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 Abstract - SA-508 C1-3 being high Strength 

Low Alloy (HSLA) steel is recommended 

material for nuclear power plant (NPP) main 

components including Reactor Pressure Vessel 

(RPV), Steam Generator (SG), Reactor Coolant 

Pump (RCP) and Pressurizer (PRZ) due to 

good mechanical properties, SS-316 materials 

are also used commonly for main reactor 

coolant piping along with other applications 

due to high corrosion resistance. Joining of 

these two different materials is very critical due 

to severe service conditions during the 

operation of NPP involving high temperature, 

pressure, corrosion, ductile to brittle transition 

etc. Joint of these two dissimilar metals were 

prepared by SMAW process. After preparing 

the joint, samples were examined chemically, 

mechanically and microscopically to check the 

soundness and quality of weld. 

Characterization of the weld joint was carried 

out in order to assess the fracture behaviour of 

dissimilar weld metal joint. Non-Destructive 

Testing (NDT) showed absence of any 

defects/flaws in the weld. Fracture toughness 

test showed that weld metal has fracture 

toughness higher than SA-508 and lower than 

SS-316L base metals. Stereomicroscopy and 

Scanning Electron Microscopy (SEM) proved 

that fracture was ductile due to coalescence of 

micro voids. X-Ray Diffraction (XRD) and X-

Ray energy Dispersive Spectroscopy (EDS) 

results showed that there were no compound or 

second phases present in the joint. EDX 

Composition line profile show diffusion of Fe at 

weld-base metal interface while other elements 

(Ni, Cr) showed sharp interfaces. Micro 

hardness results showed increased hardness in 

joining area. The joint has fulfilled all the 

qualification requirements of international 

standards for construction of Nuclear Power 

Plants (ASME & RCCM). The fracture 

toughness is in acceptable range but on lower 

side. This needs to be improve in future.  

 

 Index Terms – Dissimilar Metal Welding, 

Non-Destructive Testing, Scanning Electron 

Microscopy,  X-Ray Diffraction. 

 

I. INTRODUCTION 

 Dissimilar metal welded joints (DMWJs) are 

widely used in primary water systems of 

pressurized water reactors (PWRs) in nuclear 

power plants (NPPs). They are mainly used to join 

the ferritic steel pipe-nozzles of the pressure 

vessels (such as reactor pressure vessels, steam 

generators and pressurizers) to the austenitic 

stainless steel safe-ends as shown in Fig 1[1]. 

According to different reports related to structural 

integrity of Nuclear Power plants, it is found that  

these dissimilar metal weld joints (DMWJ’s) are 

vulnerable to different defects during stages of 

manufacturing and during service. During 

services, cracks and other defects were found in 

circumferential and axial directions due to fatigue 

and stress corrosion cracking. These defects lead 

to leakages through these weld [2]. 

Figure 1: Structure for connecting pipe nozzle of 

RPV to Safe-end-pipe 

A structural integrity assessment of welds is 

necessary keeping in view the possibility of 

defects in these welds. Safe service life of nuclear 

power plant components can be assured through 



accurate structural integrity assessment [1]. 

Integrity of the weld metal may be affected by 

both welding process and materials variables. The 

welding process variables include welding current, 

voltage, electrode speed, heat input etc. The 

materials variables include composition, 

microstructure, texture, grain size, grain 

morphology etc. all these variables play an 

influential role in determining the long life 

behaviour of weld metal especially when used in 

critical applications. Amongst the material 

variables, composition of the weld metal can be 

affected by any or combination of many factors 

including Base metal, welding filler and welding 

procedure [3]. Therefore, for qualification of a 

successful weld the understanding of effect of 

chemical composition on microstructural features 

of the weld metal is the most important area of 

study. It is important to note that any change in the 

weld microstructure may cause variation in the 

mechanical properties [4]. The welding process 

parameters may cause non-uniform distribution of 

micro voids within the material as a consequence 

there is the possibility of various dimple sizes and 

shapes may be seen in fractography results. It is 

reported in the literature that the amount of 

dimples is effected by the manufacturing process 

[5]. Distribution of Ni/Fe layer and diffusion of 

carbon in buttering deposits are very important 

parameter to explain the microstructure features of 

DMWJ which further affect the mechanical 

properties of the weld.  Weld chemistry variations 

due to Ni-Fe layer also affects the distortion 

behavior of the DMWJ. Metallurgical properties, 

yield strength mismatch behavior, plastic 

instability strength, tensile properties, interfacial 

properties are positively affected by diffusivity of 

carbon and with graded composition [6].  

It was experimentally observed that changes of 

weld design along with filler metal may affect the 

mismatch behavior of the DMWJ and due to it, 

fracture behavior is also affected. Highest strength 

mismatch observed in DMWJ area where the 

carbon composition difference is greater i.e the 

carbon-depleted zone in the SA 508 heat-affected 

zone (HAZ) and the Alloy 52 weld metal. High 

fracture toughness values were observed for the 

different zones of the weld and the crack 

propagation occurred towards the softer zone [7], 

fracture toughness testing is a key test to check the 

integrity of DMWJ. The fracture toughness is 

calculated through the use of series of equations, 

based on elastic strain analysis of such specimens. 

Validity of KIC results depends on presence of very 

sharp crack tip in the specimen. A low stress level 

only can make a very sharp crack tip at end of 

notch [8].  

The objective of this research is to assess the 

feasibility for indigenous development of welding 

and testing capabilities between SA-508 

(Quenched& Tempered) Ferritic Steel and SS 

316L Austenitic stainless Steel. Keeping in view 

the chances of cracking in such welds due to Stress 

Corrosion and fatigue in service, fracture 

resistance properties of this weld have been 

analyzed. 

II. EXPERIMENTAL INVESTIGATION 

A. Buttering  

 

SA-508 Cl. 3 material plate and SS-316L plate 

were cut according to the prescribed dimensions 

150×150×50 mm by band saw. Buttering of SA-

508 Cl. 3 material plate was done in four stages 

with Inconel electrode ENiCrFe-3. This process 

was carried out through SMAW. The diameter 

selected for electrode was 4mm. Current was kept 

in the range of 130-140 Amps. Interpass 

temperature was kept at maximum 250°C. After 

that in Process hydrogen relieving was done. It is 

done to remove the hydrogen from the weld 

because during welding if get deposited on the 

surface makes the weld brittle. It was carried out 

in a heat treatment machine. It stared from 250°C 

increasing at the rate of 55°C/hr. The temperature 

was controlled at 325°C for 90 min. After 

buttering stress relieving was also performed to 

remove the residual stresses from the plate. 

Buttering of plates are shown in figure 2 and stress 

relive annealing cycle was shown in figure 3. 

Ultrasonic Testing of buttered plate was performed 

in order to check the quality of bonding between 

buttering and base metal, lack of fusion between 

buttering layers and slag inclusions inside 

buttering.   

 



 
 

Figure 2: SA-508 Plate after Buttering and 

Machining 

 

Figure 3:  Stress Relieving Cycle 

B.  Welding 

Both SA-508 class 3 material and SS-316L were 

beveled according to the mechanical drawing. 

Bevel was made in SA-508 buttered plate and 

316L plate with help of Lathe machine. Bevel 

angle was kept at 10°, the root face was 2.5mm 

and radius of curvature was kept 8 mm. Liquid 

Penetrant Testing (PT) of plate bevels was 

conducted to ensure absence of lamination, cracks 

and other surface defects. Schematic of the 

experimental work of welding process of 

dissimilar metals SA508 and SS316l is shown in 

figure 4. 

Figure 4: Schematic of the experimental work of 

welding process of dissimilar metals SA508 and 

SS316l 

Welding of plates was done using SMAW welding 

Process. Electrode used for welding was Inconel 

ENiCrFe-3. The current was kept in the range of 

100-110A and 3.2mm diameter electrode was 

used. The inter-pass temperature was maintained 

at 250°C. 

C. Non Destructive Testing of Welded plates 

Radiographic testing was performed to detect 

internal defects in weld like Slag, Porosity, cracks 

etc. The Radiographic testing was performed with 

Ir-192 Radioactive source. 

 

D. Destructive Testing 

 

Tensile test were of two types one at room 

temperature and other at 350°C. Two samples for 

each case were tested. Tensile test samples were 

machined according to ASME section IX and code 

QW 462.1 (c) for room temperature and QW 462.1 

(d) for 350°C. These samples were tested as per 

ASME section IX code QW 150. Universal 

Testing Machine was used for this purpose. UTM 

with samples is shown in Fig. 5 and Fig. 6. 

Figure 5: UTM with tensile flat sample    Figure 6: Broken flat sample 

Bend test samples were machined according to 

ASME section IX code 462.2. Four samples were 

tested. The type of bend was side bend. These 

samples were tested as per ASME section IX code 

QW 160. UTM was used for this purpose. 

Impact test samples were machined according to 

ASTM A370. Six samples were taken from welded 

region and six from HAZ of SA-508.Three 

samples from each region was tested at room 

temperature and three at -10 °C. The samples were 

tested as per AWS B4.0. 

E. Intergranular Corrosion (IGC)Testing  

 

Intergranular corrosion test of weld was conducted 

according to ASTM A262 (Practice E). Sample 

was placed in Boiling Solution of Cu- Cu Sulfate 

for 15 hours and then Bent at 180°. No fissures or 



cracks were observed. The sample and apparatus 

of IGC are shown in Fig 7 and Fig 8 respectively.  

Figure 7: IGC sample.   Figure 8: IGC Apparatus. 

 

F. Fracture toughness Testing 

Welded plate was cut into slices for fracture 

Toughness specimens. The cutting of slices was 

done with Band Saw. After rough cutting at Band 

saw, specimen was given final dimensions after 

machining with Lathe Machine. Initial notch was 

prepared with Milling Machine. The crack starting 

notch was given final shape with wire cutting 

machine. Fatigue Pre-crack was developed at 

notch tip with help of Fatigue Machine. The 

compressive load was varied between 2.65 KN and 

0.265 KN. The machine took approximately 

106cycles to develop fatigue Crack of about 2 mm 

at notch tip. The fracture toughness testing sample 

was overloaded in Universal testing Machine in 

three point bend position. The specimen was 

overloaded till fracture. Different positions of 

crack Propagation in sample during testing are 

shown in Fig 9. 

Figure 9: Crack Propagation in sample during 

testing 

 

G.  Characterization Techniques 

 

Spark emission technique was employed to assess 

the chemical composition of base metals and weld. 

Micrographs from optical microscope and SEM 

were taken to analyze the different phases present 

in the weld as well as at the weld-metal interphase. 

X-ray Diffraction (XRD) was also performed to 

find the structure of the phases present in the weld. 

Energy Dispersive Analysis (EDA) was also done 

to find the chemical composition of the phases 

present at the interphases. Stereomicroscopic and 

SEM Examination of fractured weld was 

conducted to reveal the features of fractured 

surface.  

  

III. RESULTS & DISCUSSIONS 

A. Chemical Composition Results 

 

Table 1 shows the chemical composition of the 

base metals i.e SA-508 class 3 and SS316L and 

table 2 represents weld region respectively. 

Chemical analysis presented in Table 2 reveals a 

significant amount of Ni in the weld metal. This 

confirms the migration of Ni across the w1eld 

interface. It must be noted that carbon in the weld 

metal has reached up to maximum of 0.038%. 

 

Table 1: Chemical Composition of base metals 
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Table 2: Chemical Composition of Weld metals 

M
e
ta

l 

Alloying Elements % 

C Mn P S Si Ni Cr Mo 

W
e
ld

 

M
e
ta
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0.038 5.48 0.0087 0.016 0.58 68.1 16.65 0.223 

Fe W V Al Co Cu Nb Sn 

6.78 0.03 0.03 0.024 <0.006 0.04 1.86 0.009 

Ti B Mg Zr Pb - - - 

0.043 0.004 0.033 0.0078 0.006 - - - 

 

 

 

 



B. Microhardness test results 

Figure 10 shows the hardness profiles of base 

metals and the weld metal. The measured value of 

hardness also matches with findings of other 

researchers .Some soft zones are observed as a 

result of carbon migration from SA508 low alloy 

steel, and can be related to carbon depletion. 

Improvement in hardness on the stainless steel side 

may be due to formation of hard and brittle carbide 

phases, which is also supported by other 

researchers [9, 10]. Enrichment of weld interface 

zone with Fe, Ni, Cr and carbon may have 

increased hardness which is also supported by 

previous research work [11]. Increased weld metal 

hardness could also be due to the heat input from 

welding, melting and solidification of the area. 

 

 

 

 

 

 

 

 

Figure 10: Hardness profiles of Base metals and 

the weld metal. 

C. Mechanical Testing and NDT Results 

 

Different Non-Destructive Tests (NDT) were 

performed on welded plates like penetrant Testing, 

Radiographic testing, Ultrasonic testing etc. No 

defect was observed in NDT.  

Following are the mechanical testing results. 

 

1) Tensile Test Results  

Table 3 shows the tensile test results of DMWJ at 

room temperature and at 350oC. Ultimate tensile 

strength and yield strength of all the samples 

decreased at higher temperature which may be due 

to increase in flow of the material at high 

temperature. All the samples were broken from 

SS316L side. 

 

Table 3: Tensile test results 
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2) Bend Test Results 

Table 4 represents the bend test results and all 

samples meet the criteria of ASME section IX.  

 

3) Impact Test Results 

Table 5 shows the lateral expansion and energy 

absorbed before fracture of the impact samples of 

both HAZ and weld region to ASTM A370. Six 

samples were taken from welded region and six 

from HAZ  

The results of lateral expansion and energy 

absorbed depict that ductile behavior is more 

dominate in all type of samples 

 

 

 

 

 
 



Table 4: Bend Test Results 
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Table 5: Impact test results 
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D. Micrographs of SEM and optical microscopes 

results of base metals and weld region 

Metallographic examination was performed. 

Regions of interest were welded, HAZ (SA-508, 

SS-316L), SS316L and SA-508 regions. Results 

are shown in the figure 11.  

The SS 316L, HAZ of 316L, Weld region and 

Buttering region showed Austenite structure 

whereas Tempered Bainite structure was observed 

in SA-508 base metal and HAZ of SA-508. These 

microstructures were desired and are acceptable. 

Microstructures of both base metals were taken at 

500X whereas all others were taken at 200X. 

Besides these there are two very clear interfaces 

e.g. SA508 low alloy steel-Filler metal interface 

and Filler metal- Austenitic stainless steel 316L 

interface shown in figure 12 (SEM images). 

Microstructures of all these regions of DMWJ are 

shown in figure 11&12. These microstructures are 

obtained from optical microscope and SEM 

respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11 Micrographs of optical microscopes results 

of base metals and weld region (a)SS316L(b)SA-

508(c)HAZ 316L(d)HAZ 

SA508(e)Buttering(f)Weld 

 

Every zone has its own microstructure and 

mechanical properties. There is a wide difference 

in microstructure and mechanical properties 

between fusion line, base metal and filler metal. 

This difference may be due to different 

composition and microstructure. The 

microstructures and properties near the fusion 

lines differ greatly from those of the base metals 

and filler metals which may be due to the 

difference in compositions and crystallographic 

structures across the interface. 

 

Figure 12: Left: SA-508 & weld Interface Right: 

SS 316L & Weld Interface 

 

E. Fracture toughness testing results 

 

Fracture toughness values 83 MPa m1/2 was 

obtained after fracture toughness testing of DMWJ 

as per ASTM. 

 
Figure 13: Stress- Strain Curve during crack 

propagation 

Fracture toughness values 83 MPa m1/2 were 

comparatively less than that for SS 316L and 

greater than that of SA-508. This may be due to 

following reasons: 

a. Depletion of carbon due to carbon migration 

near fusion zone of SA-508 and weld [12,13].  

b. Formation of Type I and Type II boundaries in 

fusion zone near fusion boundary. These are 

susceptible to SCC. 

a b 

c d 

e f 



c. Generation of residual stress/strain near the 

fusion boundary. This may be due to difference in 

thermal expansion of base metal and the filler 

metal [12]. 

d. Change in type of grain boundary in Heat 

affected zone in 316L base metal 

e. Formation of martensite layer at the interface 

between Low Alloy Steel and weld metal [14], and 

so on. 

 

Literature reports that fracture toughness of HAZ 

and weld metal are lower compared to base metal. 

The findings of present study are in agreement 

with the literature [31]. Though the average impact 

toughness of weld as shown in Table were 

observed to be significantly less than the average 

value of the base metals yet these values are 

significantly greater than that of the minimum 

prescribed values of 80J  [15].  

 

In addition to the effect of process parameters on 

low fracture toughness some materials variable 

may also play role in reducing the fracture 

toughness values. The weld metal has a high 

concentration of microscopic defects, such as 

dislocations and vacancies and macroscopic 

defects, such as inclusions. All these result in 

formation of uneven and weakly adherent passive 

film on the weld metal surface as compared to 

base metal which in annealed condition has an 

even distribution of the alloying elements in the 

matrix. The amount of slip steps required to be 

generated would be lesser to break the uneven and 

weakly adherent passive layer present on the weld 

metal, which could be attained at lower values of 

KIC and easier crack initiation would result in it in 

comparison with the base metal. 

 

F. XRD- Analysis 

 

X-Ray Diffraction test was conducted on welded 

portion. The result of XRD drawn as 2θ versus 

intensity is shown in Fig 14. The XRD results 

showed that weld is Single Gamma phase 

(Austenite) without any second phase or 

detrimental intermetallic compounds. Only gamma 

phase was identified in weld metal. Gamma phase 

intensity with the most common slip plan <111> 

has its highest density in the weld metal. No 

precipitates or harmful intermetallic phases were 

detected by the XRD. 

 

 

Figure-14: XRD pattern of dissimilar metals welds 

 

The formation of single phase gamma may be 

attributed to the elemental diffusion from stainless 

steel and SA508 steel regions towards the 

interface under the chosen welding conditions. 

Many researchers have attempted to evaluate 

dissimilar welding between Ni-based alloy and 

stainless steels. Previous researcher related 

existence of gamma due to segregation and grain 

coarsening and related its formation to CCGTAW 

(Continuous Current Gas Tungsten Arc Welding) 

process. Literature reports that minimum 

segregation and grain refinement can be obtained 

by selecting PCGTAW (Pulsed Current Gas 

Tungsten Arc Welding) technique [16]. 

G. SEM/EDX Analysis 

 

Energy Dispersive X-ray Spectroscopy (EDX) was 

conducted at different points on base metals, weld 

and interfaces. Line profiles of composition were 

drawn to investigate changes in chemical 

composition across the interfaces of weld with SA-

508 and SS 316L as shown in Fig 15 and 16 

respectively. The SA-508 & weld interface was 

very sharp showing abrupt changes in chemical 

composition across interface whereas weld & SS 

316L interface was diffused which shows 

diffusion of elements across interface.The 

SEM/EDX line scan profile shows the presence of 

Fe, Ni and Cr at weld interface. Ratio of Cr/Ni at 

weld interface is lowered as a consequent there is 

no indication of sigma-phase in as-welded, as is 

confirmed from the XRD analysis shown in Figure 

14. The reasons for lower Cr/Ni ratio at the weld 



metal may be attributed to addition of Ni either 

from the Buttering layer or from SS316L which 

increases the Ni concentration in weld metal and 

also prevents carbon diffusion from carbon steel 

[17].In General, as Cr/Ni ratio increases, gamma 

phase becomes more stable in weld metal, as is 

confirmed from XRD analysis shown in Figure 14. 

The increased Ni/Fe ratio at the weld metal may be 

due to two main reasons (1) increase of Ni content 

due to buttering layer and (2) by lowering the Fe 

contents. The decrease Fe content is another 

evidence that ferrite is converted into austenite. 

 

Figure 15: EDX (SEM) of Weld SA508 Interface 

Figure-16: EDX (SEM) of Weld SS316L interface 

 

SEM/EDX line scan profiles along base metals to 

weld metal are presented in Figure 17. As 

chemical composition of weld metal is different 

from base metals, a drastic change in the 

concentration of main alloying elements across the 

interfaces has been observed during the EDX line 

scanning. 

  

Figure 17: SEM/EDS Line profile of elemental 

distribution across the base metals and the weld 

metal 

H. Fractography 

Stereomicroscopic Examination of fractured weld 

was conducted to reveal macroscopic features of 

fractured surface.  

Figure 18: Stereomicroscopics results of fractured 

surface 

Stereomicroscopic images of different zones are 

shown in Fig 18. Stereomicroscopic images clearly 

show 3 regions i.e. Machined Notch region, 

Fatigue Crack growth region and overload region.  

Scanning Electron Microscopy (SEM) was 

conducted at different regions of fractured surface.  



SEM results of Fatigue Pre cracking area and 

Overload area are shown in Fig 19 and Fig 20 

respectively. Striation seen in SEM verify the 

Fatigue crack growth in figure 19 whereas small 

dimples in overload area confirm the ductile 

fracture due to micro void coalescence. 

Figure 20 shows the presence of dimples on the 

fracture surface of DMWJ of both steels. The 

understanding of size & shape of the dimples on 

fracture surface of DMWJ of chosen steels is very 

important parameter in determining the structural 

integrity of the reactor materials. 

The dimple size is related to the density and 

amount of nucleation sites at which micro-voids 

can be developed. In present case, the possibility 

of nucleation sites in the weld metal may be 

increased due to change in filler metal composition 

during the process of welding. It is reported that 

larger the nucleation sites smaller the dimple size. 

In contrast if site for microviods formation are 

limited, the dimple size can become larger. The 

small dimple size is a typical characteristic of 

ductile fracture. In addition to the size, shape of 

the dimple also matters in determining the fracture 

mode. The shape of the dimple is associated with 

the size of the second phase particles/intermetallic 

compounds which may form during welding 

process.  

Figure 19: SEM images of Fatigue Pre cracking 

area 

The dimple in the shape can be deeper or 

shallower. The deeper dimples are associated with 

higher ductility whereas the shallower dimples are 

associated with lower ductility. The presence of 

both types of dimple in a fractograph reveal the 

variation in the amount and size of second phases 

and corrospondely formation of various sizes of 

micro voids which in turn formed dimples of 

different size and shapes. It is interesting to note 

that the amount of small holes and presence of 

second phase particles is observed more in small 

dimples as compared to large dimples.  

Figure 20: SEM images of overload Area 

The largest amount of dimples may be referred to 

as the ductile fracture. The variation in the size 

and amount of dimples in the weldment may be 

attributed to the chosen welding parameters  

IV. CONCLUSION 

• NDT inspection before, during and after 

welding ensured Quality of welding (defect 

free welding as shown by NDT results). Weld 

also qualified the requirements of International 

standards for construction of NPP’s (ASME & 

RCCM). 

• Pre-heating and Control over Interpass 

temperature during welding resulted in single 

phase (Austenite), thus avoiding any 

detrimental phase and intermetallic (e.g. 

Sigma), as is confirmed from microstructure 

and XRD. 

• Fracture Toughness Testing (KIC) qualified the 

validity checks for successful testing. Fracture 

toughness value 83 (units) of the weldment at 

room temperature was less than fracture 

toughness of SS 316 L but higher than SA-508 

base metals. The fracture toughness of weld 

lies in lower range of acceptable limit. The 

methods for further improvement in fracture 

toughness may be explored in future.  

• Buttering of SA-508 provided following 

benefits 

o Helped in preventing elemental diffusion 

from base metal to weld (Evidenced from 

Chemical composition results) and  

o Freedom from Pre & post weld heat 

treatment 

• Increased hardness (strength) and decreased 

fracture toughness of weld as compared to 

base metals was due to 

o Difference of chemical composition b/w 

weld metal and base metals 



o Difference in Microstructure (Dendrites & 

Grain refinement) 

o Presence of Micro voids in weld zone 

• Tensile testing and fracture toughness testing 

showed ductility of material (Stress Strain 

curve, Stereo microscopic and SEM images) 

• The SEM/EDX line scan profile shows the 

presence of Fe, Ni and Cr at interface of weld. 

Cr/Ni ratio at weld interface is lowered as a 

consequent gamma phase became more stable 

and no indication related to sigma-phase was 

observed.  

• All weldments tensile samples failed in 

SS316L base metal side. Based on the tensile 

test observations, the weld metals do not act as 

the weakest part of the weldments. 
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