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ABSTRACT

    The multi-pass welding on the dissimilar welds can cause the microstructure variation and tensile residual stress gene-
ration, which may deteriorate the fatigue lifetime, on the heat affected zone (HAZ). The difference of thermal expansion and
conductivity on these welds makes them particularly sensitive to thermal fatigue cracking. But, it is difficult to find the
previous researches about a relation between the fatigue lifetimes of the dissimilar welds on real nuclear components and the
unique nature (the microstructure variation, residual stress, and different thermal expansion/ conductivity) of these welds.
So, in this study, the microstructures, tensile properties and stress distributions of HAZ on nuclear components are predicted
by using the semi-analytical method and finite element method. And, the fatigue lifetimes of the dissimilar welds on nuclear
components are evaluated by using the stress analysis results and the fatigue analysis procedure of ASME B&PV Code
Sec.III. Finally, the effect of the unique nature of the dissimilar welds on fatigue lifetime is reviewed.  

KEY WORDS: dissimilar welds, heat affected zone, nuclear components, fatigue, microstructure variation, residual stress,
semi-analytical method, finite element method, fatigue analysis.

INTRODUCTION

    Dissimilar welds are typically used in nuclear power plants for pressure boundary application. But, some nuclear plants
have experienced cracking and leakage on the dissimilar welds due to fatigue and stress corrosion cracking. In addition, the
multi-pass welding on the dissimilar welds can cause the microstructure variation and tensile residual stress generation,
which may deteriorate the fatigue lifetime, on the HAZ [1,2]. The difference of thermal expansion and conductivity on these
welds makes them particularly sensitive to thermal fatigue cracking [3]. But, it is difficult to find the previous researches
about a relation between the fatigue lifetimes of the dissimilar welds on real nuclear components and the unique nature (the
microstructure variation, residual stress, and different thermal expansion/conductivity) of these welds.
    Therefore, in this study, the microstructures, tensile properties and residual stress of HAZ on nuclear components are
predicted by using the semi-analytical method [4] and finite element method. And, the stress distributions of nuclear
components are calculated for the various transients affecting the fatigue lifetime by the finite element analysis considering
local plasticity, variations of tensile properties and residual stress distributions. The fatigue lifetimes of the dissimilar welds
on nuclear components are evaluated by using the stress analysis results and the fatigue analysis procedure of ASME B&PV
Code Sec.III [5]. Finally, the effect of the unique nature of the dissimilar welds on fatigue lifetime is reviewed by comparing
the fatigue lifetimes based on the elastic/elasto-plastic stress analysis results.  

ANALYSIS MODEL 

    Fig. 1 shows the analysis model with the dissimilar weld. The analysis model is the spray nozzle of pressurizer in nuclear
power plant. It is made of SA508 Gr.3 Cl.1, SA541 Gr.3 Cl.1, SA182 F316, and SB168 (Alloy 600), and has three welds
including the dissimilar weld. Table 1 summarizes the chemical compositions of SA508 Gr.3. Cl.1, SA541 Gr.3 Cl.1, SA182
F316, and Alloy 600. Table 2 presents the welding parameters of this model.

PREDICTION OF MICROSTRUCTURE, TENSILE PROPERTIES AND RESIDUAL STRESS

    Fig. 2 shows schematically the assessment methodology for microstructure, tensile properties and residual stress on the
dissimilar welds. As shown in Fig. 2, this methodology consists of the temperature analysis to determine the temperature
distributions during welding, the microstructure prediction to determine the microstructure and tensile properties after
welding, and the residual stress analysis to determine the residual stress distributions. 

Temperature Analysis 
    Temperature analysis is performed by using the heat conduction based analysis technique [6] and ABAQUS [7]. The
finite element model for analysis is shown in Fig. 3. The numbers of elements and nodes are 1530 and 1687, respectively.
The 4-node axis-symmetric element [7] is used for analysis. Model change technique [7] is adopted to simulate multi-pass
welding process. As shown in Fig. 4, temperature cycle of point B in HAZ is the saw-tooth pattern because of repeated
heating and cooling during multi-pass welding.
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Table 1. Chemical compositions of materials
                                                                                                (unit : weight %)
Comp.

Mat. C Mn P S Si Cu Ni Cr Mo Al V Nb Fe

SA182
F316

0.08
max

2.00
max

0.045
max

0.03
max

1.00
max

0.32 100-
140

160-
180

2.0-
3.0

0.02 0.06 0.04 66.4

SB-168
(Alloy600)

0.15 1.0
max

- 0.015
max

0.5
max

0.5
max

72.0
min

140-
170

- - - 6.0-
10.0

SA541
Gr3 Cl.1

0.25
max

1.20-
1.50

0.025
max

0.025
max

0.15-
0.35

- 0.4-
1.0

0.25
max

0.45-
0.60

- 0.05
max

Base

SA508 
Gr.3 C1.1

0.25
max

1.20-
1.50

0.025
max

0.025
max

0.15-
0.40

- 0.4-
1.0

0.25
max

0.45-
0.60

- 0.05
max

Base

ER308L 0.08
max

3.00
max

0.04
max

0.03
max

1.0
max

0.75 8.0-
12.0

180-
240

2.0-
3.0

- Base

EniCrFe-7 0.05
max

5.00
max

0.03
max

0.015
max

0.75
max

0.7
max

Bal. 280-
315

0.50 0.50 7.0-
12.0

Table 2. Specification of welding parameters
     Par.
Part

Welding
Method

Voltage
 (V)

Current
 (A)

Speed
(cm/min)

Preheat Temp.
(oC)

Interpass
Temp. (oC)

PWHT
(oC/hr)

Buttering GMAW 27~38 300~600 24~80 70 170 max 615±20/3min
~ 40 max

Nozzle –
Head SMAW 20~28 80~190 24~80 121 250 max 615±20/3min

~ 40 max
Buttering -
Safe End SMAW 20~28 80~190 - 16 175 max 210~300/2

Safe End -
Spray Line GTAW 10~14 90~200 8~15 70 170 max -

     Fig. 1 Configuration of analysis model                            Fig. 2 Assessment methodology

Det. of Object
- RBI    - EconomicDet. of Mat. Prop.

- Exper., Prev. Studies

Temperature Analysis
- ABAQUS

Thermal Fluid Flow 
- Prev. StudiesEquil. Phase Dia.

- Thermo-Calc .

Microstructure
& Material Properties

Pred. of TTT/CCT
- Prev. Studies - Exper.

Residual Stress
Analysis/Measurement

FE Modeling 
- Shape, BC 

Mitigation  
- Parametric Study

DB/Expert System
- Residual Stress

Det. of Mat. Prop.
- Exper., Prev. StudiesGrain Size

- Prev. Studies - Exper.

DB/Expert System
-Micro. & Comp.

Mitigation
- Parametric Study

DB/Expert System
- Welding Spec.

Temperaure

Microstructure

Residual Stress

Both



3

   
  Fig. 3 Finite element mesh for analysis           Fig. 4 Temperature change of point B in HAZ vs. time

Prediction of Microstructure 
    Fig. 5 shows the equilibrium phase diagram of SA508 Gr.3 Cl.1 and SA541 Gr.3 Cl.1 calculated by Thermo-Calc [8]. As
shown in Fig. 5, the thermodynamically stable carbides are MC, M2C, M7C3, ξ-carbide and cementite (M3C). But, it is
difficult that the MC type carbide precipitates because of relatively low temperature. These results show the good agreement
with TEM analysis results that the carbides of M2C and M3C type are observed. In the same way, the equilibrium phase
diagrams of F316 is determined as shown in Fig. 6. 

Fig. 5 Equilibrium mole fractions of phases vs. temperature   Fig. 6 Equilibrium mole fractions of phases vs. temperature
 for SA508 Gr.3, Cl.1 and SA541 Gr.3 Cl.1                 for F316

    Grain size is an important factor to predict the microstructure because grain boundaries provide nucleation sites and
diffusion paths. Therefore, the grain sizes of HAZ have to be estimated according to distance from fusion line before
determination of TTT (time temperature transformation) and CCT (continuous cooling transformation) diagrams. The grain
sizes are predicted by using the following Leblond & Devaux’s equations [9]:

   nD
dt
dz

zRT
QC

dt

ndD 1exp −





−= ,   (dz/dt≥0),        nD

dt
dz

zRT
QC 1exp −






−= ,   (dz/dt≤0)             (1)

where, D is average grain size, R is gas constant, T is absolute temperature, and z is austenite volume fraction.  
    To predict the CCT diagram of SA508 Gr.3 Cl.1 and SA541 Gr.3 Cl.1, TTT diagram is determined by using the results of
grain growth and Li’s reaction kinetics model [10]. And then the CCT diagram is determined by using the TTT diagram and
Scheil-Avrami additive rule [11,12]. 
    By superposing the cooling curves obtained from temperature analysis on the predicted CCT diagram, the precipitation
phases are determined according to cooling rate or distance from fusion line. The prediction results for the HAZs of SA508
Gr.3 Cl.1 and SA541Gr.3 Cl.1 is shown in Fig. 7. As shown in Fig. 7, we can expect that bainite and ferrite are formed over
HAZ and the volume fraction of bainite decreases with distance from the fusion line.
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                                                           Fig. 7 Predicted CCT diagram of SA508 Gr.3, Cl.1 and SA541 Gr.3 Cl.1

Prediction of Tensile Properties
    The hardness of HAZ before post-weld heat treatment (PHWT) is predicted using the volume fractions of precipitation
phases and empirically based formulas [13]. In addition, the yield and tensile properties are estimated using the following
relations [14] between Vickers hardness and tensile properties:

   80)1.0(1.3 −= n
vy Hσ ,   92)

1
4.12)(1(5.3 −

−
−= n

vu n
nHσ , 17.0

500/800065.0 tn ∆=                          (2)

where, Hv is Vickers hardness, 500/800t∆ is cooling time between 800°C and 500°C.  
  The tensile strength distributions of spray nozzle welds along the section lines, a-a’ and b-b’, are presented in Fig. 8 and

9, respectively. From the Fig. 8, we can see that the local brittle zone (LBZ) of nozzle-head weld occurs on the location that
is about 5mm away from the fusion line. As shown in Fig. 9, the LBZ of dissimilar weld occurs on the location that is 2 or
3mm away from the fusion line.
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 Fig. 8 Tensile strength distribution vs. distance from    Fig. 9 Tensile strength distribution vs. distance from 
       fusion line along a-a’                            fusion line along b-b’

Residual Stress Analysis 
    To evaluate the residual stress in more detail, the elastic, plastic, thermal, phase transformation and annealing strains need
to be considered using the prediction results of microstructures and tensile properties. But, the phase transformation strain,
which brings about compressive residual stresses on HAZ, is not considered from the conservative viewpoint.
    Fig. 10 shows the residual stress distributions along the weld toe line c-c’ in Fig. 3. As shown in Fig. 10, the hoop and
axial residual stress distributions along c-c’ have the discontinuities between buttering weld and HAZ due to the differences
of material properties, and the compressive residual stresses occur on the inner surface of HAZ.  
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Fig. 10 Residual stress distributions along weld toe line c-c’

FATIGUE LIFETIME EVALUATION
To identify the effect of the unique nature of the dissimilar welds on the fatigue lifetime, the elastic/elasto-plastic

stress analyses and fatigue analyses are performed for the various transients affecting fatigue lifetime.   

Stress Analysis 
The resultant grouping and occurrences of transients for 40-year design life are shown in the Table 3. The total 9

transient groups are considered to calculate the CUF (cumulative usage factor). The thermal and mechanical boundary
conditions are determined from the thermal/hydraulic data [15] and the external load data [16]. Table 4 and 5 show the
alternating stresses for each transient at point A by the elastic stress analysis and the elasto-plastic stress analysis
without the consideration of residual stresses, respectively.     

Table 3. List of combined transients employed in the fatigue analysis
Type Transients Group No. Name Occurrence Remark

Steady State Operation(Increasing) 1 N1A 1000000  
Steady State Operation(Decreasing) 2 N1B 1000000

Group No. 1:
N1A+N3A

Daily load follow cycle (100-50%) 3 N2A 15000
Daily load follow cycle (50-100%) 4 N2B 15000

Group No. 4:
N3B+N2B+N6+N7+U1+U6

Turbine step load change (+10%) 1 N3A 4000
Turbine step load change (-10%) 4 N3B 4120

Group No. 5:
N4A+N4B

Turbine ramp load change (+5%) 5 N4A 17000
Turbine ramp load change (-5%) 5 N4B 17040

Group No. 6:
N5+U5

Non-load change events (Planned) 6 N5 9000
Non-load change events (Unplanned) 4 N6 200

Group No. 9:
U2+U3+U4

Plant events below power operation 4 N7 4540
Plant heatup 7 N8 500

Normal

Plant cooldown 8 N9 500
Increase in heat removal 
by the secondary system

4 U1 70

Decrease in heat removal
by the secondary system

9 U2 95

Decrease in R.C.S. flow rate 9 U3 30
Reactivity and power distribution 
Anomalies- +U2,3

9 U4 40

Increase in R.C.S. inventory 6 U5 30

Upset

Decrease in R.C.S. inventory 4 U6 5
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Table 4. Cumulative usage factor at point A by elastic stress analysis without consideration of residual stresses
Group No. Transient name ED/EP Sa

(kgf/mm2)
N N n/N

1 N1A+N3A 1.18 13.5043 ∞ 1004000 0.0
2 N1B 1.19 13.9309 ∞ 1000000 0.0
3 N2A 1.19 14.7669 700467 15000 0.0214143
4 N3B+N2B+N6+N7+U1+U6 1.20 14.8649 667569 23935 0.0358540
5 N4A+N4B 1.21 14.8356 677217 38855 0.0573745
6 N5+U5 1.19 14.5348 786004 9000 0.0114503
7 N8 1.12 16.6676 227635 500 0.0021965
8 N9 1.23 14.7627 745380 500 0.0006708
9 U2+U3+U4 1.22 14.9952 626515 165 0.0002634

CUF ∑ni/Ni=0.1292238

Note)  ED/EP : the ratio of the elastic modulus, Sa : alternating stress, N : number of fatigue life cycle from ASME design fatigue curve

Table 5. Cumulative usage factor at Point A by elasto-plastic stress analysis without consideration of residual stresses
Group No. Transient name ED/EP Sa

(kgf/mm2)
N N n/N

1 N1A+N3A 1.18 12.7943 ∞ 1004000 0.0
2 N1B 1.19 13.1369 ∞ 1000000 0.0
3 N2A 1.19 14.0198 ∞ 15000 0.0
4 N3B+N2B+N6+N7+U1+U6 1.20 14.0681 ∞ 23935 0.0
5 N4A+N4B 1.21 14.0393 ∞ 38855 0.0
6 N5+U5 1.19 13.8750 ∞ 9000 0.0
7 N8 1.12 14.8773 666696 500 0.0007500
8 N9 1.23 14.0168 ∞ 500 0.0
9 U2+U3+U4 1.22 14.3036 887443 165 0.0001859

CUF ∑ni/Ni=0.0009359

 
Calculation of Cumulative Usage Factors
    The CUFs are calculated by using the stress analysis results and the fatigue analysis procedure in ASME B&PV Code
Sec.III [5]. The CUFs for the elastic and elasto-plastic stress analysis without the consideration of residual stresses are
presented in Table 4 and 5, respectively. From Table 4 and 5, we can see that the CUF by the elasto-plastic stress analysis
considering the variation of tensile properties are less than the one by the elastic stress analysis. The reason why the CUF
decrease is because the reduction effect of the elasto-plastic stress analysis on the stresses is greater than the strain
concentration effect of LBZ. Especially, the strain concentration effect due to the variation of tensile properties can be
ignored because the yielding strength of stainless steel, a material of safe end and spray line pipe, is less than the one of
LBZ. Table 6 and 7 show the CUFs for the elastic and elasto-plastic stress analysis considering residual stress, respectively.
From Table 4~7, we can see that the elastic stress analysis considering residual stress makes the CUF impractical, and the
CUF increase of the elastic analysis by considering residual stress is much greater than the one of the elasto-plastic analysis.
By comparing the CUF in Table 5 to the one in Table 7, we can infer that the effect of residual stress on the fatigue lifetimes
of the dissimilar welds is insignificant.  

CONCLUSIONS

The feasibility study about the effect of the unique nature of the dissimilar welds on the fatigue lifetimes of real nuclear
components was performed. From this study, some of the major findings are obtained as follows:

 The effect of the variation of tensile properties on the fatigue lifetimes of the dissimilar welds is insignificant.  
 The elastic stress analysis considering residual stress makes the CUF impractical.
 The effect of residual stress on the fatigue lifetimes of the dissimilar welds is insignificant.
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Table 6. Cumulative usage factor at point A by elastic stress analysis considering residual stress
Group No. Transient name ED/EP Sa

(kgf/mm2)
N N n/N

1 N1A+N3A 1.18 18.4379 95077 1004000 10.5598620
2 N1B 1.19 18.8645 82228 1000000 12.1613076
3 N2A 1.19 19.7005 62442 15000 0.2402229
4 N3B+N2B+N6+N7+U1+U6 1.20 19.7985 60506 23935 0.3955806
5 N4A+N4B 1.21 19.7692 61078 38855 0.6361538
6 N5+U5 1.19 19.4684 67320 9000 0.1336898
7 N8 1.12 21.6012 39255 500 0.0127372
8 N9 1.23 19.6963 62527 500 0.0079965
9 U2+U3+U4 1.22 19.9288 58039 165 0.0028423

CUF ∑ni/NI=24.1503927

Table 7. Cumulative usage factor at Point A by elasto-plastic stress analysis considering residual stress
Group No. Transient name ED/EP Sa

(kgf/mm2)
N N n/N

1 N1A+N3A 1.18 15.02253/
12.7943 620401/∞ 2008/

1001992 0.0032366

2 N1B 1.19 15.3395/
13.1369 533695/∞ 2000/

998000 0.0037475

3 N2A 1.19 16.4004/
14.0198 271737/∞ 30/14970 0.0001104

4 N3B+N2B+N6+N7+U1+U6 1.20 15.0871/
14.0681 602143/∞ 48/23887 0.0000797

5 N4A+N4B 1.21 15.0825/
14.0393 603473/∞ 78/38777 0.0001293

6 N5+U5 1.19 16.2454/
13.8750 300313/∞ 18/8982 0.0000599

7 N8 1.12 17.3539/
14.8733

157749/
666696 1/499 0.0007548

8 N9 1.23 15.0805/
14.0168 604067/∞ 1/499 0.0000017

9 U2+U3+U4 1.22 16.7539/
14.3036

217076/
887443 1/164 0.0001874

CUF ∑ni/Ni=0.0083093
Note) If the residual stress release is not considered, the CUF will be 3.6828628
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