured with EBSD is used to estimate plastic strain levels in a
given weld [4, 17, 18]. These techniques are complementary in the sense that when used together they provide a
more complete description of the deformation history, both elastic and plastic, of a specimen or component
containing a weld.

In the current work each blank was instrumented with.a'strain gage as\a first step, and then each blank was carefully
cut along its fracture plane (i.e., along thex-axis of Figure 3). Cut depth.was increased incrementally, with a strain
gage reading taken after@ach increment of cut depth. Strain versus cut-depth data were then used to compute two
results for each coupon: 1) Kgs as'a function of cutdepth and 2) thickness-average residual stress as a function of
position across theSample. The strain gagerattached to each blank was located at the back face, centered on the
thickness'and on the fracture plane (i.c., at x = W'and centered on y = 0, relative to the coordinates in Figure 3). The
gage was oriented to measure strain perpendicular to the fracture plane (e,y) and had a gage length of 3.18 mm
(0.125 inch). Prior to gaging, the blank surface was prepared according to standard strain gage preparation
procedures, and following gage attachment the gage area was covered with a waterproof coating. The strain
measurements were taken using a commercial Wheatstone bridge designed for strain gage applications. Gages were
self-temperature compensated for stainless steel and read in a quarter bridge configuration.

A wire electric discharge machine (wire EDM) was used for incremental cutting. The wire electrode diameter was
0.10 mm (0.004 inch) for the 0.5T blank and 0.25 mm (0.010 inch) for the 1T blank. For the 0.5T blank, most cut-
depth inerements were 0.635 mm (0.025 inch), but near the weld overlay interface, cut-depth increments were
refined to 0.254 mm (0.01 inch). For the 1T blank, most cut-depth increments were 1.27 mm (0.05 inch), with
increments reduced to 0.508 mm (0.02 inch) near the weld overlay interface.

Strain versus cut-depth data were used to compute Kgg using the approach described by Schindler for a rectangular
plate [14]. Krs(a) was computed from the influence function Z(a) provided in [14], the plane stress modulus of
elasticity E" = E (for Alloy 182, as given in Table 1), and the derivative of strain with respect to slit depth.
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_ E' de
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Where Z(a) is defined as a/W < 1 —0.616 and H/W = 0.96 for C(T) specimens:

2532 (O —1+04 H/W)Z 1+ (-3.268 +4.597H/, )(1-04H/, = “/W)2 -
W —a)i/2 (1-04H/,)’ (—0.028 + 03161/, )1 — 0.4 H /), — 3/

Z(a) =

and for 0.616 <a/W <1 as:

7 —2.532

(a) - (W _ a)l/z
The influence function Z(a) of [14] does not account for the holes present in the C(T) blanks; which were assumed
to be of negligible effect, especially for crack sizes typical of ASTM test methods, (0.2 < a/W <0.9). The reference
Z(a) is also applicable for a small strain gage size, which was reasonablefor the 1T geometry and gage size here
(gage length is 0.05W"), but was not reasonable for the 0.5T geometry (gage length is 0.1W'). An elastic correction
was developed (using finite element analysis) to account for the larger strain gage size on the 0.5T blank that
favorable compares to influence functions developed for C(T) specimens currently available [19]. The derivative of
strain with respect to crack length was computed from the data using a moving five-point quadratic polynomial, with
slope evaluated numerically at the middle point. Note that care was taken toraccount for the different definitions of
crack size used by ASTM (measured from the hole centeri(i.e., the load-line)) and by Schindler (measured from the
front edge).

Residual stress as a function of position across the.coupon was determined from strain versus slit depth data using
the approach recently described by Schajer and Prime [20] and adapted to the geometry of the C(T) coupon. The
calculations require a “compliance matrix” to relate residual stress to measured strain, and this was developed from
a set of elastic finite element analyses, following the approach described by Hill and Lin [21].

FINITE ELEMENT WELD SIMULATION

To model the residual stress distribution, the heat flow and mechanical deformation during welding were simulated
using a 2D plane strain_decoupled Finite Element (FE) model [1-7, 16, 22, 23] in Abaqus [10]. In a decoupled
approach, first the transient heat-transfer analysis is conducted to solve the temporal and spatial distribution of the
temperature in the model. This temperature distribution is then mapped to a mechanical analysis to calculate the
residual.stress field. Temperature dependent thermal/mechanical properties, melting, solidification, and annealing
wete accounted for in the analysis. A multi-pass weld simulation was performed, where a weld pass is activated
when deposited and heat transfer is assumed to occur on all free surfaces of the model. The welding arc was
modeled using a 2D heat source, effectively applying the heat source simultaneously over the weld bead area over
the length of the weld [22]. Fabrication records and cross-sectional metallography of the weld were used to estimate
weld bead geometry and pass order. The weld model used in this work is similar to those used in other thick section
welds studied as part of the NRC/EPRI WRS Program [1-7] with a more detailed description of the approach below.
The source material properties for the simulation were distributed as part of Phase 2 of the NRC/EPRI WRS
Program [1, 7], providing uniaxial tensile test data for Alloy 182 in the annealed condition (and assumed
representative of the Alloy 600, 182, and 52 sections of the weld). In order to provide an upper and lower bound
estimate on weld residual stress distributions for the annealed material properties assumed in this work both
isotropic and linear kinematic cases of the mechanical model are considered [23, 24]. The impact of hardening law
assumptions on weld residual stress distributions and magnitudes is addressed in the discussion section of this paper.

For the Alloy 600 double V-groove weld, bead size was determined from cross-sectional metallography of the
weld and fabrication history records [11, 13]. Weld beads were individually deposited in 7 groups deposited on
alternating sides of the groove in order to minimize plate deflection. In total, 47 rectangular weld beads sized to
match the cross-sectional metallography were modeled. The modeled weld beads are consistent in size with the 48
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weld beads documented in the fabrication records, the difference in number is a result of geometric variation in weld
beads in the mockup and the regular rectangular geometry modeled. After completion of the double V-groove weld,
4 backing plates were welded on to the plate bottom in order to restrain the plate during application of the overlay (
Figure 1). A backing plate was added to the 2D model and thermal convection coefficients were scaled in order to
account for the increased area of the new surfaces. Based on cross-section metallographic inspection, 170 equal
sized rectangular weld beads were modeled; consistent with the 171 passes recorded in fabrication records. No
temperature data was available, but current and voltage data for the weld torch were available in the, fabrication
information. Welding torch efficiency was adjusted to entirely melt the weld beads and match the heat affected zone
in the weld cross-sections, peak torch temperature was maintained at ~3000 K for all passes. Results from related
work [7, 16] indicates that estimation of heat input from cross-sectional metallography produces a reasonable
estimate for residual stress profiles in thick section welds.

In the mechanical model, boundary conditions were unrestrained during welding of the double V-groove, to
approximate fabrication records. During fabrication, plate deflections were minimized by balanced heat input on
opposite sides of the plate (described above) and the mass of the plates (not accounted for in the model)., The
mechanical model for the double V-groove weld converged with no boundary conditions applied, but mesh
distortions in the weld region were severe as result of excessive plate deflectiondn the simulation. In order to reduce
plate deflection and the resulting mesh distortion in the weld model, the stiffness of the mechanical model was
increased by activating all beads comprising the double V-groove weld prior to the first weld, pass. Stresses
developed in beads prior to welding were relieved by annealing during the weld process, as the multi-pass thermal
model was used as the source for the heat input. Weld residual stress profiles calculated from the undeformed
meshes in the unrestrained and ‘stiffened’ simulations were in agreement (stress in all principle directions were
within 10%) and the ‘stiffened’ distortion free mesh was used in subsequent analysis in order to minimize artifacts
during subsequent stress mapping of the results. The similar stress profiles, calculated for the unrestrained and
‘stiffened’ simulations is expected as a small strain FE formulationis assumed, typical for this type of analysis, and
is not sensitive to the physically unrealistic distortions calculated in the unrestrained state. To model the overlay, a
backing plate was added to the model based on fabrication records and multi-pass simulation was conducted.

After completion of the weld model, stresses were mapped to a mesh with the same outer dimensions containing
C(T) specimen banks at the same locations measured in the experiment, To simulate machining the C(T) specimens,
excess material (including holes) was removed,and to ensuresstress balance, generalized plane strain elements were
used. The stresses normal to the fracture plane (c,,) were extracted from C(T) blanks for comparison to the
experimental data and Kyg determination.

RESULTS

Strain versus cut-depth data and Kgg computed from the slitting method are shown in Figure 4. Stress intensity
factors near the weld-overlay interface are positive for both 1T and 0.5T coupon blanks, with the larger 1T geometry
having higher residual stress intensity. Residual stress versus position across the coupon blank is shown in Figure 5.
Values of residual stress are\similar in the both geometries, except for a region of higher tensile stresses near the
front face of the 1T blank. Trends in residual stress versus position from the weld-interface in the 1T and 0.5T
geometries are compared in Figure 6. The figure shows comparable levels of residual stress near the interface in
both geometries, with low magnitude tension to the left of the interface and low magnitude compression to the right.

Results from the FE weld model are in general agreement with the experimentally measured residual stress profiles
and aré plotted in Figure 7. Two simulations were performed to determine residual stress in the large block of
material from which the coupon blanks were cut (shown in Figure 2), one simulation assuming isotropic hardening
in the plastic material model and a second assuming linear kinematic hardening (the simulations were otherwise
identical). For the 1T geometry, the kinematic result has better agreement with the experimental residual stress near
the edges of the coupon (left and right sides of Figure 7(a)), but the isotropic result has somewhat better agreement
away from the edges. For the 0.5T geometry, stresses are lower in magnitude and the isotropic result has better
agreement with the experiment. Isotropic hardening allows for greater hardening, as the yield surface expands
during both tension and compression. In the linear kinematic model, hardening is less pronounced than for the
isotropic case, due to translation of the yield surface during tension and compression. In the current work, the
isotropic hardening tends to over predict the stress magnitude relative to the experiment, but captures inflections in
the residual stress profile that develop as a result of hardening during the welding process. A mixed or combined
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hardening model, that allows both expansion and translation of the yield surface, should better capture the physics of
the deformation process [23].

The residual stresses provided by the simulations were used to compute Kgg for further comparison with the
experimental results. The computation used a Green’s function for the C(T) coupon recently published by Newman,
et al [25] and numerical integration (paying careful attention to the singularity of the Green’s function,[26]). Results
have mixed agreement with the experiments (Figure 8), but are similar in profile and magnitude/to the
experimentally generated data®. In the region of valid ASTM crack growth, the stress intensity factor resulting from
the residual stress field (Kyg) varies as a nonlinear function of position. Kgg varies from 0 to 8 MPa m'” in'the 1T
blank and from -5 to 2 MPa m"2. in the 0.5T blank. Residual stresses in the 0.5T blank are generally lower. in
magnitude than for the 1T blank, primarily due to the fact that the 0.5T specimen has stress free (G,,) edges closer to
the measurement plane.

DISCUSSION

One of the objectives of the NRC/EPRI Welding Residual Stress Programs is validating FE simulated residual stress
profiles against experimental data. As part of the WRS Program an international FE round robin was conducted that
includes 14 weld residual stress simulations from 9 distinct participants and comparison to experimental Deep Hole
Drilling (DHD) residual stress measurements [7, 7]. Finite element analysts participating in Phase\2 of the WRS
Program were supplied with a common set of material properties (the same used in the current study), as well as
weld bead geometry and thermocouple data with results from thisdstudy plotted in Figure 9. In all cases there is
general agreement in terms of the WRS profile shape and the DHD data along the weld centerline, visualized by the
comparison of the FE averages to the DHD measurements [7]. Two averages are plotted, the average of FE results
using (1) isotropic and (2) kinematic hardening as this effects the form of the WRS profile. There is better agreement
between the isotropic average, in terms of profile shapé and stress, magnitude, though this is not the case for all
locations through thickness and consistent with results presented im\this paper. Further while there is general
agreement between the isotropic average stresses calculated by FE and the DHD measurements, there is not
consistency between the stress magnitudes calculated by the FE and the DHD measurements (i.e. the DHD results
are not always high with respect to the FE results). Though the average stress from FE compared well with the
experimental residual stress data, the scatter in the results'can be significant for a given harden assumption ranging
from + 50 to 200 MPa depending on stress component and the location through thickness. The choice of isotropic
and kinematic hardening represents‘an upper and lower bound for stress magnitudes for a given model, but this
variation does not entirely bound the scatter in the results as a whole.

Phase 2 of the WRS program noted that (1) thermal input to the model, (2) post yield stress/strain behavior, and (3)
hardening assumed had«the greatest effect on the greatest impact on calculated WRS profiles [7]. In the current
work, the heat input to the model is constrained by the weld macrograph and post yield stress/strain behavior is set
by the material property data used, and therefore the material hardening behavior assumed will have the largest
impact on the calculated residual stress profile. For an isotropic hardening material the yield surface expands when
the yield stress is exceeded in either tension or compression. While in the case of a kinematic hardening material the
yield surface translates onload reversal (the yield stress is lower on load reversal, capturing the Bauchinger effect).
Mixed hardening captures both the expansion and translation of the yield surface on load reversal, but requires more
extensive cyclic stress/strain data captured over a wide temperature range [23, 24]. All of these hardening
assumptions’ are rate independent, therefore do not account for time dependent relaxation and the annealing
implemented in the model is instantaneous (once the annealing temperature is exceeded, the plastic strain history is
reset)«While there is a significant amount of scatter in the application of FE WRS simulations and relatively simple
material hardening assumptions are made, the Phase 2 WRS program data supports that the correct WRS profile
shapes are captured and that isotropic stress profiles are in general in better agreement with experimental data.

The general agreement with the WRS profiles measured by slitting and the calculated WRS profiles assuming
isotropic hardening allow sensitivity studies, regarding specimen size and extraction location, that are not feasible to
conduct with physical experiments (due to the large number of samples required and expected variability) and two
of such sensitivity studies are described here. The first sensitivity study consisted of translating the 0.5T blank with

® It should be noted that present experimental results for Krs and residual stress are self-consistent through the Green’s function of [25];
integration of the Green’s function with the residual stress in Figure 5 provides values of Kgs very similar to those shown in Figure 4.
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respect to the weld overlay and determining the stress intensity factor as a function of crack size, where the crack
runs from the double V-groove weld to the weld overlay. The coupon coordinate system used for the first sensitivity
study is shown in Figure 10a, where x is the distance from the loading holes, a is the crack length (measured from
the loading holes), and x; is the distance from the loading holes to the weld interface. The second sensitivity study
followed the same procedure as the first, except the 0.5T blank was rotated 180°, so that the crack runs from the
overlay toward the double V-groove weld. Consequently, the x coordinate in the coupon of the second study runs
along a direction opposite that in the first study (as does the crack driving direction), relative to the parent material
from which the coupons are removed (compare Figure 10 a and b).

For both sensitivity studies, residual stress was determined for the 0.5T blank positioned so that the weld interface
was at a specific value of x/W and the residual stress was used to compute the residual stress intensity factor as a
function of crack size. The residual stress was found by introducing residual stress from the patent block as an initial
condition for a finite element mesh of the 0.5T coupon positioned at the specific value/of x/W."An equilibrium
residual stress field for the specific coupon location is then found by enforcing equilibrium (through the usual finite
element approach) so that the coupon edges are traction free and equations, of elasticity are satisfied on the interior.
Residual stress on the coupon crack plane from the finite element model and the C(T) Green’s function then
provides the residual stress intensity factor, as described earlier. This procedure was repeated to develop residual
stress and stress intensity factor for 0.5T coupons having the weld interface at'x/W'= 0.20, 0.25, ..., 0.90 and for the
two different coupon orientations (Figure 10 a and b). Results of the semsitivity studies for the range of coupon
positions (values of x;) and the two coupon orientations show that position and orientation each have a significant
influence on residual stress (Figure 11) and residual stress intensityfactor (Figure 12). Foriexample,a coupon with
the crack running from the double V-groove weld to the overlay has a range of stress intensity factors of 0 to 2 MPa
m"? for a x; = 0.2/ and -5 to 3 MPam'” for a x, = 0.9W. The opposite is observed for a erack running from the
overlay to the double V-groove weld, with a range of stress intensity factors of -5 to 3 MPa m'"” for a x; = 0.2 and
0 to 2 MPa m"?for a x;=09W.

The data suggests that the levels and distribution of residual stress in'the C(T) coupon blanks may have a noticeable
effect on the results of fracture mechanics tests.<«Correction of cyclic fatigue crack propagation rates (da/dN) for the
effect of residual stresses is well established with results reported in terms of the sum of applied and residual stress
intensity factors [27-29]. Superposition of applied and residual stress /intensity factors is generally applicable for
fracture tests conducted in small-scale_ yielding, such as those employed to measure subcritical crack growth rates
due to fatigue or SCC. The degree of the residual stress effect could be ascertained by comparing the values of Kgg
with values of stress intensity factors for applied loads. It may be useful to determine whether systematic inclusion
of Kgg could help correlate data/gathered indsimilar materials but with coupons taken from parent plates that may
have variable (unique) residual stress fields.

Insights regarding potential residual stress effects on/SCC crack growth rates may be drawn by considering residual
stress effects on fatigue crack growth data [27-31]. Early studies inferred the effect of residual stresses on fatigue
cracksgrowth by measuring crack tip opening displacement [30, 31], while recent work has focused on quantitative
corrections for,the effect of measured residual stresses on fatigue crack growth rates in fracture mechanics
specimens [27-29]. Fatigue crack growth rates vary as function of residual stress level. When corrected for residual
stress the fatigue crack propagation rates and near-threshold behavior for specimens containing different levels of
residuals stress were found to be equivalent. Lados and Apelian note that “the effect of residual stress on crack
growth rates'is most pronounced atlow AK levels (near-threshold regime), at which the applied stresses (Kppiica) are
low and, therefore, the ratios of residual stresses (Kgs) to applied stresses (Kqppicq) are high.” It is difficult to
comment on the effect of residual stresses on SCC propagation rates with the limited data set represented by this
study, but the effect of Krg on SCC growth rate data is likely most affected in the same near-threshold regime as
fatigue crack growth rates when K,iieq is on the order of Kgg. Lados and Apleian also note that (1) residual stress
effects are lower at higher K,,,iicq, particularly as the materials fracture toughness (K;¢) is approached and (2) below
a critical Kgg the effect of residual stresses can be ignored. Regarding point (1), SCC crack growth tests are typically
well below K;¢. Regarding point (2), a larger data set correlated with experimental data is required to establish what
the critical Kgg is for SCC experiments.

CONCLUSIONS
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The slitting method was used to quantify the magnitude of residual stress in C(T) coupon blanks and results were
consistent with FE weld residual stress simulations. This paper outlines an approach that could be used to account
for the effect of residual stresses in SCC test specimens using (1) FE weld models to assess the level of Kyg in test
specimens during weld/specimen design and (2) measurement of Kgg in test specimens fabricated from weld metal
using the slitting method. The following general conclusions can be drawn from this work:

e FE weld model residual stress results are in reasonable agreement with the experimentally measured
residual stress distributions using the slitting method. Comparison of FE and experimental results was
conducted for stresses normal to the fracture plane (oy,) for C(T) blanks containing welds: Isotropic FE
stress results better capture the inflections in a residual stress than the kinematic FE stress results.

e FE weld model and experimental measurements demonstrate the effect of speCimen size on residual
stresses contained in a specimen, specifically smaller specimens will tend fo have lower magnitude
residual stress profiles than larger specimens (0.5T vs. 1T).

e FE weld model shows the pronounced effect that extraction location can have on through-thickness
residual stress profiles. Specifically the edge extracted 0.5T spécimen has a Ky profile similar in
magnitude to the 1T specimen, even though the magnitude of the residual stresses has\been reduced.

e It is difficult to comment on the effect of residual stresses on SCC propagation rates with the limited
data set represented by this study, but the effect of Krg'on SCC growth rate data is likely most affected
in the same near-threshold regime as fatigue crack growth rates when K.jicq 1S on the order of Kgs.
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Tables

Table 1 Physical dimensions of C(T) blanks (in-plane dimensions defined in Figure 3, B is out-of-

. . Value (mm)
Dimension T
W 50.8
W' 63.5
H 61.0
D 12.6
B 12.8
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(@) (b)
Figure 2 C(T) coupon blank locati : : int: (2) 1T blank and (b) 0.5T blank.
Ny
Strain gage \
®D H
1
W
i W’ —

Figure 3 C(T) coupon blank geometry and coordinate axes used in analysis; dimensions given in Table 1.
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Figure 5 Residual stress computed from measured strain for C(T) blanks: (a) 1T blank and (b) 0.5T blank.

This material is declared a work of the U.S. Government and is not subject to copyright protection in the United
States. Approved for public release; distribution is unlimited.
NACE International http://corrosionjournal.org



CORROSION Preprint

http://dx.doi.org/10.5006/0832

300

NN
o u
o o

|+

—I1T
—0.5T

[
o u
S O

a1
o

&
& o

\ L

Residual Stress (MPa)

\/\u )

-100

-150

-200
-40

-3

0 -20 -10 0 10
Position from Interface (mm)

20

30
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Figure 7 Comparison of residual stresses from experiment and simulation for (a) 1T and (b) 0.5T C(T) blanks;
simulations assumed either isotropic (iso).or kinematic (kin) hardening.
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Figure 9 Results from Phase 2 of the NRC/EPRI'WRS Program illustrating the effect of the of material hardening
behavior on FE WRS calculations along the centerline of a thick section pipe weld, (a) axial stress component and
(b) hoop stress component. Note: the dashed blue line is the average FE data using isotropic hardening and the solid
blue line is the average FE data using kinematic hardening.
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Figure 10 Coordinate systems used for the sensitivity studies, with the erack runningfrom (a) the double V-groove
weld, and (b) the overlay. Each figure shows a coupon where the weld overlay at position x; =.0.8W, where X, is
measured from the holes in the coupon.
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Figure 11 Residual stress at selected x, locations when the crack runs (a) from the double V-groove weld, and (b)
from the overlay.

This material is declared a work of the U.S. Government and is not subject to copyright protection in the United
States. Approved for public release; distribution is unlimited.

NACE International http://corrosionjournal.org



CORROSION Preprint http://dx.doi.org/10.5006/0832

10 : : 10 : :
—X= 0.2W —X= 0.2W
8 b %= 0.4W ) 8 Py X o= 0.4W
ol X =0.667W || ol ‘ ‘ : % =0.667W
o : : : : —x=0.9W o : —x=09W
o I o = -
e ¢ ‘ e ¢ ‘
g S T g
g 2 f-\__\’\_ 7 g 2t
= : : : 2
% 0 R R RREES SEEEIEEEEE EREEEEEE SRR S50
c C
2 2
£ -2r £ -2
12} (2]
1] 1]
S -4t S -4
P 7
-6 -6
_gl ]
Butt-Weld ; ; ; Qverlay /
9% 0 0 5 10 15 20 N 0 5 10
Location of Crack Tip from Weld Overlay Interface (mm) Overlay Interface

@

(b)
Figure 12 Stress intensity at selected x, locations when the crack runs (a) t le V-gr
from the overlay.

This material is declared a work of the U.S. Government and is not subject to copyright protection in the United
States. Approved for public release; distribution is unlimited.

NACE International http://corrosionjournal.org





