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ABSTRACT 

 
Weld residual stresses have a large influence on the behavior of cracking that could possibly occur under normal 

operation of components. In case of an unfavorable environment, both stainless steel and nickel-based weld 

materials can be susceptible to stress-corrosion cracking (SCC). Stress corrosion cracks were found in 

dissimilar metal welds of some pressurized water reactor (PWR) nuclear plants. In the nuclear reactor primary 

circuit the presence of tensile residual stress and corrosive environment leads to so-called Primary Water Stress 

Corrosion Cracking (PWSCC). The PWSCC is a major safety concern in the nuclear power industry worldwide. 

PWSCC usually occurs on the inner surface of weld regions which come into contact with pressurized high 

temperature water coolant. However, it is very difficult to measure the residual stress on the inner surfaces of 

pipes or nozzles because of inaccessibility. A mock-up of weld parts of a pressurizer safety nozzle was 

fabricated. The mock-up was composed of three parts: an ASTM A508 Cl3 nozzle, an ASTM A276 F316L 

stainless steel safe-end, an AISI 316L stainless steel pipe and different filler metals of nickel alloy 82/182 and 

AISI 316L. This work presents the results of measurements of residual strain from the outer surface of the 

mock-up welded in base metals and filler metals by hole-drilling strain-gage method of stress relaxation. 

 

 

1. INTRODUCTION 

 

Many of the degradation mechanisms relevant to power plant components can be exacerbated 

by stresses that reside within the material. Residual stresses occur through a variety of 

mechanisms including inelastic (plastic) deformations, temperature gradients (during thermal 

cycle) or structural changes (phase transformation). During welding are common the 

appearance of structural distortions and residual stresses generation due to the intense and 

located heating of the pieces to be joined and non uniform temperature distribution during the 

thermal cycle (heating and cooling). In welding, large thermal stress gradients are caused in 

the vicinity of welded joints by the localized heating and subsequent cooling of the weld 

mailto:wrcc@cdtn.br
mailto:egr@cdtn.br
mailto:tanius@cdtn.br
mailto:dhbs@cdtn.br
mailto:tanius@cdtn.br
mailto:raphaelmecanica@gmail.com
mailto:joprocha@yahoo.com.br
mailto:ideir_engenharia@yahoo.com


INAC 2013, Recife, PE, Brazil. 

 

zone. The contraction during the cooling can cause weld cracking or distortion, leading to 

non-conformance rejection or reduced service life. Residual stresses can be especially 

problematic given the tendency for stress concentration at joints and the possibility of 

detrimental microstructures in the heat affected zone of the weld. Phase changes are 

associated with transformation strains due to the change in crystal structure. The strains are 

defined with respect to the stress free (unconstrained) transformation. It is natural, therefore, 

that they should contribute to the evolution of residual stresses. Residual stresses due to 

transformations are often introduced during fabrication and can have a large effect on the 

residual stresses that would otherwise occur. Good design or structural integrity assessments 

require therefore, an accounting of residual stresses, which often are introduced during 

welding. To do this it is necessary to characterize the stresses [1-5]. 

 

Welds between different metals has diverse applications in industry. These welds are called 

Dissimilar Metal Weld (DMW). DMWs are of special importance for constructions of pipe 

work connections in chemical and petrochemical industry, and plants of energy generation 

that burn fossil fuel and nuclear. In the nuclear power industry, it is used for joining low alloy 

steel to nickel alloy and/or austenite stainless steel components with nickel-base filler metals, 

e.g. in the reactor pressure vessel, pressurizer, steam generator and the austenitic stainless 

steel piping systems. In the primary systems of nuclear reactors type PWR the low-alloy 

ferritic steel components are connected to the austenitic stainless steel pipelines. Nickel 

alloys 82/182 are commonly used as a filler metal in this type of DMW joint because its 

thermal expansion coefficient lies between those of ferritic steel and austenitic stainless steel 

[6-9]. 

 

In the DMWs manufacturing process, besides welding process other thermal processes such 

as cladding process, buttering process and post weld heat treatment are also included. 

Because of the complex manufacturing processes and the different thermal and mechanical 

properties of the materials, predicting residual stresses in a DMW joint is a very difficult 

challenge. Thermal and dimensional variations during the manufacture and use of 

components having dissimilar material joints are always worrisome, especially due to the 

tensile residual stresses generated [1, 6]. 

 

Weld residual stresses have a large influence on the behavior of cracking that could possibly 

occur under normal operation of components. In case of an unfavorable environment, both 

base metal and weld metal materials can be susceptible to SCC. The sustained stress state 

under normal operation that may drive SCC is typically dominated by residual stresses in the 

vicinity of welds. Tensile stress on the surface is a necessary condition and a primary driving 

force for initiation of SCC. The magnitude and direction of residual stress after welding is 

affected by many welding parameters such as weld design, heat input, interpass temperature, 

thermal conductivity of the joined materials and degree of constraint. In the case of the 

DMWs typically used in the primary circuits of PWR the presence of tensile residual stress, 

an aggressive environment, materials susceptible and a time for the phenomenon occur leads 

to so-called Primary Water Stress Corrosion Cracking (PWSCC) [1, 6, 10-14]. 

 

Several studies have shown that nickel-chromium-iron alloy 600 components and associated 

alloy 82/182 weld metals widely applied in PWRs, although originally selected for its high 

corrosion resistance, present susceptibility to the PWSCC process, during the nuclear PWRs 

operation [1, 2, 6, 11, 13, 15]. 
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PWSCC of nickel alloy has been a concern for PWRs worldwide since the early 1970's. 

Cracks tend to initiate for their high stress locations on the wetted inside surface of the 

susceptible material and grow axially or circumferentially into the base metal or welds [15]. 

It is thus of technological importance to know the residual stresses associated with the 

dissimilar metal welds in order to assess the susceptibility of components to PWSCC. 

 

In this paper, a mock-up of weld parts of a pressurizer safety nozzle was fabricated. The 

mock-up was composed of three parts: an ASTM A508 Cl3 nozzle, an ASTM A276 F316L 

stainless steel safe-end, an AISI 316L stainless steel pipe and different filler metals of nickel 

alloy 82, nickel alloy 182 and AISI 316L. This work presents the results of measurements of 

residual strain from the outer surface of the mock-up welded in base metals and filler metals 

by hole-drilling strain-gage method of stress relaxation. 

 

The methodology used to measure the residual strain was the "Blind-Hole-Drilling Method" 

[16], a technique of machining of the center hole or just method of central hole. This is a 

semi-destructive method, or in some cases may be considered non-destructive. In this 

method, after installation of strain gages, Figure 1, on the surface to be investigated, a small 

and shallow hole is machined in the center of these rosettes. After machining the hole, the 

change of strain in its immediate vicinity is measured and the residual strains are calculated 

from such data. The calculation of strain relief is done using the equation 1 [17]. 

 

The methodology used to measure the residual strain was the "Blind-Hole-Drilling Method" 

[16], a technique of machining of the center hole or just method of central hole. This is a 

semi-destructive method, or in some cases may be considered non-destructive. In this 

method, a strain gage rosette type with three elements, nominal resistance of 120 ohms, is 

employed, Figure 1.  

 

 

 

 

Figure 1:  Typical rosette for residual stress measurements. 

 

 

After installation of strain gages on the surface to be investigated, a small and shallow hole is 

machined in the center of these rosettes. After machining the hole, the change of strain in its 

immediate vicinity is measured and the residual strains are calculated from such data. The 

calculation of strain relief is done using the equation 1 [17]. 
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Where: 

 - is the strain; 

R  - is the nominal electrical resistance of the undeformed strain gage in ohms; 

R  - change in gage resistance (due to strain); 

Ri - is the initial electric resistance is the reading of the resistance strain gage before the first 

drilling increment; 

Rf - is the reading of resistance strain gages for each drilling increment; 

K - gage factor - is defined as the ratio of the fractional change in resistance to the 

fractional change in length (strain) along the axis of the gage. K differs depending on the 

material used for the resistive foil. 

 

After the calculation of the strain relief is necessary verify if the field of residual strain is 

uniform or not. From this investigation, following the recommendations contained in ASTM 

E 837-08 [16] and Technical Note TN 503-6 [18] calculate the stresses: if the stress field is 

uniform, calculate the values and orientations of the principal stresses. If the stress field is not 

uniform calculate the equivalent uniform principal residual stresses and their orientations. 

 

For a residual stress state that is uniaxial or equal biaxial in magnitude, a stress of greater 

than 70% of yield strength, will result in plastic deformation at the hole perimeter due to the 

stress concentration. This deformation invalidates the relationship between the measured 

surface strains and the calculated residual strain/stress. However, a careful inspection of 

calculated residual stress magnitudes (with reference to the material yield strength) can 

provide a limited qualitative result indicating the presence of „near-yield‟ stress and its 

direction. [18, 19]. 

 

 

2. MATERIALS AND METHODS 

2.1.  Fabrication of SRV Nozzle Mock-Up Welds 

 

A mock-up of weld parts of a Safety/Relief Valve (SRV) nozzle was fabricated. Material and 

dimensional conditions of the mock-up were identical to those of a nuclear power plant. The 

SRV nozzle mock-up consists of three structural parts and four welds: 

1. The nozzle, manufactured from wrought plate ASTM A-508 Cl3 low-alloy carbon steel 

with 130 mm thickness. 

2. The safe-end, from forging disc ASTM A276 F316L austenitic stainless steel. 

3. An AISI 316L austenitic stainless steel pipe extension. 

4. The nickel alloy 82 applied to the end of the nozzle wrought plate (buttering weld) with 

about a 10 mm thick layer welded by Gas Tungsten Arc Welding (GTAW). 

5. In the main dissimilar metal weld between nozzle and safe-end, the first three passes of 

DMW were welded by gas GTAW using nickel alloy 82 and the remaining passes by 

Shielded Metal Arc Welding (SMAW) using nickel alloy 182; and 

6. The Similar Metal Weld (SMW) between safe-end and pipe extension welded by GTAW 

using AISI 316L filler metal. 

 

The whole manufacturing process comprised: 

1. Rough machining of the A-508 Cl.3 nozzle. 

2. Application of the nickel alloy 82 buttering weld to the nozzle by GTAW process with 

nickel alloy 82 filler wire, comprising 60 passes in total for Mock-up (plus 13 passes in 

root to produce machining nose). 
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3. After buttering, post weld heat treatment (PWHT) was conducted to reduce residual 

stress and improve the toughness in the heat-affected zone (HAZ) that developed along 

the interface in the A-508 Cl3 low-alloy steel. The heat treatment temperature was 620°C 

and holding time was 3 h, with subsequent furnace cooling, with the open door. 

4. After cooling to room temperature, the buttering zone was machined in order to finalize 

the nozzle-buttering inner bore and introduce the dissimilar metal weld preparation. 

5. Machining of the safe-end of the forging A276 F316L to introduce the weld preparations 

at each end. 

6. Making the nickel alloy 82 and 182 DMW between nozzle-buttering and safe-end, 

comprising three root passes made using a GTAW process with nickel alloy 82, a further 

41 SMAW fill passes made using nickel alloy 182, making a total of 44 passes. 

7. The SMW between safe-end and pipe extension of the 316L, comprising 21 passes made 

using a GTAW process with AISI 316L. 

8. Final machining of the outer surface of the mock-up to produce a surface suitable for 

measuring the residual stresses. 

9. Residual stress measurement using the blind-hole-drilling method of the outer surface of 

the mock-up. Rosette-type strain gauges were used in measurement of the residual 

stresses. 

 

All metals, when exposed to heat buildup during welding, expand in the direction of least 

resistance. Conversely, when the metal cools it shrinks and can reduce the dimensions of the 

weldment. In welding a double J groove butt joint, the highest temperature is at the surface of 

the molten puddle. The temperature decreases as it moves toward the root of the weld and 

away from the weld. Because of the high temperature of the molten metal, this is where 

expansion and contraction are greatest. When the weld begins to cool, the surface of the weld 

joint contracts (or shrinks) the most, thereby causing a reduction in the length of the welded 

structure (314 mm to 306 mm). Figure 2 shows the configuration of the mock-up after weld 

(a) and shows the configuration of the mock-up welded with reduce dimensions (b). A 

schematic drawing and the complete SRV nozzle mock-up welded are shown in Figures 3 

and 4, respectively. 

 

 

 
(a) 

 
(b) 

 

Figure 2:  Configuration of the Mock-up, (a) after and (b) before the welds with  

reduces dimensions. 
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Figure 3:  SRV mock-up consisting of three structural parts: (1) the nozzle (gray),  

(2) the safe-end (blue), (3) a pipe extension (blue-green) and for welds: (4) buttering 

(green), (5) dissimilar (red), and (6) similar welding (yellow). 

 

 

 
 

Figure 4:  Safety/Relief Valve nozzle mock-up 

 

 

During the welding, the mock-up was mounted on a work rotating device and the contact 

point was spot-welded to the device along the periphery of the nozzle face, allowing the other 

parts to contract freely. All welding was manually done in accordance with the conventional 

welding procedure. The inter-pass temperature was strictly kept below 170ºC as per welding 

procedure. The detailed manufacturing records were collected during each step of the 

process. They include a detailed photographic record, measured welding parameters (welding 

current, arc voltage, and torch speed), thermocouple array measurements, weld bead maps, 

etc. Table 1 show the main welding parameters used. 

 



INAC 2013, Recife, PE, Brazil. 

 

 

Table 1:  Weld Parameters for Mock-up Fabrication. 

 

Weld local Process 
Weld rod Current Voltage Velocity Pre heat Inter pass 

(Ø - mm) (A) (V) (mm/s) (°C) (°C) 
Buttering GTAW 1,6 120-150 10-12 2.4-3.2 200 140-170 

DMW root GTAW 1,6 110-120 10-12 0.8-1.2 200 140-170 

DMW fill SMAW 4,0 115-130 20-22 1.5-2.0 200 130-170 

SMW GTAW 1,6 130-150 9-12 0.8-1.2 - 110-160 

 



2.3.  Residual Strains Measurements 

 

Strains were measured and the residual stresses were calculated in 15 points (R) in the mock-

up, 3 points in stainless steel 316L tube, 3 points in weld metal 316L, 6 points in dissimilar 

weld Inconel 182 and 3 points in the nozzle A-508 Cl3. The measurement points along three 

longitudinal lines, in order to enclose the various materials involved, were established. These 

lines were plotted by taking a 120° angle between them, and the lines were set to 0 degrees, 

+120° and -120°. Figure 5 shows the schematic line on the rosette-type strain gage position. 

 

 

 
 

Figure 5:  Rosette-type strain gage points (E1 – E5) in weld nozzle. 

 

 

Measurements of residual strains were performed using the equipment RS-200 Milling Guide 

(Micro-Measurements – Vishay Precision Group) and a digital multimeter Agilent model 

34401, Figure 6 (a). In the Figure 6 (b) is showed the drilling in the rosette-type strain gage. 

The measurements of the changes in resistances of the strain gages were made to four wires. 

For measurements of residual strains strain gages FRS-2-11 (TML - Tokyo Sokki Kenkyujo 

Co., Ltd.) and cyanoacrylate adhesive Loctite 496 was used. 
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a 

 
b 

 

Figure 6:  (a) System for residual stress measuring RS200 connected to the  

multimeter Agilent 34401A, (b) drilling in the rosette-type strain gage. 

 

 

3. RESULTS 

 

The voltage values were converted into the residual stress measurements in ASTM E 837-01 

and TN Tech Note 503-6. In order to compare the values of Equivalent Uniform Principal 

Residual Stresses (EUPRS) with its tensile strength material, determined by the Uniaxial 

Equivalent Stress (UES) by Tresca and Von Mises criteria. The results are shown in Table 2, 

and the points E1 to E5 are shown in Figure 5. The orientation angles of EUPRS presented 

are related to the rosette-type strain gage 1, when turned to clockwise be marked positive and 

negative when counterclockwise. 

 

 

Table 2:  Residual stresses measured on the surface of the Mock-up, according to Fig. 5. 
 

Point 

EUPRS  

(MPa) 

EUPRS max orientation 

related to strain gage 1 

UES Tresca 

criterion 

UES Von Mises 

criterion 

Yield 

strength 

70% Yield 

strength 

Max. Min. (°) (MPa) (MPa) (MPa) (MPa) 

E1 78 - 45 29 123 108 220 154 

E1-120 368** 293** -29 368** 337** 220 154 

E1+120 482** 144 82 482** 429** 220 154 

E2 353* 219 70 353* 309 470 329 

E2-120 373* 174 85 373* 323 470 329 

E2+120 376* 112 86 376* 334* 470 329 

E3 151 32 -38 151 138 400 280 

E3-120 66 16 -18 66 60 400 280 

E3+120 289* 137 -33 289* 250 400 280 

E4 189 52 -13 189 169 400 280 

E4-120 98 - 30 -15 128 116 400 280 

E4+120 517** 297* -33 517** 449** 400 280 

E5 398* 38 -7 398* 380* 530 371 

E5-120 119 7 42 119 116 530 371 

E5+120 387* 35 -8 387* 371 530 371 

(-) the negative values indicate that stresses are equivalent uniaxial compression. 

* - stress values are between 70% and 100% yield strength. 

** - stress values are higher than yield strength. 
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Figure 7 shows the guidelines for the stresses obtained for the points E1, E2, E3 and E5, the 

point E4 was fixed between E3 and E5. 

 

 

 
 

Figure 7:  Orientations to maximum and minimum stresses for points E1, E2, E3 e E5. 

 

 

As can be seen in Table 2, with the exception of point E1 and point E4-120 (negative values) 

the equivalent EUPRS are tensile stress. The values obtained for the UES using the Tresca 

and von Mises criteria, having as origin the equivalent uniform principal residual stresses 

values, are lower than 70% of yield strength for the materials studied (E1, E3, E3-120, E4, 

E4-120 and E5-120), therefore these values are valid. For the other E2, E2-120, E2+120, 

E3+120, E5 and E5+120, where the values obtained are between 70% and 100% of yield 

strength, the results of the measurement give only qualitative information, indicates that the 

residual stresses in these points are very high. For the points E1-120 and E1+120 and 

E4+120, where the stresses are higher than yield strength of materials, indicate that these 

values are not real, probably due a non-uniform strain fields. 

 

Figures 8 to 11 shows the yield strength, 70% yield strength and the equivalent uniform 

residual stresses values by Tresca and Von Mises criteria, in graphics. 

 

 

 
 

Figure 8:  Equivalent uniform residual stresses from stainless steel tube 316L, point E1. 
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Figure 9:  Equivalent uniform residual stresses from 316L weld metal, point E2. 

 

 

 
 

Figure 10:  Equivalent uniform residual stresses from Inconel 182 weld metal,  

points E3 and E4. 

 

 

 
 

Figure 11:  Equivalent uniform residual stresses from A-508 Cl3 nozzle, point E5. 

 

ASTM A-508 Cl3 nozzle    
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The Figure 12 shows the uniaxial equivalent stress (UES) distribution by Von Mises criterion 

(only valid values), yield strength and 70% yield strength of materials, with the distance 

between points E1, E2, E3, E4 and E5 in the Mock-Up. The values increase of the point E1, 

316L tube to similar metal weld with 316L to the point E2, decrease in dissimilar metal weld, 

Inconel 182, to the point E3, increase to the point E4, Inconel 182, near the nozzle, and 

increase more to the point E5 in nozzle, A-508 Cl3, exception to point E5-120. 

 

 

 
 

Figure 12:  Uniaxial equivalent stress (UES) distribution by Von Mises criterion (only 

valid values), yield strength and 70% yield strength of materials, with the distance 

between points E1, E2, E3, E4 and E5 

 

 

The values of uniaxial equivalent stresses for the SMW with 316L, points E2, E2-120 and 

E2+120, are very close together and these values are high, these are between 66% and 71% of 

yield strength, by von Mises criterion. 

 

The values of uniaxial equivalent stresses for the DMW with Inconel 182, points E3, E3-120, 

E3+120, E4 and E4-120, are low, between 15% and 63% of yield strength, by von Mises 

criterion. Exception for point E4+120, highest than yield strength, indicate that this value is 

not real indicated a non-uniform strain field, the non-uniform strain fields could be indicated 

a plastic deformation. 

 

The values for the uniaxial equivalent stresses in low-carbon steel (A-508 Cl 3), E5 and 

E5+120, are very close together and these values are higher than 70% of yield strength, 

indicates that the residual stresses in these points are very high, and point E5-120 the value is 

22% of yield strength by von Mises criterion. 

 

 

4. CONCLUSIONS 

 

Based on the results of residual stress measurements in the different regions of the welded 

nozzle, one can concludes that the residual stresses measurements at the outer surface of the 

welded nozzle were of tensile nature. 
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The values measurements in points E1-120, E1+120 and E4+120 were higher than yield 

strength of materials, indicate that these values are not real, probably due a non-uniform 

strain fields, high residual stress in the weld process, elastic accommodation and plastic 

relaxation. 

 

For the points E2, E2-120, E2+120, E3+120, E5 and E5+120 the values measurements for the 

maximum tensile residual stresses are between 70% and 100% of yield strength, in these 

cases would be prudent to consider the results as qualitative and that the residual stresses in 

these points are very high, indicate high deformation due to the welding process. 

 

The EUPRS maximum values obtained for the points E1, E3, E3-120, E4, E4-120 and E5-

120 are lower than 70% of yield strength and indicate tensile strain values in these points. 

 

The maximum tensile residual stresses in the SMW (E2, E2-120 and E2+120) indicate that 

the residual stresses in these points are high, probably due to the thickness difference between 

the tube and safe end. 

 

The maximum tensile residual stresses located in the carbon steel nozzle, near the fusion line 

(E5 and E5+120), indicate that the residual stresses in these points are high, probably due to 

the thickness difference in the nozzle the effect of different materials and possible 

metallurgical transformations in the low-carbon steel. 

 

The difference in the residual stresses values at the same distance from the edge but with 

different angles (0°, -120° and +120°), are probably caused by the non-uniform heat 

distributions, plastic deformations and phase transformations occur on the material due the 

welding process. These changes generate different residual stresses patterns for weld region 

and in the heat affected zone. 

 

Suggestion for further work: making measurements of residual stresses on the inner surface 

of the mock-up where the residual stresses are more important for the PWSCC. 
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