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ABSTRACT

Dissimilar welds in nuclear piping such as a reactor pressure vessel outlet nozzle-safe end weld have been
known to experience some primary water stress corrosion cracking due to synchronism of three principal factors,
tensile welding residual stresses, susceptible materials and corrosive environment. In order to evaluate structural
integrity of the nuclear piping with dissimilar welds during design or lifetime extension stages, it is necessary to
assess the effects of geometric variables, strength mismatch, tensile residual stresses, etc. on stress corrosion
crack initiation and growth of the dissimilar welds reliably and efficiently. The purpose of this study is to
develop the robust formulae of crack driving parameters such as stress intensity factor and J-integral as well as
residual stress distributions in the dissimilar welds by using finite element analysis. First, tensile properties on
dissimilar welds are locally measured by tensile tests. Second, the formulae for residual stress distributions are
developed based on the parametric study results via the finite element analysis adequately considering the effect
of geometric variables and mismatch on real dissimilar welds. Last, the formulae for crack driving parameters
are developed by the parametric study results parametric study results via the finite element analysis in order to
investigate the effects of strength mismatch and secondary stress.

Keywords: dissimilar welds, nuclear piping, tensile properties, residual stresses, stress intensity factor,
J-integral, tensile test, finite element analysis, structural integrity.

1. INTRODUCTION

Dissimilar welds in nuclear piping such as a reactor pressure vessel outlet nozzle-safe end weld have been
known to experience some primary water stress corrosion cracking due to synchronism of three principal factors,
tensile welding residual stresses, susceptible materials and corrosive environment. In order to evaluate structural
integrity of the nuclear piping with dissimilar welds during design or lifetime extension stages, it is necessary to
assess the effects of geometric variables, strength mismatch, tensile residual stresses, etc. on stress corrosion
crack initiation and growth of the dissimilar welds reliably and efficiently. By the way, it is difficult to find the
study developing the formulae of crack driving parameters such as stress intensity factor and J-integral as well as
residual stress distributions in the dissimilar welds.
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Therefore, the purpose of this study is to develop the robust formulae of residual stress distributions and
crack driving parameters in the dissimilar welds by using finite element analysis. First, tensile properties on
dissimilar welds are locally measured by tensile tests[1]. Second, the formulae for residual stress distributions
are developed based on the parametric study results via the finite element analysis adequately considering the
effect of geometric variables and mismatch on real dissimilar welds[2]. Last, the formulae for crack driving
parameters are developed by the parametric study results via the finite element analysis in order to investigate
the effects of strength mismatch and secondary stress such as residual stress[3].

2. MEASUREMENT OF TENSILE PROPERTIES

2.1 Materials and Welding

Base materials used to construct dissimilar welds are SA508 Gr.3 low alloy steel and F316 stainless steel.
Both base metals are provided as forged and heat treated condition and prepared as 40mm thick plate before the
welding. The plates are welded manually, closely simulating the welding procedures used for the real nozzle to
pipe welding. The schematics of welding procedure are shown in Figure 2. After the buttering of 2 passes on the
machined edge of SA508 Gr.3 plate, the pieces were post weld heat treated at 615°C to relieve residual stresses.
The first 2-3 passes of V-groove welding were completed by GTAW with alloy 82 bare wires, then the remaining
thickness was filled by SMAW with alloy 182 electrode.

SA508 class 1a ol
A
27 A
1°
3-4 mm

Fig. 1 Schematics of the dissimilar weld of single V-groove design

40 mm

2.2 Tensile Tests and Variation of Tensile Properties

Small size round bar tensile specimens and mini-sized sheet type tensile specimens shown in figure 2 were
machined from the welded plates. As shown in Figure 3, the specimens were taken from SA508 low alloy steel
region, alloy 82/182 weld region, and stainless steel region along the welding direction. In addition, 6 small size
specimens were taken along the transverse direction. The specimens were tested at room temperature at strain
rate of 5x10™/sec.

Figure 4 shows the round bar tensile test results. The test results show a little different property depending on
the test position, across the dissimilar weld and along the thickness of weld. As a whole, SA508 base metals
showed higher yield strength and ultimate strength than alloy 82/182 weld and TP316. On the average, the yield
strengths of SA508 are about 450MPa, but those of alloy 82/182 are about 350MPa, far lower than base metals.
However, the ultimate strengths of alloy 82/182 welds are similar as those of SA508 and SS316 base metals.

Figure 5 shows the mini tensile test results. First of all, it is shown in the figure that the overall values of
tensile properties measured using mini specimens are compatible with those measured using round bar
specimens. However, unlike the round bar test results, the differences in tensile properties, especially the
ultimate strength between SA508, alloy 82/182 and SS316 are more clearly shown in mini tensile specimen test
results. Also, it is found that the differences are greater at the top part of the weld and become smaller at the
bottom part near weld root pass.

Thickness: 0.2Bmm

16=83,

—

(a) small size specimen (b) mini size specimen
Fig. 2 Tensile test specimens
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(a) small size specimen (b) mini size specimen

Fig. 3 Location of the tensile specimens taken from the dissimilar weld

Fig. 4 \Variation of tensile properties across the dissimilar weld using small size specimens

Fig. 5 \ariation of tensile properties across the dissimilar weld using mini size speciemens
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3. FORMULATION OF RESIDUAL STRESS DISTRIBUTION

3.1 Residual Stress Analysis

The finite element for a pressurizer spray nozzle, which is made of of SA508 Gr.3, SA541 Gr.3, SA182
F316, and alloy 82/182, and has one dissimilar weld, is shown in Figure 6. The number of element and node is
1530 and 1687, respectively. The 8-node axis-symmetric element is used for temperature and residual stress
analyses.

Fig. 6 Finite element model for parametric study

Figure 7 shows the variation of residual stress distributions, which is normalized by yielding strength of alloy
82/182 weldment at room temperature, on welding center line according to thickness increase under constant
thickness ratio (Ri/t=4). The axial residual stress distributions on welding center line in the figure are changed
from global bending type[4] to local bending type[4] according to thickness increase. The hoop residual stresses
near the inner and outer surfaces are respectively more compressive and tensile with thickness increase. Figure
8 illustrates the variation of normalized residual stress distributions according to thickness ratio increase under
fixed thickness (t=25.27mm). As shown in Figure 8, the axial residual stresses on inner and outer surface
increase according to thickness ratio increase. Also, it can be found that the axial residual stresses for the most
inner region decrease according to thickness ratio increase. The hoop residual stresses near the inner surface
significantly increase according to thickness ratio increase. Figure 9 shows the variation of normalized residual
stress distributions on welding center line according to yielding strength increase. As depicted in the figure, the
normalized residual stresses on welding center line have insignificantly different distributions according to
yielding strength. And, it is found that the residual stresses aren’t linearly proportional to yielding strength of
weldment.

& {=17.69mm
—&—t=25.27mm
—0-{=32.86mm
- 1=50.55mm
—-{=12.64mm

Hoop RS/YS

N

Distance from inner surface along welding CL/Thickness

(a) axial residual stress (b) hoop residual stress
Fig. 7 Variation of residual stress distributions with thickness increase
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Fig. 8 \Variation of residual stress distributions with thickness ratio increase

—-0%
—&-20%
—&——20%)

Hoop RS/YS

AN

Distance from inner surface along welding CL/Thickness

(a) axial residual stress (b) hoop residual stress

Fig. 9 Variation of axial residual stress distributions with yield strength increase

3.2 Formulation and Verification
Based on parametric study results, the following equations are derived for axial residual stress distributions
by decomposing membrane, bending and self-equilibrium component:

6 )
o' (D)=on +of -2 T A, @
i=0
of =1-0.0003(1)2 0.0017(R1y 1 02981, (L) Py (222 ws< B, @)
t t to O-ySO t
r Ri\3 Ri2 Ri t R
op = {—O-OOZ(T) + 0-0372(7) - 0-2008(7) +0.0064}F, (t_) Fysh 15<1<10); 3)
0
Ri\3 Ri\2 Ri t
0
Ri\3 Ri\2 Ri t
Ay ={-0.03851)° + 09458 )7 ~7.9052~1) + 23 2603F sy () (5)
0
Ri3 Ri2 Ri t
0
Riy3 Ri2 Ri t
A3 :{—1.4222(T) +32.255(T) —248.081(T) +12608}FA3(t—), (7)
0

5 Copyright © 2007 by SMIRT19



Transactions, SMIRT 19, Toronto, August 2007 Paper # G06/5

A, ={2.7218(%)3 - 58.914(%)2 ; 430.48(%) —2166.1F 4 (tl) , ®)
0
Riy3 Ri\2 Ri t
A ~{-24114-1)? +50308(-1)? 35255 ) + 16963F s ), 9)
0
Ri3 Ri2 Ri t
Ay ~{08006(- ) ~16.207(~1)2 +10098(- ) ~500.BF s () (10)
0

where ar; is transverse membrane residual stress component for the fixed condition at pipe end, o*br is
transverse bending stress component, o, is yielding strength, o, is reference yielding
strength(=393.6931MPa), t; is reference thickness(=25.27mm), F_,, F, and F,; are specific functions of
tho, Fys, and Fyg, are specific functions of o /O'yso, x is through thickness distance from inner surface .
Finally, the formulae are verified by comparing with the previous results such as PVRC JIP[5] and API 579[6].
Figure 10 represents the comparison with the previous results. As depicted in the figure, it is identified that the
engineering formulae can be a valid and available tool evaluating the axial residual stress distributions along

welding centerline on the dissimilar welds of nozzle in nuclear piping.

— FEA
——PVRCJP |_|
—&— API 579
—&— Present

Distance from inner surface along welding CL/Thickness

Fig. 10 Comparison with the previous results(Ri/t=4, t=25.27mm)

4. FORMULATION OF FRACTURE MECHANICS PARAMETERS

4.1 Effect of Yield Strength Mismatch on J-Integral

Figure 11 shows the finite element EPFM (elasto-plastic fracture mechanics) analysis results for the
dissimilar pipe with circumferential through wall crack located on weld center under primary loading. As shown
in Figure 11, the effect of yield strength mismatch on J-integral is within 5% for the over-mismatch case. The
following J-integral and COD equations are derived considering the mismatch effect from the figures:

J _COD  Eé&pg LL3 0w

J_ _ 3 (11)
Jo COD, Lioys 2 ' Ecpeg
L, =M /Mgg (12)
Mor =7(0/ m)M (13)
701 7)=0.82+0.750/ ) +0.42(0 ] 7)? (14)

4.2 Effect of Secondary Stress on J-Integral

Figure 12 and 13 show the finite element EPFM analysis results for the dissimilar pipe with circumferential
through wall crack located on weld center under primary and secondary loading. L, is the ratio of primary stress
to limit load. ¥ is the ratio of secondary stress to limit load. V is the variable to quantify the effect of secondary
stress on elasto-plastic fracture. V, is the value of V under only secondary loading. As shown in Figure 12 and 13,
the effect of secondary stress on J-integral increases with decrease of primary stress. And, it is found that V/V, is
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Fig. 11 J-integral values for the dissimilar pipe with through wall crack located on weld center

maximized at Lr=0.8 and approaches near zero if L, is greater than 1.5. The following J —integral and COD
equations are derived considering the effect of secondary stress:
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Fig. 13 Variations of V/V,vs. L, for the dissimilar
with center crack (global bending/transverse
loading)

Fig. 12 Variations of V/Vyvs. L, for the dissimilar
pipe with center crack pipe (global bending)
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5. CONCLUSIONS
A study on structural integrity of dissimilar welds in nuclear piping was performed by using tensile test and
finite element analysis. From this study, some major findings are obtained as follows:
OSA508 base metals have higher yield strength and ultimate strength than alloy 82/182 weld and TP316
while the ultimate strengths of alloy 82/182 welds are similar as those of SA508 and SS316 base metals.
OEngineering formulae of residual stress distributions are developed based on parametric study results and
they can be a valid and available tool evaluating the axial residual stress distributions along welding
centerline on the dissimilar welds of nozzle in nuclear piping.
O J-integral and COD equations are derived considering the effect of mismatch and secondary stress based on
the parametric study results.
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