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ABSTRACT 
 
To mitigate the primary water stress corrosion cracking (PWSCC) of dissimilar metal weld (DMW) in 
primary system of nuclear power plants, post weld heat treatment (PWHT) is considered. As a part of the 
feasibility evaluation of PWHT on DMW, the effects of PWHT on mechanical properties and 
microstructure of the heat affected zone (HAZ) in DMW was evaluated. The DMW was subjected to the 
PWHT at 600 oC with holding for 10 hours. Within the HAZ of SA508 Gr.1a, around 3 mm, the strength 
decreased about 50 MPa while elongation change was not significant after the PWHT. Microstructural 
analysis revealed that the HAZ of SA508 Gr.1a was composed of coarse-grained HAZ, fine-grained HAZ, 
pearlite microstructure, and partially martensite structure. In case of HAZ of F316 and F316L stainless 
steels, mechanical property variation was relatively small with similar microstructure to base metal. 
Further microstructural analysis using TEM is in progress. Then, the relationship between the mechanical 
properties and microstructure characteristics was discussed in view of relevance to application of PWHT 
on DMW. Finally, the effect of PWHT on the sensitization resistance of SS HAZ was evaluated using 
DL-EPR methods and the results were discussed in view of the microstructure evolution. 
 
INTRODUCTION 
 
Along with Alloy 600, the weld metal Alloy 182 has been experiencing primary water stress corrosion 
cracking (PWSCC) in pressurized water reactor (PWR) environments. The incidents of cracking from 
Alloy 182 have been mainly observed at J-groove weld region and dissimilar metal weld (DMW) joining 
low alloy steel components and stainless steel pipes in primary system [1]. Despite many researches on 
the PWSCC, the proposed mechanisms and models are still controversial due to many factors affecting 
the PWSCC. One of the influencing parameters of PWSCC, the residual tensile stress applied on the 
surface of Alloy 182 in DMW is being considered as key contributors to PWSCC. To relieve residual 
tensile residual stress, post weld heat treatment (PWHT) could be applied as an alternative to other 
methods like weld overlay, peening, and mechanical stress improvement process. In order to verify the 
feasibility of PWHT on DMW, however, the changes in mechanical properties and microstructure on 
weld region should be investigated. In this regard, the effects of PWHT on mechanical properties of HAZ 
in DMW consisting of SA508 Gr.1a, Alloy 82/182, F316 and F316L stainless steels were evaluated in 
this study. Also, the effect of PWHT on sensitization resistance of stainless steel HAZ was investigated. 
 
EXPERIMENTAL 
Test materials: welding and PWHT 
 
The tested dissimilar metal weld (DMW) blocks consisted of 40 mm thick SA508 Gr.1a plates, Alloy 
82/182 filler wires and two different kinds of austenitic stainless steels (SS), which were F316L and F316 
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SS. The chemical compositions of base metals and filler weld metals are summarized in Table 1. The 
joining of DMW materials were performed by butt-welding of plates using single V-groove design shown 
in Fig. 1. Before welding, SA508 Gr.1a face was buttered with two layers using Alloy 82 with gas-
tungsten arc welding (GTAW) method followed by heat-treatment at 615 oC for 2 hours. To fill the V-
groove weld region, the first 2 passes were welded by GTAW using Alloy 82 filler wire and additional 
passes were deposited by shielded metal arc welding (SMAW) using Alloy 182 filler wire.  
After the welding, post-welding heat treatment (PWHT) was applied to the completed weld blocks to 
investigate the effect of PWHT. The PWHT condition was 600 oC for 10 hours. The changes in residual 
stress was measured also, but the results were not presented in this paper. 
 

Table 1: Chemical composition of materials used to prepare dissimilar metal weld blocks 
 

 Base metals Filler weld metals 

Elements SA508 Gr.1a F316 SS F316L SS Alloy 82 Alloy 182 
C 0.24 0.07 0.02 0.04 0.056 
Si 0.25 0.57 0.55 0.12 0.335 

Mn 1.24 0.93 1.29 2.87 6.60 
P 0.009 0.015 0.15 0.002 0.006 
S 0.002 0.004 0.003 0.003 0.013 
Fe Bal. Bal. Bal. 2.51 3.25 
Ni 0.29 11.0 11.0 Bal. Bal. 
Cr 0.19 16.8 16.7 19.54 14.06 
Mo 0.06 2.58 2.59 0.008 0.024 
V 0.008 - - 0.006 0.026 
Cu 0.05 - - 0.01 0.002 
Al 0.03 - - - - 
Co - 0.07 0.07 0.02 0.005 
N - 0.02 0.02 - - 
Ti - - - 0.347 0.027 

Nb+Ta - - - 2.20 1.50 
 

Figure 1. The schematic of dissimilar metal weld blocks 
 
Specimens and tensile test 
 
To investigate the distribution of mechanical properties in heat affected zone, miniature tensile specimens 
were machined from the middle region of DMW as shown in Fig. 2 using electro-discharge machining 
(EDM). The sampling direction of specimen is in parallel with welding direction and the detail dimension 
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of the specimen is also shown in Fig. 2. Ten miniature tensile specimens with 0.5 mm thickness were 
machined from the fusion line. However, considering the loss of material during machining, the interval 
between the specimens was about 1 mm. Tensile tests were performed at room temperature and 325 oC in 
air at a strain rate of 5x10-4 /s following the procedures of ASTM E8/E8M-13a [2]. 

  

Figure 2. The schematic of sampling of miniature tensile specimens and dimensions. 
 
Microstructure observation 
 
In order to observe the microstructure of the DMW, the weld cross-sections were polished to 1 μm 
diamond paste and etched by corresponding etchant. As the etchants, for SA508 Gr.1a, 4% nital solution 
and for stainless steels, aqua regia were used, respectively. The microstructure observation was conducted 
on the vicinity of fusion line and base metals region using optical microscope and scanning electron 
microscope. 
 
Sensitization test 
 
Double loop-eletrochemical potentiodynamic reactivation (DL-EPR) test was adopted to quantitatively 
evaluate the degree of sensitization (DOS) of the F316 SS HAZ zone. As shown in Fig. 3, the specimens 
for sensitization test were extracted from HAZ of F316 SS in the same manner of the miniature tensile 
specimens. All specimens were mounted in an epoxy resin after spot welding with electrode wire, and 
polished down to 1 μm diamond paste followed by ultrasonically cleaning. The DL-EPR tests were 
carried out in a solution of 0.5 M H2SO4 + 0.01 M KSCN at room temperature. Peak activation current (Ia) 
and peak reactivation current (Ir) were measured during polarization to calculate DOS values which are 
the ratio of Ir and Ia. The anodic polarization with scan rate of 1.67 mV/sec was started from 50 mV below 
open circuit potential (OCP) and reversed after reaching 300 mVSCE. 

 

Figure 3. The sampling location of sensitization specimens. 
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RESULTS & DISCUSSION 
 
Tensile properties in HAZ 
The miniature tensile test results of HAZ for each material are summarized in Fig. 4, Fig. 5 and Fig. 6. 
The labelling of HAZ no. on tested specimen was started from the fusion line to base metal, which makes 
HAZ no.1 is the closest to fusion line. The decrease of strength after PWHT condition and 325 oC air 
condition was observed for all tested specimens. However, there were difference between SA508 Gr.1a 
and stainless steels. As shown in Fig. 4, strength of SA508 Gr.1a was the highest at HAZ no.1, at the 
closest to the fusion line. As will be discussed later, it could be attributed to complex microstructure in 
the proximity of fusion line of SA508 Gr.1a [3]. After HAZ no.3, the strength was almost the same, 
indicating that the width of HAZ would be about 3 mm in SA508 Gr.1a. After PWHT, strength was 
reduced about 50 to 100 MPa. The change of elongation was not significant. 
In case of stainless steels, F316L and F316 stainless steels showed similar behaviour. Those materials 
showed relatively high temperature dependence compared to SA508 Gr.1a. Clear decrease of strength at 
high temperature was observed. It could be attribute to low strain hardening capability at elevated 
temperatures and it results in dislocation tangling with annihilation [4]. HAZ region of stainless steel was 
larger than that of SA508 Gr.1a but little difference of mechanical properties with in HAZ. In other words, 
no remarkable changes of mechanical behaviour within HAZ were observed.  
 

   
Figure 4. Miniature tensile test results of HAZ of SA508 Gr.1a 

 

   
Figure 5. Miniature tensile test results of HAZ of F316L stainless steel 

 

   
Figure 6. Miniature tensile test results of HAZ of F316 stainless steel 
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Microstructure evolution in HAZ 
The cross-section SEM images of the weld areas including HAZ of base metal are shown in Fig. 7 and 
Fig. 8. In case of SA508 Gr.1a, the evolution of microstructure from fusion line to base metal is identified. 
At the vicinity of fusion line, SA508 Gr.1a shows tempered bainite microstructure, the base metal area of 
SA508 Gr.1a shows typical ferrite-pearlite microstructure even after PWHT as shown in Fig. 8. On the 
other hand, the HAZ of SA508 Gr.1a was composed of coarse-grained HAZ, fine-grained HAZ, and 
partially martensite structure [5]. Among those mixed microstructure, it was identified that tempered 
bainite microstructure was the biggest part of HAZ of SA508 Gr.1a. Meanwhile, F316L and F316 
stainless steels shows typical austenite microstructure with small amount of scattered delta-ferrite. Even 
though the observation using scanning electron microscope was performed on stainless steels, the 
difference of microstructure was not significant before and after PWHT as shown in Fig. 9 and Fig. 10. 
Also, at the near fusion line on F316 and F316L stainless steel side of the weld joint, no specific 
microstructural features in HAZ region were observed. Further microstructural analysis using 
transmission electron microscope is in progress. 
 
PWHT effect on Sensitization behaviour in HAZ 
DL-EPR test results of F316L and F316 stainless steel are shown in Fig. 11. In case of F316L stainless 
steel, peak reactivation current Ir was not observed during reactivation scan. It could be attributed to low 
carbon content compared to F316 stainless steel. Thus, the HAZ of F316L stainless steel was not 
sensitized even after PWHT. However, F316 stainless steel revealed peak reactivation current Ir after 
PWHT. The ratio between Ia and Ir was drawn from DL-EPR curve. The DOS values tended to increase as 
the specimens get closer to the fusion line. But the DOS values were confirmed below 2 as shown in 
Table 2. It means that sensitization was not occurred during the PWHT. Therefore, PWHT effect on 
sensitization of HAZ of stainless steels is not significant. 
 

    
Figure 7. SEM images of SA508 Gr.1a HAZ area before and after PWHT 

 

    
Figure 8. SEM images of SA508 Gr.1a base metal area before and after PWHT 
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Figure 9. SEM images of F316 SS base area before and after PWHT 

 

    
Figure 10. SEM images of F316L SS base area before and after PWHT 

 

    

    

Figure 11. DL-EPR curves for HAZ of F316 stainless steel 
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Table 2: DL-EPR test results of F316 HAZ after PWHT 
 Specimen No. Ir Ia DOS 

Fusion line to 

Base metal 

 (HAZ No.1 → 

HAZ No. 4) 

HAZ No.1 2.55×10-5 0.01243 0.20522 

HAZ No.2 2.73×10-5 0.01399 0.19524 

HAZ No.3 4.24×10-6 0.01426 0.02973 

HAZ No.4 - 0.00179 - 

 
Feasibility of PWHT on DMW 
Compared to the other PWSCC mitigation methods such as overlay, stress improvement and material 
change, PWHT could be relatively more easily applicable and simple. In industry point of view, for 
example, PWHT on DMW could be accomplished by applying direct heat treatment on the outer surface 
of DMW by using the band-type heater [6]. However, the dissimilar metal weld in nuclear power plant 
has geometrically complex structure and cylindrical nozzle shape compared to plate geometry in this 
research. Besides, thermal gradient along thickness can be caused by the water flow in the pipes. 
Consequently, the microstructure of DMW can experience lower temperature range due to thermal 
gradient in real PWHT application. Therefore, the heat treatment condition can be different in real 
environment. Nevertheless PWHT effect on DMW in this research showed that there is no detrimental 
effect on mechanical properties, microstructure, and sensitization resistance. In other words, this test 
results could be used as a reference to application of PWHT on real environment.  
 
CONCLUSION 
 
In this study, the PWHT effect on the mechanical properties, microstructure, and sensitization behaviour 
of HAZ of DMW were investigated. PWHT cause small changes in mechanical properties in HAZ of 
each base metal. Little changes of microstructure in HAZ and base metal region were observed. 
Meanwhile, PWHT effect on sensitization of HAZ of stainless steels was not significant. In summary, 
there is no detrimental effect on mechanical properties, microstructure, and sensitization resistance caused 
by the PWHT at 600 oC for 10 hours. 
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