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ABSTRACT 

 

In several locations of the pressurized water reactors, dissimilar metal welds using inconel welding wires are used 

to join the low alloy steel components to stainless steel pipes. To evaluate the integrity and design the dissimilar welds, 

tensile and fracture property variations are needed. In this study, dissimilar metal welds composed of SA508 Gr.3, 

inconel 82/182 weld, and TP316 stainless steel were prepared by gas tungsten arc welding and shielded metal arc 

welding technique. Microstructures were observed using optical and electron microscopes. Typical dendrite structures 

were observed in inconel 82/182 welds. Different tensile properties were observed depending on the specimen sampling 

position at room temperature and 320°C using small size round bar and mini-sized sheet type tensile specimen. And 

micro-hardness test was conducted to measure the variation in strength along the thickness of the weld as well as across 

the weld. In addition, fracture properties were also observed at the bottom, middle, and top of the welds at room 

temperature and 320°C, and that was discussed based on the microstructure characteristics. It was found that the strength 

at the bottom of weld was greater than at the top of the weld, while fracture toughness was lower at the bottom of weld. 

 

INTRODUCTION 

 

Dissimilar metal welds between ferritic steel and austenitic steel tubing and piping are commonly employed in 

fossil fuel fired power plants and nuclear power plants. Such transition joints are necessary because of the corrosion 

resistance of stainless steel, while ferritic steels are commercially more attractive [1]. For example, in a certain type of 

nuclear power plant, the reactor pressure vessel and steam generators are made of low alloy steels, whereas the primary 

piping is made of stainless steel. Therefore, to connect the low alloy steel components to stainless steel piping, inconel 

welding wires are generally used to prevent weld hot cracking. There have been several studies of welding of dissimilar 

materials because the failure in dissimilar joints can occur before the components reach their expected design life. The 

investigations have shown that large thermal stresses can occur in dissimilar joints due to the difference in thermal 

expansion during temperature fluctuations [2].  

In the nuclear industry, the concern and the interest in the integrity of dissimilar welds have been raised since the 

incident in V.C. Summer plant [3]. In V.C. summer plant on October 2000, a 4-inch long circumferential hairline crack in 

the first weld between the reactor vessel nozzle and the hot leg piping caused leak of primary water in to the containment. 

For the integrity analysis of the dissimilar welds with flaws, it is essential to have enough materials property database. It 

is generally known that the materials properties within the weld show considerable scatter and special dependence [4]. 

Therefore, the spatial variations of the mechanical properties of experimental heat of dissimilar metal weld were 
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investigated using tensile test, micro-hardness test, and fracture toughness test in this study. 

 

Test Materials and Welding 

Base materials used to construct dissimilar metal welds are SA508 Gr.3 low alloy steel and TP316 stainless steel 

which are the types of material used for constructing nuclear pressure vessels and pipes in Korea. These metals were 

provided as forged and heat treated, and prepared as 40 mm thick plate before welding. Using inconel welding wire 82 

and 182, dissimilar metal welds were fabricated between SA508 Gr.3 low alloy steel and TP316 stainless steel. The 

schematics of welding procedure are shown in Figure 1. Before the welding, 2-passes of buttering were applied on the 

machined edges of the SA508 plate by GTAW with inconel 82 bare wire. After the buttering, the pieces were post weld 

heat treated at 615°C for 90 minutes to relieve the residual stress. The resulting thickness of the buttering was about 2 

mm. The first 2-3 passed (about 5 mm) of V-groove welding were completed by GTAW with inconel 82 bare wire, then 

the remaining thickness was filled by SMAW with inconel 182 coated wires. During the welding, the argon gas was used 

as a shielding gas. The finished weld blocks were not heat treated. Chemical compositions for these materials are 

provided in Table 1.  

 

 
Figure 1  Schematics of the dissimilar metal weld of single V-grooved design 

 

Table 1  Chemical compositions of materials 

 
 

TEST METHOD 

 

Tensile and micro-hardness test 

Small size round bar tensile specimens and mini-sized sheet type tensile specimens shown in Figure 2 and 3 were 

machined from the welded plates. As shown in Figure 2 and 3 specimens were taken from SA508 low alloy steel, inconel 

82/182 weld, and TP316 stainless steel region along the welding direction. The specimens were tested at strain rate of 5 x 

10-4/sec. Test temperature was room temperature and 320°C, and the temperature variation of test was less than 1°C. 

These specimens were machined and tested following ASTM E8M-01. Micro-hardness measurements were done across 

the dissimilar metal welds at the locations where the mini-sized tensile specimens were taken. 
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    Figure 2  Specimens and locations for small size round bar tensile test 

 

     
Figure 3  Specimens and locations for mini-sized sheet type tensile test 

 

Fracture-toughness test 

Compact tension (CT) specimens were taken from the weld blocks. To measure the spatial variation of the fracture 

characteristics of the dissimilar metal weld, the top and bottom of the welds were electron beam welded to the stainless 

steel blocks and the specimens were machined to place the machined notched notches along the thickness of the weld. 

And these specimens were tested in the transverse orientation, with the notch normal to the welding direction as shown in 

Figure 4. Fracture tests were performed on these specimens that had a width (W) of 38.1 mm and thickness (B) of 12.7 

mm. All specimens had a precrack and 20 percent side grooves. Specimens were tested in room temperature and 320°C 

using direct current potential drop (DCPD) system that was operated in displacement control. Loading rate for the test 

was 0.2 mm/min. Fracture tough ness was followed by ASTM E1737-96 and E1820-05a. 

  

Figure 4  Fracture toughness test specimen, orientation and position of the specimens 

 

RESULTS AND DISCUSSION 

 

Microstructure of base metals and weld 

The cross section of the finished weld is shown in Figure 5. The distinctive region of dissimilar metal welds, such 

as SA508 Gr.3 base (a), buttering (b), inconel 82/182 welding region (b, c, e), and TP316 base (d) are clearly visible after 

proper etching application. SA508 was composed of tempered bainite structure (a), and TP316 was composed of 

austenitic grains with a few ferritic stringers which were made by rolling process (d). In fusion zone, the dendrite 
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microstructure was clear in inconel 82/182 weld (b, c, e) and buttering area (b). Along the fusion boundary between 

inconel 82/182 weld and TP316 base, partially melted zone was also visible (d), where the carbide structures which were 

formed by mixing of them [1]. A heat affected zone was shown in the region between inconel 82 buttering and SA508 

Gr.3, but the zone size is small because of buttering process (b). 

 

 

Figure 5  Typical cross section of dissimilar metal weld with details of the microstructure 

 

Tensile properties 

The tensile properties of test materials at room temperatures and 320°C is summarized in Figure 6. The results of 

the small size round bar tensile test are shown in Figure 6(a). The tensile properties were a little increased as the test 

position was changed from top to bottom in the inconel 82/182 welds. And the ultimate tensile strength of SA508 was not 

changed as the temperature was increased. This phenomenon is caused by dynamic strain aging effect at this test strain 

rate and temperature [5]. 

The mini-sized sheet type tensile test results are shown in Figure 6(b). First of all, it is shown that the overall 

values of tensile properties were compatible with those measured using small size round bar tensile specimens at the 

room temperature. In the case of 320°C, tensile properties were a little different with those of small size round bar tensile 

specimens. Unlike the round bar results, the differences in tensile properties were more clearly visible in mini-sized sheet 

type results. As a whole, for the inconel weld metal, the UTS values were substantially lower than those measured from 

the small size round bar tensile specimens. The large and elongated grains in the weld may have contributed the under-

estimation of UTS values for the mini-sized sheet type tensile specimens with thickness of about 0.28 mm. To confirm 

the effects of the specimen thickness, mini-sized sheet type tensile specimens with increased thickness are being tested. 

 

Micro-hardness variation across dissimilar metal welds 

The micro-hardness test results are summarized in Figure 7. The strength variations observed in tensile test were 

verified in micro-hardness test. The hardness values are higher at the bottom of the weld and decrease in middle and top 

of the weld, which is consistent with the tensile test results. The hardening behaviors in the heat affected zone of stainless 

steel base metals are observed in hardness tests. The size of heat affected zone was estimated about 7 to 9 mm. Through 

micro-hardness tests, the narrow heat affected zone of SA508 Gr.3 is also identified and estimated size of heat affected 

zone was about 1 to 3 mm.  

SMiRT 19, Toronto, August 2007 Transactions, Paper # G04/4



 5

-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50
200

400

600

S
tre

ss
, M

Pa
(B

O
TT

O
M

)

Position (mm)

 YS
 UTS

Room Temp.

0
200

400

600

St
re

ss
, M

Pa
(M

ID
D

LE
) 0

200

400

600

TP316WELDSA508 Gr.3

St
re

ss
, M

Pa
(T

O
P)

-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50
200

400

600

S
tre

ss
, M

P
a

(B
O

TT
O

M
)

Position (mm)

 YS
 UTS

    320oC

0
200

400

600

S
tre

ss
, M

P
a

(M
ID

D
LE

) 0
200

400

600

TP316WELDSA508 Gr.3

S
tre

ss
, M

P
a

(T
O

P
)

  

(a) Using small size round bar tensile specimen 
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(b) Using mini-sized sheet type tensile specimen 

Figure 6  Tensile properties variation across the dissimilar metal weld from tensile test 
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Figure 7  Micro-hardness variation across dissimilar metal welds 

 

Fracture toughness 

The fracture toughness test results of inconel 82/182 welds are shown in Figure 8 and Table 2. At room temperature, 

inconel 82/182 welds exhibit a fracture toughness of around 100 ~ 220 kJ/m2. And the fracture toughness at 320°C are 

around 400 ~ 730 kJ/m2. From the other results, the fracture toughness values of inconel 82/182 welds exhibit high 

fracture toughness in both room temperature and 320°C [6]. However, in this study, the fracture toughness values were 

considerably lower than the other results in the case of room temperature.  
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At the room temperature, the fracture toughness strongly depend on the location of the weld along the thickness 

direction such that fracture toughness values at the top of the weld are about 70% greater than those at the bottom of the 

weld. This may have been caused by the spatial variation in the composition, the microstructure and the thermo-

mechanical history during the multi-pass welding of thick plates. However, the fracture toughness was not depending on 

the location of the test specimen at 320°C. 
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Figure 8  JIC fracture toughness properties variation across the inconel 82/182 welds at room temperature. 

 

Table 2  Fracture toughness properties in different part of the inconel 82/182 welds at room temperature. 

Position test01 test02 mean value Position test01 test02 mean value

TOP 207.345 223.065 215.205 TOP 738.482 384.05 561.266

MIDDLE 160.15 160.15 MIDDLE 497.14 497.14

BOTTOM 106.17 135.68 120.93 BOTTOM 525.23 406.05 525.23

Fracture Toughness (Room Temp.), kJ/m2 Fracture Toughness (320°C), kJ/m2

 
 

At room temperature, the fracture surfaces have a ductile appearance, with three operative cracking mechanisms, 

including primary microvoid coalescence, void-sheet formation, and shear-stretch formation [6]. In the shear-stretch 

region, well-defined slip offsets were typically observed, indicating that this mechanism requires extensive plastic 

deformation. Representative fracture-surface morphologies for inconel 82/182 welds samples tested under room 

temperature are shown in Figure 9. 

 

Figure 9  Fracture surface morphology for inconel 82/182 welds (room temp.). 
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The dominant fracture mechanisms were different by the position of the weld. In the bottom region (Figure 9(a)), 

Primary microvoid coalescences (primary dimples) were dominantly observed. In the middle region (Figure 9(b)), shear-

stretch features were observed and primary dimples were also partially observed. In the top region (Figure 9(c, d)), shear-

stretch features were dominantly observed, and the size of shear-stretch region was much larger than the size of middle 

part. And void-sheet feature was observed around the large sized shear-stretch region. The JIC fracture toughness was 

increased as the fracture region was moved from bottom to top part. These facts demonstrate that the size of shear-stretch 

mode is related with JIC fracture toughness value. And the shear-stretch mode is more effective for increasing JIC fracture 

toughness rather than primary microvoid coalescence and void-sheet formation. 

In 320°C air condition, the fracture surfaces also had a ductile appearance, with three operative cracking 

mechanisms. However, unlike the room temperature case, the dominant fracture mechanisms were not observed on the 

fracture surfaces. As shown in Figure 10, all three operative cracking mechanisms can be observed on the fracture 

surfaces of 320°C test specimens. 

 

 

Figure 10  Fracture surface morphology for inconel 82/182 welds (320°C) 

 

CONCLUSIONS 

 

The dissimilar metal welds joining the SA508 Gr.3 low alloy steel and TP316 stainless steel using inconel 82/182 

were fabricated and the microstructures were analyzed. Also, the spatial variations in mechanical properties were 

investigated using tensile test, micro-hardness test, and fracture toughness test. Through the analysis, the following 

conclusions were drawn: 

1. The tensile properties were increased as the test region was changed from the top to bottom in the inconel 

82/182 welds. While the tensile properties were decreased as the test temperature was increased, the ultimate tensile 

strength of SA508 Gr.3 was not changed at the test strain rate and 320°C because of the dynamic strain aging effect. Such 

differences in strength along the thickness of the weld were also confirmed in mini-sized sheet type tensile specimen test 

and micro-hardness test. 

2. The fracture toughness of inconel welds were increased from 100 ~ 220 kJ/m2 to 400 ~ 730 kJ/m2 as the test 

temperature was increased from room temperature to 320°C. At the room temperature, the fracture toughness strongly 

depend on the location of the weld along the thickness direction such that fracture toughness values at the top of the weld 

are about 70% greater than those at the bottom of the weld. This may have been caused by the spatial variation in the 

composition, the microstructure and the thermo-mechanical history during the multi-pass welding of thick plates. 
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However, such spatial dependence of the fracture toughness disappeared at 320°C. 

3. The fracture surfaces had a ductile appearance, but the dominant morphologies were different by the fracture 

region. At the room temperature, the dominant morphologies were changed from primary dimples to shear-stretch 

features as the fracture region was changed from the bottom part to top part. The fracture toughness was also increased as 

the fracture region was moved from bottom to top part. However, at the 320°C, the fracture surfaces also had a ductile 

appearance, but the dominant fracture mechanisms were not observed on the fracture surfaces. All fracture morphologies 

can be observed on the fracture surfaces.  
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