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This study investigates the effect of dissimilar metal welding of low nickel stainless steel (SS) and 
304 SS employing tungsten inert gas (TIG) welding process by using three different filler materials 
(316L, 308L and 310 SS). Microstructural, mechanical properties and corrosion behavior in 3.5% 
NaCl solution was studied. The microstructural investigation revealed the formation of δ-ferrite and 
γ-austenite in the weld (welded by 316L and 308L filler). The Higher δ-ferrite content was found more 
in 316L weld zone. Whereas samples welded by 310 SS filler showed the columnar structure in the 
weld zone. Relatively wider heat affected zone (HAZ) was measured on Cr-Mn SS side as compared 
to 304 SS side. Impact fracture surface of all the welded samples exhibited dimple appearance. 
Corrosion studies showed better pitting corrosion resistance in 316L SS welded sample due to the 
beneficial effect of δ-ferrite and also the addition of molybdenum (Mo). Electrochemical impedance 
spectroscopy (EIS) revealed higher polarization resistance (Rp) in 316L SS as compared to other fillers. 
Galvanic current density was found to be higher in Cr-Mn SS as compared to 304 SS when coupled 
with different welded samples.

Keywords: Low nickel austenitic stainless steel (Cr-Mn SS), Heat affected zone (HAZ), Pitting 
corrosion, EIS, Galvanic current.
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1. Introduction

Austenitic stainless steels (ASS’s) are being utilized in 
most of the industrial domains such as piping, pressure vessels 
and structural sectors. These steels are extensively used 
due to their excellent mechanical properties, non-magnetic 
and high corrosion resistance owing to its austenitic phase 
present in the matrix 1,2. The ASS’s constitute 18% chromium 
(Cr) and 8% nickel (Ni) (i.e. 300 series SS) in the alloying 
element which provides better corrosion resistance due to 
its ability to form a passive film (mainly Cr2O3) over the 
surface 3,4. Generally, Ni is added in this SS’s to stabilize 
the austenitic structure, enlarge the γ phase and helps in the 
corrosion resistance to some extent 5. Recent development 
in the ASS’s leads to the addition of manganese (Mn) and 
nitrogen (N) which further stabilizes the austenitic structure. 
Fluctuating prices of Ni in the international market had 
caused the attention of suppliers and buyers to search for 
economical and reliable steels. The new series of stainless 
steels that has evoked the greater attention known as the 
200 series or Cr-Mn SS or low Ni SS. The addition of Mn 
in the 200 series SS has reduced the consumption of Ni as 
the prime alloying element in SS 6,7,8.

In the fabrication of components of non-magnetic ASS’s, 
welding is the most suitable and versatile joining process. 
Welding is used widely due to its low price and producing a 
high-quality joints 9. Joining of dissimilar metal in industries 
is highly useful and cost effective in the moderate corrosive 
environment. Also, during welding, selection of proper filler 
or electrodes is an important parameter to achieve desired 
properties in the weld. The defects like solidification cracking, 
porosity, weldability in the weld metal can be minimized 
by selecting proper electrode 10,11. It was reported that 
small amount of delta (δ) ferrite in the weld zone helps in 
overcoming the above defects 12. The amount of ferrite content 
in the weld helps in determining the service requirement for 
the fabricated components. Joining of dissimilar ASS is a 
complex phenomenon as it may affect the dilution and can 
cause solidification cracking in the weldment. In joining for 
dissimilar austenitic SS, another major problem associated 
is hot cracking 13, hence as a measure to avoid hot cracking 
filler with lesser impurities (S, P) should be used 14. C. Ludin 
investigated on the problems associated with hot cracking and 
observed that Mn and Mo in the weld help in reducing the 
hot cracking in weld 15. For dissimilar joining, the selection 
of proper filler is highly important. As reported the improper 
selection may cause liquation cracking in the weld zone and 
heat affected zone cracking16. The use of Ni-based filler was 
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found to be helpful in reducing the thermal stresses and it 
does not promote the migration of C in the weld metal 17. 
Yazdian et al. investigated on Hybrid laser/arc welding of 
304L stainless steel tubes using different filler (A308LSi 
and A316LSi). They observed that the filler 316LSi show 
superior pitting resistance with lowest unstable passive 
region 18. Jagesvar at al. studied the comparative effect 
of electrode (E2209 and E309L) on microstructural and 
mechanical properties of dissimilar weld. It was found that 
solidification of austenitic filler forms primary ferrite with 
austenitic matrix 9. Vashishtha et al. investigated on effect of 
austenitic filler on microstructural and mechanical properties 
of low nickel austenitic stain less steel. They observed that 
E308 filler contain higher δ ferrite and results in increase 
tensile strength of the material than sample welded with 
E309 and E310 filler 19. Schaeffler’s and WRC-1992 are the 
predictive diagrams for the evaluation of the microstructure 
and δ ferrite of the weld zone 20. This helps in attaining the 
desired microstructure by appropriate selection of welding 
electrodes to achieve desired properties in the weld. The 
predictive diagrams are based on the chemical compositions 
of the alloy and hence the solidification mode of the weld 
metal are not considered due to rapid solidification of the 
weld metal, it is difficult to predict the morphology of the 
weld. The pseudo-binary diagram helps in determining the 
solidification mode in the weld zone. The Creq/Nieq ratio helps 
in predicting the microstructure based on the cooling rate.

The corrosion behavior of the weld metal was mainly 
depending upon the chemical composition, microstructure 
and the formation of phase like sigma, chi and chromium 
carbide precipitation which forms due to the decomposition 
of δ-ferrite at higher temperature 21. The increase in δ-ferrite 
content in the weld zone was beneficial in a solution containing 
3.5% NaCl as reported by Subodh et al. 22. Shaogang et. al. 
observed finer grains in the weld metal produced by the 
GTAW process and finer grains help in resisting pitting 
corrosion 23. Thus obtaining appropriate the microstructure 
in the weld with desired mechanical and corrosion properties 
is highly essential. However, systematic investigation on the 
selection of fillers for economical welding of low Ni SS (Cr-
Mn SS) and 304 SS dissimilar joint is required. Therefore, 
the author had attempted to investigate welding of these 
dissimilar metals, with three different types of fillers and 
to understand their role on metallurgical, mechanical and 
electrochemical behavior of materials.

2. Materials and Method

The base metals (BMs) selected for the study were low 
Ni or Cr-Mn SS and 304 SS plates. The filler materials 308L, 
316L and 310 SS with 2.15 mm diameter was used for joining 
plates. The chemical composition of the steels and fillers are 
given in Table 1. The welding was performed in the plane 

position with the dimensions of 150 mm × 75 mm × 3 mm 
plate of both the steels. The tungsten inert gas welding (TIG) 
process was selected (argon gas with the flow rate of 15 L/
min) for joining the plates having welding parameters as 
shown in Table 2. The heat input was calculated according 
to the given Eq 1.

            (1)

Where, V is the voltage (V), I is the current (A) and S 
is the welding speed (mm/s). The photographs of welded 
samples are shown in Figure 1. Samples for various tests 
were cut using an electric discharge machine (EDM). 
Metallographic specimens were abraded on a series of emery 
papers (220, 320, 400, 600, 800, 1000, 1200 grit) followed 
by mirror polishing using diamond paste. The samples were 
etched by Marble’s reagent (50 ml HCl, 10 gm CuSO4, 50 
ml double distilled water) for welded zone and by 10 wt% 
oxalic acid for base metals and heat affected zone (HAZ) 5. 
For metallography analysis, an optical microscope (OM), 
scanning electron microscope (SEM-JOEL 6380A) attached 
with energy dispersive spectroscopy (EDS) were used. A 
Fisher Ferritoscope (model FMP30) was used to determine 
ferrite number. Microhardness of welded samples was 
measured on the transverse section of weld samples using 
Vickers microhardness (Shimadzu micro-hardness tester). 
The load of 0.5kgf with the dwell time of 10 seconds was 
used in microhardness measurements. The tensile test was 
carried out using universal testing machine (INSTRON-model 
4467) as per ASTM E8 M-04. Impact tests were carried out 
as per ASTM standard E23.

Electrochemical test was performed in 3.5% NaCl solution 
using three electrode electrochemical cell using potentiostat 
(BioLogic VMP-300). Saturated calomel electrode (SCE) 
was used as the reference electrode and platinum gauze was 
used as the counter electrode and sample as the working 
electrode. The cell was allowed to reach stable open circuit 
potential before conducting electrochemical impedance 
spectroscopy (EIS) and potentiodynamic polarization tests 
(PDP). EIS test was carried out in the frequency range of 
0.01 Hz to 106 Hz using a sinusoidal AC signal of 10 mV. 
The results of EIS are presented in the form of Nyquist and 
Bode plots and Randle’s equivalent circuit was used for 
fitting the Nyquist curves. The PDP was carried out at a 
scan rate of 0.1667 mV/s in potentiostat. Corrosion current 
densities (icorr) of the samples were determined from Tafel 
extrapolation by extending the linear portions of anodic and 
cathodic branches to a horizontal line drawn on Ecorr. Linear 
portions of anodic and cathodic branches were used for the 
measurement of anodic and cathodic slopes (Figure 8-a)24. 
Galvanic current density was measured for three hours using 
a zero resistance ammeter (ZRA) attached with a potentiostat.

/Heat input HI in kJ mm V I S1000# #=Q V
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3. Results and Discussions

3.1 Microstructural characterization

Figure 2 (a) and (b) shows the optical microstructure of 
base metals. The microstructure consists of fully austenitic 
structures having equiaxed grains with twins and no other 
precipitate was observed in the microstructure. The grain 
size was measured for both the steels and was found to be in 
the range between 100 µm to 150 µm. Figure 3 (a-c) shows 
the optical microstructure of dissimilar welded samples. 
The Figure 3 (a) shows the microstructure of the sample 
welded by 316L SS filler; it mainly comprises of austenite 
(γ) and dendritic structure (δ-ferrite). The δ-ferrite is present 
in the form of lacy ferrite and vermicular ferrite. More lacy 
ferrite was observed in the microstructure, which follows 
Kurdjumov-Sachs (K-S) relationship with austenite 25, due 
to low energy δ/γ boundary and causes higher coherency 
between the boundaries. Whereas in the case of vermicular 
ferrite no such relationship exists 25,26. The orientation of lacy 
ferrite is different from the orientation of vermicular ferrite 

which was characterized by the δ-ferrite moving across to the 
opposite grain boundary as shown in Figure 3 (a). Figure 3 (b) 
shows the dissimilar joint welded by 308L SS electrode. The 
weld microstructure consists of vermicular and lacy ferrite 
similar to Figure 3(a). However, it was observed that the 
structure was mainly dominated by vermicular ferrite which 
may be due to lower Creq/Nieq ratio of 308L filler 26. Figure 3 
(c) shows the microstructure of the 310 SS welded sample. 
The microstructure consists of columnar dendritic structure. 
The formation of this structure is mainly due to the presence 
of alloying element (Fe, Cr and Ni). Because, Fe, Cr and 
Ni have low tendency to segregate in the intergranular and 
interdendritic regions and this produces completely columnar 
structure. Figure 4 (a-c) shows the SEM micrograph of all 
the weld zones of different fillers.

The unmixed zone (interfacial microstructure) was 
observed in all the three welded specimens on both the sides 
(304 SS and Cr-Mn SS) due to the melting and solidification 
of base metals with the weld metal. Wider unmixed zone 
(UMZ) was observed at the interface of weld in Cr-Mn SS 

Figure 1. Photograph of dissimilar welded samples welded by (a) 316 L SS (b) 308 L SS and (c) 310 SS

Table 1. Chemical composition of steels and fillers in wt (%)

Elements Cr Mn Si Ni P S C N Mo Fe

Cr-Mn SS 16.46 9.14 0.46 0.19 0.014 0.0104 0.13 0.06 - Balance

304 SS 18.90 1.65 0.50 9.32 0.005 0.006 0.067 - - Balance

308L 20.31 0.80 0.52 9.65 0.01 0.02 0.08 - - Balance

316L 18.90 0.80 0.50 12 0.01 0.02 0.04 - 2.5 Balance

310 26.0 1.5 0.49 21.5 0.01 0.01 0.10 - - Balance

Table 2. Welding process parameters

Welding current  
(I)

Welding voltage  
(V)

Speed  
(mm/s)

Heat input  
(kJ/mm)

Electrode Diameter  
(mm)

120 20 3.7 0.64 2.14

120 21 3.72 0.67 2.14

120 20 3.71 0.64 2.14
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for all the weld samples and data is listed in Table 3. The 
heat affected zone (HAZ) was observed in all the cases and 
the measured width is listed in Table 3. However, more width 
of HAZ was observed in Cr-Mn SS side as compared to 304 
SS, which may be due to the higher thermal conductivity 
of Cr-Mn SS 5. The ferrite content was measured using 
Ferritoscope and presented in Table 3. More δ-ferrite was 
observed in 316 L SS as compared to other welds (308 L SS 
and 310 SS). Whereas no ferrite content was observed in the 
310 SS weld samples since it solidified in fully austenitic 
mode. The dilution of all the weld samples was calculated 
using the geometrical method with the help of given equation 
(Eq. 4) and listed in Table 3.

            (2)

            (3)

            (4)

Where AWD is the area of the weld deposit, ATR is the top 
area, ARR is the root area, ABF is the reinforcement area of 
base metal fusion, and ARG is the root gap area. To predict 
the welding microstructure and the amount of ferrite content 
in the weld, Schaeffler’s diagram are extensively used. 
However, welding of the SS may contain the small amount 
of ferrite in weld zone which may be difficult to see from the 
microstructure. Hence, the correlation between the predicted 
weld structure and the structure after welding is necessary. 
Figure 4 (d) shows the Schaeffler diagram and location of 

the fillers. It is observed that 310 filler lies in the region of 
fully austenitic structure. Hence, there is no ferrite content in 
the weld matrix. Whereas the steels welded from 308L and 
316L SS filler show the ferrite content 7.10 % and 9.62 % 
respectively and the weld structure consists of austenite and 
retained ferrite (δ-ferrite) in the weld matrix. According to 
the Schaeffler diagram, the Creq and Nieq were calculated 
using the equations given below 27.

            (5)

            (6)

Considering the chemical composition of the fillers 
as given in Table 1. The Creq and Nieq were calculated and 
their respective locations are shown in Figure 4 (d). The 
solidification mode of all the weld electrode was evaluated by 
Creq and Nieq ratio and plotted on the pseudo binary diagram 
as shown in Figure 4 (e). According to literature, there is 
four solidification mode as shown below 28.

            (7)

            (8)

Figure 2. Optical microstructures of base metal (a) Cr-Mn SS and (b) 304 SS
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Figure 3. Optical micrographs of weld samples (a) 316 L electrode (b) 308 L electrode and (c) 310 electrode

Table 3. Microstructural details of welding

Welding 
Electrodes

Unmixed 
zone length 
(µm)304 SS

HAZ 
width(µm)

Unmixed 
zone length 
(µm)Cr-Mn 

SS

HAZ 
width(µm)

Average 
level of 
dilution 

(%)

δ- ferriteby Ferritoscope(FN)

Weld 
zone

Base metal 
(304 SS)

Base metal 
(Cr-Mn SS)

316L SS 180 245 257 498 24 ± 3 6.0 0.15 0.16

308L SS 181 240 250 452 25 ± 3 5.1 0.15 0.16

310 SS 185 256 255 468 24 ± 3 0.14 0.15 0.16

            (9)

            (10)

The solidification mode of 310 SS was found to be 1.04 
and for 308 L SS was found to be 1.6 and for 316 L SS weld 
electrode was 1.85. Hence, according to the Eqs. 7 - 10, the 
mode of solidification of 310 SS weld is fully austenite (A 
mode) whereas that for the 308 SS and 316 SS welds is 
ferrite-austenite mode (FA mode). Figure 5 (a-c) shows energy 
dispersive spectroscopy scan (line scan) on macro-section of 
welding. Higher Cr content in the 304 SS side was observed 

:
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Figure 4. SEM micrograph of weld zones (a) ER316 L (b) ER308 L and (c) ER310 (d) Schaeffler diagram (e) Pseudo binary diagram 
showing the loci of each weld material

as compared to Cr-Mn SS. Whereas, variation in Mn and Ni 
can be seen clearly observed as shown in Figure 5. Table 4 
shows the chemical composition of δ ferrite and austenite 
which was evaluated using point scan (average of 5 scans). 
It was observed that δ ferrite contain higher amount of 
Cr contents than in austenite (γ phase) in 316L and 308L 
SS, whereas, in 310 SS there is no such distinct chemical 
composition variation in 310 SS welds.

3.2 Mechanical testing

Figure 6 shows the microhardness profile across the 
weld specimens. It was noticed that the measured value of 

hardness for Cr-Mn SS and 304 SS is 250 HV and 230 HV 
respectively among all the welds. Highest hardness was 
found in sample welded with 316L SS (226 HV), this is due 
to the formation of more δ-ferrite in the weld metal. The 
weld of 308L SS and 310 SS, have a hardness of 218 HV 
and 210 HV respectively.

Figure 7 (a) shows the tensile specimen of welded joints 
after fracture. It was observed that base metal Cr-Mn SS has 
higher tensile strength than 304 SS. The tensile strength of 
welded samples is listed in Table 5. All the welded samples 
were fractured at 304 SS (base metal side) which indicated 
that the weld possessed sufficient strength and is stronger 
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Figure 5. EDS (line scan) analysis of different weld samples (a) 316L (b) 308L and (c) 310 SS filler

Table 4. Chemical composition (wt %) of different phases

Steels Phase
Chemical composition (wt %)

Cr Ni Mn

316L SS
δ-ferrite 22.21 8.98 0.40

γ-austenite 18.85 11.75 1.55

308L SS
δ-ferrite 21.20 5.61 0.70

γ-austenite 18.77 9.21 1.72

310 SS γ-austenite 26.03 20.40 1.45

than the base metal. In all the weld joints the factors like 
solid solution strengthening, higher Creq/Nieq ratio and weld 
morphology increase the restraint of the weld and weld 

restraint may cause some variation in tensile strength as 
observed in Table 529. Figure 7 (b)shows the Charpy V-notch 
impact specimen of different weld samples. The fractography 
analysis of welded samples is shown in Figure 7 (b). The 
specimens welded from 316L, 308L SS and 310 SS show 
fine dimple in its microstructure. The failure mode of all the 
welded samples, therefore, appears to be ductile in natures. 
Impact value was found to be 59 J, 55 J and 52 J for 310, 
308L and 316L SS respectively. This shows that the weld 
of 310 requires more energy for fracture.
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Figure 6. Microhardness profile across the weld specimens 

Figure 7. (a) Tensile specimen after failure (b) Impact test of various weld joints and its respective SEM micrograph

3.4 Electrochemical behavior

3.4.1 Potentiodynamic polarization curves

Figure 8 (a) shows the graphical representation of Tafel 
extrapolation to estimate of Ecorr and icorr from potentiodynamic 
polarization plots (PDP). Figure 8 (b) shows PDP plots of 
base metals and weld zones of different welds in aerated 
NaCl solution (3.5% NaCl) at 30 °C. The corrosion current 
density (icorr) and corrosion potential (Ecorr) were obtained 
from these plots by Tafel extrapolation and is shown in 
Table 6. Tafel extrapolation also yields anodic and cathodic 
Tafel slopes. Anodic part of the base metal shows that anodic 
current density increases and then decreases and further 
increases very slowly on polarization from -0.5 V (SCE) to 
-0.1 V (SCE) and then decreases slightly before reaching 
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Table 5. Tensile test results

 
Base metals Dissimilar joint welded by different fillers

Cr-Mn SS 304 SS 316L 310 308L

Yield strength (MPa) 222.6 335.2 336.7 330.4 333.3

Ultimate tensile strength (MPa) 808.7 670 667.50 660.0 667.9

% elongation 60.2 52.5 50.34 49.5 55.2

Fracture zone --- --- 304 304 304

Figure 8. (a) Graphical representation of Tafel extrapolation for estimating of Ecorr and icorr (b) Potentiodynamic polarization plots of 
various sample

Table 6. Potentiodynamic polarization data for base metal and welded samples

Samples Ecorr(mV) icorr(µA/m2) βa (mV) βc(mV) Epit(mV)

Cr-Mn SS -497.5 0.576 97.5 60.6 132.4

304 SS -479.7 0.390 105.6 65.4 212.5

316L SS -131.6 0.108 335.6 243.6 403.7

308L SS -149.1 0.240 274.0 179.4 303.0

310 SS -180.0 0.261 305.4 171.0 282.0

pitting potential (Epit) (0.13 V (SCE) for Cr-Mn SS and 0.21 
V (SCE) for 304 SS). The current density of anodic plots 
of weld increases slowly (at a rate faster than the current 
density of base metal) until Epit. In general, the chemical 
composition plays an important role in the stability of the 
metal. The electrochemical reactions occur at the metal 
surface in presence of chloride ions are anodic reactions 
(dissolution of Fe, Cr and Ni) and cathodic reactions (oxygen 
reduction). It was observed that there is a shift in corrosion 
potential Ecorr in Cl- environment to more positive values 
from base metal to different weld metal. This shift is due to 
the more stable self-protective layer (Cr2O3) formed over 
the surface of the samples 30. The Ecorr shifts towards the 
positive potential from Cr-Mn SS and 304 SS followed by 
welded samples (310, 308L and 316L SS) respectively. It 

was reported that with the increase in NaCl concentration, 
shift the pitting potential (Epit) toward the active direction, 
which indicated the decrease in pitting corrosion resistance 
in the metal. A linear relationship coexists between the Cl- 
concentrations according to the Eq. 1130.

            (11)

Where a and b are constants and depends upon the 
chemical composition of the alloy. Hence, at a given Cl- 
concentration the value of Epit mainly depends upon the 
chemical composition of the alloy. Figure 8 (b) represents all 
the samples showing pitting susceptibility against chloride 
ions. The potential at which there is a sharp increase in the 
curve or there is a sudden increase in anodic current density 

logE a b Cpit Cl= - -
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is known as pitting potential (Epit). It was observed that Cr-
Mn SS showed lower Epit as compared to 304 SS base metal. 
This may be due to lower Cr content in the base metal of 
Cr-Mn SS. It had been reported that passive film form over 
the surface gets deteriorate due to Cl-. This may be due to 
the intermediate complex form over the film caused by 
adsorb chloride ions. This leads to the preferential site for pit 
initiation 31. Once the pit is initiated or nucleated the pitting 
growth and propagation is continued in active dissolution 
mode. c inside the pit as shown in Eq. 12 and 13 32.

            (12)

            (13)

It was observed that below Epit (passive potential) there 
are fluctuations in the current densities. This fluctuation 
in the current density may be due to the breakdown of 
the passive film in the form of metastable pit 33. Hence, 
the formation of metastable pitting can be observed in all 
specimens. With further increase in potential results in the 
stable pit on the surface (Epit). The weld metal of 310 SS 
showed lower pitting potential as compared with the rest of 
the welded samples (308L and 316L). The highest Epit was 
found to be in welded samples of 316 L SS. The value of 
icorr was larger for base metal than the welded samples. The 
lower icorr value was found to be in weld sample of 316L SS 
as compared to 308L and 310 SS.

Figure 9 (a-c) shows the SEM micrograph of the welded 
samples after polarization. In Figure 9 (a-b) it was observed 
that pit formed at the austenite phase of 316L and 308L weld 
sample. Whereas in Figure 9 (c) pit was formed all over the 
surface. It is known that alloying element play an important 
role in stabilizing the phases and therefore influence the 
corrosion behavior of weld metal. As shown in Table 4, EDS 
analysis reveals higher Cr content in δ ferrite as compared 
to γ phase in 316L and 308L weld sample. Due to lower Cr 

content in the γ-austenite phase becomes the preferential 
site for the breakdown of passivity 34. Also, it was reported 
that δ ferrite content in the weld helps in improving pitting 
resistance 35. As higher δ ferrite content was observed in 
316L SS also the beneficial effect of molybdenum (Mo) in 
weld sample, results in better pitting resistance against Cl-. It 
had been reported that smaller grains promote the formation 
of passive film and degree of protectiveness and stability of 
the passive film increase with the decrease in grain size 36. 
Jiang et al. reported that with the increase in Cr content 
exhibit stable passive in anodic part of polarization plot 
exhibited stable passivity 37. Hence the difference between 
polarization diagram of base metals (304 and Cr-Mn SS) 
and weld metal (316L, 308L and 310 SS) may be due to 
the difference in the grain size and Cr content of the steel 
and weld samples. The pitting potential of all the specimens 
may be summarized as.

Epit (Cr-Mn SS base metal) < Epit (304 SS base metal) < 
Epit (310 weld) < Epit (308L weld) < Epit (316L weld)

3.4.2 Electrochemical impedance spectroscopy

Figure 10 (a and b) shows the electrochemical impedance 
spectroscopy (EIS) in the form of Nyquist and Bode plots. 
Randle equivalent circuit diagram where used for curve fitting, 
where Rs is the solution resistance, Rp is the polarization 
resistance or resistance offered by the passive film and CPE 
is the double layer capacitance. The fitted data is shown in 
Table 7. The Nyquist plot shows the semicircle having the 
capacitive loop at lower frequency range. The capacitance is 
the intact passive film of Cr2O3

38. The capacitance is inversely 
proportional to film thickness L, thus smaller the capacitance 
value larger would be the film thickness as given in Eq. 14.

            (14)

Where C is the total capacitance of the passive film, ε is 
the dielectric constant of the oxide film, εo is the permittivity 
of space and A is the electrode area. It was observed from 

Figure 9. Pitting micrograph after polarization of weld zone (a) 316L SS (b) 308L SS (c) 310 SS

Fe Fe e22
" ++

Cr Cr e33
" ++

L A Coff=
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Figure 10. Electrochemical impedance spectroscopy of various specimen (a) Nyquist plot (b) Bode plot 

the Figure 10 (a) that smaller depressed semi-circle was 
found in Cr-Mn SS as compared to other samples. The Rp 
of welded samples was found to be least in 310 SS and 
increases further for 308L and 316L samples. Therefore, the 
316L reflects the better passivation behavior as compared to 
rest of the samples. This may be due to higher Cr, Mo and 
more δ ferrite in the weld metal. Figure 10 (b) shows Bode 
plot of different samples. One phase lag was observed in the 
middle of the frequency range (log Z vs frequency). Also, 
phase angle below 90 degrees confirms the formation of a 
capacitive loop which is attributed to the formation of the 
passive films. The presence of Mo in 316 L helps to improve 
the corrosion resistance. The beneficial effect of Mo is due 
to the external film formed over the surface between metal-
solution interface which limits the dissolution rate of Fe and 
Cr in the solution 39, 40.

Table 7. Nyquist data after curve fitting

Samples Rsol 
(ohm.cm2)

CPE  
(µF.cm2) n Rp 

(ohm.cm2)

Cr-Mn SS 26.13 26.78 0.84 196017

304 SS 4.56 31.35 0.87 240995

316L SS 28.59 16.65 0.90 451769

308L SS 14.91 26.37 0.88 304694

310 SS 6.61 33.55 0.87 287419

3.4.3 Galvanic coupling current density

Figure 11 (a and b) shows the galvanic current density 
(iG) of the base metals and their respective weld samples. It is 
observed that current density fluctuates with time also there 
are many transients. The value of iG is shown in Table 8. It 
was found that Cr-Mn SS coupled with all welded samples 
shows higher current density as compared to 304 SS. This 
may be due to the lower Cr content in the base metal than 
the weld electrodes. However, among all the welded samples 
coupled with both base metals, 316L filler weld showed highest 
iG which is due to large the volume fraction of δ-ferrite in 
the weld samples. The lowest iG is observed for 310 weld 
and is attributed to similar phase structure (austenitic). The 
ascending order of the iG is as follows.

Base metal- 310 weld < Base metal- 308L weld< Base 
metal- 316L weld

4. Conclusions

1. The selected electrodes 316L, 308L and 310 SS are 
suitable for defect free joining of dissimilar metals 
i.e. 304 SS and Cr-Mn SS.

2. The welded zone produced by 316L and 308L SS 
filler mainly consisted of austenite and δ-ferrite in 
its microstructures. Whereas the microstructure 
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Figure 11. Galvanic current density of (a) 304 SS (b) Cr-Mn SS coupled with various weld zone.

Table 8. Galvanic current density between 304 SS and Cr-Mn SS 
with different welded samples

Galvanic Coupling Galvanic current density(iG) 
nA/cm2

304 SS-310 -14.25

304 SS-308L -8.29

304 SS-316L 4.23

Cr-Mn SS-310 2.29

Cr-Mn SS-308L 50.55

Cr-Mn SS-316L 401.7

developed by 310 SS electrode showed cellular 
structure.

3. In the weld zone, high hardness was observed in 
sample welded with 316L SS followed by 308L 
and 310 SS. Tensile specimen was fractured at 304 
SS side of the weld. This indicates weld is stronger 
than the base metal.

4. The higher pitting potential was observed in 316L 
SS followed by 308L and 310 SS. This is due to 
the beneficial effect of Mo and more δ ferrite in 
the weld zone causing better corrosion resistance 
in 3.5% NaCl solution.

5. Electrochemical impedance spectroscopy revels 
larger polarization resistance in 316L SS. This is 
due to the beneficial effect of molybdenum in the 
passive film and also more δ-ferrite in the weld 
zone helps in forming passive films.

6. Large galvanic current density was observed in the 
sample coupled with Cr-Mn SS and weld zones as 
compared to 304 SS coupled with different weld zone.
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