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1. Introduction

Dissimilar metal welds (DMW) is the joining of 

two different metals which is not ordinarily 

weldments as they have different thermal, chemical, 

and physical characteristics. DMW is welded 

together in order to maximize on the benefits that 

each metal produces while minimizing the 

drawbacks[1,2]. In general, austenitic stainless steel 

and ferritic carbon steel are a popular combination 

for nozzle components of the reactor pressurized 

vessels in nuclear power plants. The stainless steel 

should be connected to the austenitic steels or 

Ni-base alloy weldments. Also, the carbon steel is 

joined to the buttering materials firstly that is 

deposited a layer of weld on one surface to 

enhance a metallurgical compatibility for weld 

performance[3,4]. 

Problems of dissimilar welds between the two 

materials (stainless steel and ferritic carbon steel) 
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 This study investigates the effects of long-term artificial-aging on hardness variation in the dissimilar metal 

weldments for nuclear power plant facilities. These dissimilar welds are inevitably required to join the 

components in nozzle parts of pressurized vessels, such as austenitic stainless steels and ferritic steels. A 

artificial thermal aging was conducted in an electrical furnace to simulate material degradation at high 

temperatures. The test materialswere held at the temperature of 600 for 10000 hours and interrupted at ℃ 

various levels of degraded specimens. The degradation of hardness is a well-known phenomenon resulting 

from long-term aging or high-temperature degradation of structural materials. In this study, the variation of 

hardness at each position was different, and complicated in relation to microstructures such as twins, grains, 

precipitates, phase transformations, and residual stresses in dissimilar weldments. We discussed the variation of 

hardness in terms of microstructural changes during long-term aging.
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have been a common occurrence in the boiler 

industry. The primary causes of failures in 

dissimilar welds are carbon migration from the 

heat-affected zone (HAZ) of the ferritic carbon 

steel into the weld metal, expansion differences 

between the two varieties of steel, and the 

differences in corrosion resistance[5]. 

Also, when these steels are exposed for a long 

period of time, they are generally subjected to 

softening of materials because of the coarsening of 

the intermetallic phases and the phase 

transformation[6]. In recent, there are many reports 

on the primary water stress corrosion cracking 

(PWSCC) at dissimilar metal weld to the nozzle 

component in pressurized vessels[7,8]. The major 

physical causes of this PWSCC failure is tensile 

residual stress on the heat affected zone (HAZ) 

generated by the welding processing. In addition, 

these dissimilar welding components are used under 

high-temperature and high-pressure within corrosion 

atmosphere. The mechanical and microstructural 

characterization is very important for the materials 

integrity and reliability in fossil and nuclear power 

facilities. 

However, there are not enough reports about the 

effect of the long-term artificial-aging on hardness 

variation in the dissimilar metal weldments. In this 

study, we investigate the long-term artificial aging 

of dissimilar metal weldments at elevated 

temperature and examine the thermal degradation of 

them.

2. Experimental method

2.1 Test materials

The dissimilar metal weld joint was prepared 

by the gas tungsten arc welding (GTAW) process 

with the base materials, ferritic carbon steel (SA508) 

and austenitic stainless steel (AISI316L). The 

Ni-base alloy (alloy82) was used for the weld metal 

and the buttering material that is deposited a layer 

of weld on the surface of ferritic carbon steel to 

enhance a metallurgical compatibility for weld 

performance. Fig. 1 depicts the schematic diagram 

and macro-structure of dissimilar metal weld joint 

showing each part of weldments. 

The artificial thermal aging was achieved in an 

electrical furnace to simulate the material 

degradation at high temperature. The test materials 

are holding at the temperature of 600 for 100, 

1000, 5000, and 10000 hours and interrupted at 

various level of degraded specimens. The test 

samples are prepared with a bar shape of the size 

of 20 mm width, 20 mm thickness, and 150 mm 

long. The residual stress distribution was reported 

previously through the continuous indentation 

technique[9]. The HAZ of SA508 and AISI316L 

prior to heat treatment showed a compressive 

residual stress as shown in Fig. 2. The HAZ of 

SA508 showed a tensile residual stress after heat 

treatment. But, the HAZ of AISI316L showed a 

compressive residual stress due to its high level of 

initial stress[10]. 

2.2 Microstructure test

The small-sized samples were prepared by a band 

saw and a low-speed diamond saw, and then 

mounted with cold-mounting resins. The 

microstructural observations were performed using an 

optical microscope (OM) and scanning electron 

microscope (SEM). The test specimen for 

microstructure was mechanically polished with SiC 

grinding papers up to grit 2400, then fine polished 

with Al2O3 powder solution of 1 mm. The Buehler's 

final  include colloidal silica  solution was used 

through the vibrating polishing machine. The 

chemical etching with Vilella’s reagent was 

conducted for the SA508 carbon steel and we use 

Aqua regia (30 ml of distilled water, 20 ml HCl 

and 15 ml HNO3) at room temperature during 120 

seconds for austenitic AISI316L.

  

2.3 Hardness test

The hardness variation in the dissimilar metal 

weldments was measured to study the effects of the 

long-term artificial-aging on material degradation. 

The micro Vicker’s hardness was measured at each 

position through the HAZ and welds metals in line 

on the cross-section of weldments with a load of 1 

kg and hold time of 10 seconds following the 

ASTM E 348[11]. The test was achieved ten times 
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400 

Fig. 1 Macro micrograph and geometry of dissimilar 

metal weld joint; A: SA508, B: Buttering  

(Alloy82), C: Weldment (alloy82), D: AISI 

316L

Fig. 2 Residual stress distribution of dissimilar metal 

weld joint[6]

at each welding, and then, the average value was 

taken as the final hardness result. 

3. Experimental results and discussion

3.1 Microstructure

  The surface microstructure of SA508 base metals 

was depicted in Fig. 3. The typical macrostructures 

of ferritic carbon steel are obviously different 

between before heat treatment and long-term aging

for 10000 hours. The initial microstructure shows an 

upper bainite with well-developed laths. The fine 

precipitates are on the lath boundaries. These 

precipitates play a role in obstacles to move of 

dislocations and hardening mechanism of low carbon 

steel as shown in Fig. 3(a). 

  However, as the aging time increased, these lath 

substructures are getting collapsed and also the 

precipitates on the lath boundaries are dissolved in 

the matrix as shown in Fig. 3(b). The initial bainite 

microstructure is finally changed to ferritic 

microstructure during long-term thermal aging. These 

microstructural changes possibly cause the softening 

of a matrix of SA508 base metals during long-term 

thermal aging

The polygonal shape of grains and well-developed 

twins are the typical characteristics of the austenitic 

stainless steel (AISI316L). 

The surface microstructure of AISI316 base metals 

was shown in Fig. 4. The delta ferrite formed along 

20 

(a)

20 

(b)

Fig. 3 Optical micrographs of ferritic SA508 

base metal microstructure; 0 h and (b) 

10000 h
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the intergrain boundary of austenite stainless steels, 

which mainly depends on the chemical composition 

and cooling rate[12]. The amount of delta ferrite of 

AISI316L base metals can be estimated through the 

Schaeffler diagram that shows the limits of the 

austenitic, ferritic and martensitic phases in relation 

to the chromium and nickel equivalent[13]. The Fig. 

4(a) shows the OM micrograph of the initial 

microstructure of AISI316L base metals.A plenty of 

annealing twins can be clearly shown in grain 

interior and delta ferrite along the grain boundaries. 

As the aging time increases, the annealing twins are 

disappeared and recovered. The polygonal-shape 

grains were changed to round-shape grains as shown 

in Fig. 4(b). The delta ferrite is not a stable phase 

in stainless steel AISI316L base metals, and thus it 

may transform to a more stable phase during 

long-term thermal aging. It is well-known from the 

literature that the delta ferrite might decompose into 

sigma phase after long-term exposure at high 

temperatures in Cr-Ni-steel[14]. The sigma phase 

forms at ferrite/austenite interfaces. A sigma phase 

is an intermolecular stage that causes metals to lose 

ductility, toughness, stability and corrosion 

resistance. Therefore, it is undesirable in physical 

and chemical properties for structural materials due 

to embrittled effect near ferrite/austenite interfaces 

and chromium depletion effect in the matrix[15]. The 

coarse phases of sigma are clearly observed along 

grain boundaries in Fig. 4(b). 

For more precise observation, we observed the 

surface microstructure through an electron scanning 

microscope (SEM). The fine precipitates along grain 

boundaries and lath subgrain boundaries of SA508 

are clearly investigated as shown in Fig. 5(a). The 

bainite structure having well-developed lath 

substructures and boundary precipitates along lath 

subgrain boundaries are recovered and changed to a 

ferritic structure that depicts the recovery of lath 

subgrains and dissolution of boundary precipitates 

after the long-term aging time of 10000 hours as 

shown in Fig. 5(b).

50 

(a)

(b)

50 

Fig. 4 Optical micrographs of AISI316L base metal; 0 h 

and (b) 10000 h

(a) (b)

(c) (d)

Fig. 5 Scanning electron micrographs of SA508 and 

AISI316L base metal microstructures; (a-b) SA508 

0 h and (c-d) AISI316L 10000 h
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Fig. 6 Hardness variation with long-term aging time at 

each welding regions

 For the austenite stainless steel AISI316L base 

metal, the initial well developed twins and delta 

ferrite along grain boundaries were shown in Fig. 

5(c). The annealing twins are nearly recovered and 

the delta ferrite is decomposed with sigma phase 

and chromium carbides (Cr23C6). Also, the boundary 

precipitation was developed as shown in Fig. 5(d). 

We measured the Vickers hardness at each welding 

region in dissimilar welds metals to investigate the 

variation of hardness with long-term aging time. The 

hardness of austenite AISI316L base metal region 

decreased a little, and also, for the HAZ of 

AISI316, hardness was dropped which caused by the 

release of residual stress after long-term thermal 

aging. The hardness of ferritic SA508 base metal 

decreased a lot with long-term aging because of the 

recovery of lath subgrain and dissolution of 

boundary precipitations as already shown in Fig. 5. 

In addition, the hardness of HAZ of SA508 region 

decreased because of the recovery of residual stress 

generated on the welding process as previously 

shown in Fig. 2. The microstructure in HAZ of 

SA508 region is complex and mixed microstructure 

such as fine martensite, bainite, coarse martensite, 

and carbides in the initial state after welding 

processing. This complex microstructure is recovered 

and transformed to ferrite phase having coarse 

carbides with long-term thermal aging. Therefore, 

the hardness decreased very fast in HAZ of SA508 

region. On the contrary, the hardness of the 

buttering alloy82 region increased a lot continuously 

with long-term thermal aging. In this study, we used 

the alloy82 as a buttering metal that is deposited a 

layer of weld on the surface of the ferritic SA508 

steel. The strength mechanism of this nickel-base 

superalloy (alloy82) is a precipitation hardening such 

as NbC and Cr23C6 intermetallic phases along grain 

boundaries and interior of grains[16]. Also, adiffusion 

of carbon atoms of SA508 HAZ part may happen 

and thus the hardness increased very fast and a lot 

with long-term thermal aging. It needs to study 

further for this physical phenomenon. 

4. Conclusion

We investigated the effects of the long-term 

artificial-aging on hardness variation in the 

dissimilar metal weldments for nuclear power plant 

facilities. The microstructural characteristics in all 

welding regions have been investigated by the 

optical and electron scanning microscope. In this 

study, the variation of hardness at each position was 

different and complicate in relation with 

microstructures such as twins, grains, precipitates, 

phase transformation, and residual stress in 

dissimilar weldments. As the aging time increased, 

the lath substructures of ferritic SA508 are getting 

collapsed and also the precipitates on the lath 

boundaries are dissolved in the matrix. The initial 

bainite microstructure is finally changed to ferritic 

microstructure during long-term thermal aging. The 

annealing twins are disappeared and recovered. The 

polygonal-shape grains were changed to round-shape 

grains in austenitic AISI316L. The hardness of 

austenite AISI316L base metal and the HAZ of 
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AISI316L decreased a little caused by the release of 

residual stress after long-term thermal aging. But, 

the hardness of ferritic SA508 base metal decreased 

a lot because of the recovery of lath subgrain and 

dissolution of boundary precipitations. The hardness 

of buttering alloy82 region increased a lot 

continuously due to precipitation hardening such as 

NbC and Cr23C6 intermetallic phases along grain 

boundaries and interior of grains. Consequently, we 

successfully investigated the long-term artificial-aging 

of dissimilar metal weldments by measuring Vickers 

hardness.
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