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Abstract 

Hot cracking susceptibility and the formation of brittle martensite phase are the main factors 

that limit the weldability of a dissimilar joint between carbon steel (CS) and austenitic 

stainless steel (SS). In this study, the self-constraint finger test was used to correlate the 

welding thermo-mechanical field with the crack susceptibility of a dissimilar weld between 

the CS ASTM A36 and SS AISI 304L. The finger test allowed to intercalate fingers (portions) 

of tested materials in the weld samples to produce dissimilar welds. The heat dissipation and 

the distortion behavior were related to the crack susceptibility, critical weld regions extension 

and chemical species diffusion. Four samples were welded (two similar welds and two 

dissimilar welds) using the filler metals ER70S-6 and EC410NiMo. Welds were analyzed 

through light optical microscopy (LOM) and scanning electron microscopy (SEM) to 

characterize phases, detect cracks, microstructural changes and element diffusion. A finite 

element (FE) numerical model was applied to simulate the welding thermo-mechanical field. 

Additionally, electrochemical tests were carried out to assess the corrosion susceptibility of 

the dissimilar welds. The observed cracks were produced due to different factors such as 

residual stress distribution, the formation of brittle and untempered martensitic phase in the 

fusion zone (FZ) and hot cracking associated with the weld sample distortion behavior. The 

dilution contributed to the formation of -ferrite in the FZ, which limited the growth of cold 

and hot cracks. The decarburization and sensitization were not observed in dissimilar welds 

due to the low element diffusion. 

Keywords: Dissimilar metal welding, GMAW, FEM, Cracking susceptibility, Finger test, 

Corrosion 

 

1. Introduction  

The dissimilar weld joint between structural carbon steel (CS) and austenitic stainless steel 

(SS) is of great interest due to its application in the construction of nuclear reactors [1], 

petrochemical industry [2] and piping systems [3]. It is known that CS and austenitic SS have 

excellent weldability with any welding process, which is associated with the percentage 

carbon equivalent and nickel/chromium equivalent relation [4].  



However, the dissimilar welded joint between CS and austenitic SS has several drawbacks 

including: martensitic transformation [2, 5], decarburization of CS [5] and sensitization of 

austenitic SS generated by the formation of chromium carbides [1, 3].  

Additionally, the cold and hot cracking affect the weldability of CS and austenitic SS, 

respectively. Some researchers have pointed out that some causes of hot cracking in the 

dissimilar weld joint between CS and austenitic SS are the fully austenitic solidification mode 

[2, 5] and the brittle martensite formation [2, 7]. Further metallurgical changes in the 

dissimilar weld joint between CS and austenitic SS are associated with the inevitable element 

diffusion phenomenon (C, Fe, Ni y Cr) thermally activated [3, 5]. 

For instance, Lee [3] detected cracking along the grain boundary at the FZ in a dissimilar 

weld joint between CS (0.3%wt C) and 316L austenitic SS. The cracking occurred due to the 

segregation band near the grain boundaries at the FZ. Furthermore, some cavities and micro-

cracks were formed during the solidification process caused by the variation of tensile 

stresses (cooling stage) [3]. Ul-Hamid et al. [7] observed cracks in the dissimilar weld joint 

between ASTM A53 steel and SS 304 obtained through the gas tungsten arc welding 

(GTAW) process. Cracks were found in a carbon-rich segregated layer of the ASTM A53 

steel, where the martensite was formed. 

Therefore, several investigations have focused on studying alternatives that improve the 

weldability of the dissimilar weld joint between CS and austenitic SS. A widely accepted 

solution for controlling hot cracking and metallurgical changes in dissimilar weld joints is 

the proper selection of welding parameters and filler metals [2, 8]. Khalifeh et al. [8] used 

four SS filler metals to weld St37 and AISI 304L steels through the GTAW process. The 

welded joints obtained with the different filler metals were sound. However, some filler 

metals increased the amount of -ferrite in the FZ, which has a detrimental effect on 

mechanical strength and corrosion resistance. Arivazhagan et al. [1] produced weld joints 

between AISI 4140 and AISI 304 steels using three different welding processes such as 

GTAW, electron beam welding (EBW) and friction resistance welding (FRW). The three 

welding processes allowed to obtain sound welds. The instantaneous heat input improves the 

element diffusion (Cr, Ni, Fe, C). Thus, the LBW process exhibited the most significant 

diffusion effect [1].  



Additionally, selecting a suitable filler metal for a dissimilar weld joint (CS-austenitic SS) is 

crucial to affect the corrosion resistance. Previous researches have indicated that the FZ 

corrosion resistance is higher than the base metal (BM) when the filler metal has a high 

content of Cr and Ni. This fact has been confirmed with different welding processes such as 

gas metal arc welding (GMAW) [9], shield metal arc welding (SMAW), and GTAW 

processes [10].   

However, the effect of the welding thermo-mechanical field on the cracking susceptibility of 

the dissimilar weld joint between CS and austenitic SS has not been studied. The thermo-

mechanical field represents the temperature and stress distributions produced by the welding 

process. These distributions strongly depend on the thermal conductivity and thermal 

expansion coefficient of parent materials. Further studies have reported that CS works as a 

heat sink, which does not allow austenitic SS to reach phase transformation temperatures (-

ferrite) [2, 5], affecting the solidification mode [3]. 

The correlation between the thermal conductivity and thermal expansion coefficient with the 

cracking susceptibility is important to find causes of cracking in the dissimilar weld joint, 

which can be: i) martensitic brittle phase [5] and solidification mode [3, 11] ii) the combined 

effect of distortion and hard precipitates (carbides) or iii) the propagation of micropores / 

micro-cracks of the base metal. 

In practice, hot cracking susceptibility can be measured through self-restraint and externally 

loaded hot cracking tests [12]. The self-restraint tests are the Y-test, Houldcroft cracking test 

and keyhole slotted-plate-test [12-13]. Whereas the programmed deformation rate test, hot-

deformation-rate (HDR), varestraint (VT) and transvarestraint (TVT) are classified as hot 

cracking externally loaded tests [14-16].  VT and TVT are widely used [17-18] because they 

offer a way for weldability quantification by determining the accumulated total hot crack 

length or the maximum hot crack length to identify the solidification cracking temperature 

range [12, 18]. It is important to note that, regardless of the selected test type, self or 

externally loaded, the basic principle to evaluate the hot cracking susceptibility is the 

mechanical or thermomechanical deformation of the region near the weld pool [12]. 

A self-constraint test that can help to correlate the thermo-mechanical field and cracking 

susceptibility is the finger test. The finger test evaluates hot cracking susceptibility based on 



the weld bead width percentage containing cracks [19]. An advantage of the finger test is that 

it does not require special preparation to add a filler metal like the VT [20]. Since the finger 

test specimen is formed with independent portions (fingers), it is possible to intercalate the 

two materials (austenitic CS and SS) to measure their response to the welding thermal cycle. 

Hence, it is possible to associate the heat accumulation and the welding distortion distribution 

with the thermal conductivity and thermal expansion coefficient of each material.  

In the present research work, the finger test was used to measure the effect of the welding 

thermo-mechanical field on the cracking susceptibility of dissimilar weld joints between 

ASTM A36 and AISI 304L steels. The fingers were welded using the GMAW process with 

EC410NiMo and ER70S-6 filler metals. 

In addition, the study applied a thermo-mechanical finite element (FE) model to simulate the 

thermal cycle and weld distortion distributions. The correlation between the metallographic 

analysis and the FE numerical model allowed to determine the causes that produced the 

cracking in each weld. The element diffusion was measured through scanning electron 

microscopy/energy dispersive X-ray spectroscopy (SEM-EDS). Finally, the corrosion 

resistance in dissimilar weld joints was measured through electrochemical tests. 

Subsequently, the corrosion results were correlated with the element diffusion and 

metallurgical changes observed in the dissimilar joints. 

2. Experimental procedure 

 

The finger test evaluated the cracking susceptibility of similar and dissimilar welds between 

CS A36 and austenitic SS AISI 304L. The chemical composition of those steels is given in 

Table 1. Each finger test specimen was formed with six portions (fingers) 20 mm long, 50 

mm wide and 5 mm thick [21]. Four specimens were welded, two of these were similar welds 

of CS A36 and austenitic SS AISI 304L. In the last two specimens were carried out dissimilar 

welds between CS A36 and SS AISI 304L. Dissimilar weld samples used an alternate 

arrangement between CS A36 and SS 304L fingers, as shown in Fig. 1. The filler metals 

ER70S-6 and EC410NiMo were used in similar and dissimilar welds as summarized in the 

experiment matrix of Table 2. The chemical composition of the filler metals is also indicated 

in Table 1. 



Table 1. Chemical composition of the base and filler metals used in weld joints of the finger 

test (in wt. %). 

CS A36 

C Mn P S Si  

0.28 0.75 0.04 0.05 0.4  

SS 304L 

C Mn Cr Ni Mo Ti 

0.0345 1.096 18.29 8.32 0.043 0.0304 

EC410NiMo 

C Si Mn Cr Ni Mo 

≤0.025 0.7 0.9 12 4.6 0.6 

ER70S-6 

C Si Mn Cr Ni Mo 

0.10 0.97 1.62 0.15 0.15 0.15 

 

Table 2. Experimental matrix to evaluate cracking susceptibility in similar and dissimilar 

welds between CS A36 and SS 304L. 

Weld joint Base metals (BM) Filler Metal 

Weld 1 CS A36 ER70-S 

Weld 2 SS 304L EC410NiMo 

Weld 3 CS A36-SS 304L ER70S-6 

Weld 4 CS A36-SS 304L EC410NiMo 

 

Welding experiments were conducted using the semi-automatic GMAW process. The Binzel 

Alpha-3® torch was mounted on a tractor to keep the stick-out (3mm) and welding speed 

constants (Fig. 1). In all experiments, the short-circuit transfer mode was used with 21V and, 

feed and wire speeds of 3.18 mm/s and 84.6 mm/s, respectively. Additionally, argon gas was 

used as a shielding media at a 20 ft3/hr flow rate. As shown in Fig. 1, the vise provided a 

constant torque of 108.5 𝑘𝑁 ∙ 𝑚𝑚. This torque was optimal to keep the fingers of the weld 

samples perfectly aligned. 



 

Figure 1. a) Experimental set-up of the GMAW process applied to the finger test specimens, 

b) Microhardness measurement performed on weld joints.  

 

Before the welding process was performed, the longitudinal distortion was measured through 

a dial indicator mounted on the tractor to check the perfect alignment of the specimen fingers 

after the torque application (Fig. 1). Once the GMAW process was completed, the 

longitudinal distortion was measured again in each specimen. The distortion measurements 

were done once the weld sample reached the thermal equilibrium. 

 

The microstructural analysis of the base metals (CS A36 and SS 304L) and weld samples 

was carried out using light optical microscopy (LOM). The metallographic preparation 

consisted of two stages, mechanical ground and polishing with 0.3m alumina. 

Subsequently, CS A36 was etched with a 3% Nital solution for 15s (base metal). An electro 

etching with oxalic acid at 10V DC for 30 s was applied to reveal the SS 304L microstructure 

(base metal). Meanwhile, prior to the metallographic preparation of weld samples, the 

reinforcement generated by the GMAW process was removed. Then, a selective etching 

technique was employed to reveal the microstructure of weld samples. Times of etching and 

solutions used in the selective etching technique are indicated in Table 3. 

 



Table 3. Etchants and times used in the selective etching technique to reveal the 

microstructure of critical weld regions (welds 3 and 4, Table 2). 

Dissimilar weld joint CS A36- SS 304L 

Filler metal ER70S-6 

Dissimilar weld joint CS A36- SS 304L 

Filler metal EC410NiMo 

Zone Reagent Time Zone Reagent Time 

BM and 

HAZ (CS 

A36 

Nital 3% 15s BM and 

HAZ (SS 

304L) 

60% Nitric 

acid-40% 

Water 

30s 

FZ Nital 3% 

 

15s FZ Lichtenegger-

Bloech 

60s 

Ferric 

chloride 

60s Ferric 

chloride 

60s 

HAZ (SS 

304L) 

Carpenter 12s HAZ (SS 

304L) 

Carpenter 10s 

BM (SS 

304L) 

60% Nitric 

acid-40% 

Water 

30s BM and 

HAZ (CS 

A36) 

Nital 3% 20s 

 

The microhardness was measured in BM and weld samples at the central intersection of all 

samples (Fig. 1b). Microhardness measurements were performed using a load of 200 gf with 

a dwell time of 10s. 

2.1 Electrochemical measurement of corrosion resistance 

Corrosion tests were performed by means of an electrochemical cell with a standard 

configuration of three electrodes: i) a platinum auxiliary electrode (AE), ii) saturated calomel 

electrode (SCE) as a reference electrode (RE) and iii) dissimilar weld sample as work 

electrode. During the electrochemical tests, a potential range of -1500 to 1500 mV was 

applied to open circuit potential (OCP). Corrosion tests used a scanning-sweep rate of 0.5 

mV/s. Electrochemical corrosion parameters, such as current density (Icorr), anodic (ba) and 



cathodic slopes (bc), were determined using the Zview® software. Resistance polarization 

(Rp) was determined according to the Stern-Geary equation [22] applied by Zsim® software. 

                                                           𝑅𝑝 = 𝑏𝑎𝑏𝑐2.303(𝑏𝑎+𝑏𝑐)𝐼𝑐𝑜𝑟𝑟                                                       (1) 

The test solutions were 3.5 wt.% NaCl and 0.5M H2SO4 at a temperature of 25°C±2. 

Potentiodynamic tests were carried by means of a CorrTest CS350 potentiostat-galvanostat. 

The corrosion rate was calculated using Faraday’s law in accordance with recommendations 

of ASTM-G102-89 standard [23]. Electrochemical impedance spectroscopy (EIS) 

measurements were performed using an AC signal that was about X mV. The frequency 

ranged between 100,000 Hz and 0.01 Hz as a function of OCP in the electrochemical cell to 

determine the corrosion mechanism under different conditions.  

 

3. FE thermo-mechanical model 

A FE thermo-mechanical model was used to estimate the thermal cycle and the distortion of 

similar and dissimilar welds. The decoupled numerical solution was obtained 

computationally through the commercial software ANSYS Mechanical®.  

The temperature distribution in similar and dissimilar welds was estimated by means of the 

numerical solution of the heat diffusion equation:      

                                                          𝜌𝐶𝑃 𝜕𝑇𝜕𝑡 = ∇ ∙ (k∇𝑇) + 𝑄𝑇                                          (2) 

A list of the simplifying assumptions for the mathematical model of the welding thermal field 

is provided below: 

1.- The FE simulation of the thermal field did not consider the convective flow of the melted 

metal in the weld pool.  

2.- Temperature-dependent thermophysical properties such as density (𝜌), thermal 

conductivity (𝑘) and specific heat (𝐶𝑝) were considered (Table 4) to improve the numerical 

model accuracy [24].  



3.- The double ellipsoid model proposed by Goldak et al. [25] was used to simulate the 

volumetric heat distribution of the electric arc (𝑄𝑇) on the weld pool (Eq. 3). Additionally, 

the term 𝑄𝑤 was added to the double ellipsoidal heat source (Eq. 3). The term 𝑄𝑤  includes 

the additional heat provided by the molten drops of filler metal as suggested by Lee and 

Chang et al. [26]. 

                        𝑄𝑇(𝑥, 𝑦, 𝑠) = 6√3𝑓𝑓,𝑟𝑄𝑎𝑏𝑐𝑓,𝑟𝜋√𝜋 exp (−3 (𝑥2𝑎2 + 𝑦2𝑏2 + 𝑠2𝑐𝑓,𝑟2 )) + 𝑄𝑤     (3) 

where 𝑄 is the energy input (𝑄 = 𝜂𝑉𝐼) calculated through the current intensity (𝐼), voltage 

(𝑉) and process efficiency (𝜂 = 80%) [27-28]. The parameters 𝑎 (width), 𝑏 (depth), 𝑐𝑓 (front 

length) and 𝑐𝑟 (rear length) correspond to the dimensions of the front and rear ellipsoids. The 

weight functions 𝑓𝑓 and 𝑓𝑟 were 0.6 and 1.4, respectively [29]. Also, the non-inertial 

coordinate 𝑠 was applied to determine the heat source position during its travel. 

Table 4. Temperature-dependent thermophysical and mechanical properties of base metals 

(CS A36 and SS 304L) and filler metal EC410NiMo used in the FE thermo-mechanical 

model. 

Properties Material 

 ASTM A36 AISI 304L  EC410NiMo 

Thermal 

conductivity 

𝑘= −2 × 10−8𝑇3 + 8× 10−5𝑇2 − 0.091𝑇+ 60.684 

𝑘= 4 × 10−6𝑇2+ 0.0089𝑇 + 14.221 

𝑘 = 0.0109𝑇 + 17.722 

Density 𝜌= −0.4912𝑇+ 7910.9 

𝜌= 2 × 10−7𝑇3 − 5× 10−4𝑇2 − 0.213𝑇+ 7899.9 

𝜌= 2 × 10−7𝑇3 − 5× 10−4𝑇2 − 0.213𝑇+ 7899.9 



Specific heat 𝐶𝑝 == −9 × 10−8𝑇3 + 5× 10−4𝑇2 − 1.205𝑇+ 8324.2 

𝐶𝑝= −3 × 10−5𝑇2+ 0.2059𝑇 + 466.06 

𝐶𝑝= 7 × 10−4𝑇4 − 1× 10−6𝑇3 + 9× 10−4𝑇2 + 0.0165𝑇+ 466.46 

Young 

modulus 

𝐸 == −0.4𝑇4+ 1374.4𝑇3 − 1× 106𝑇2 + 3× 108𝑇 + 2 × 1011 

𝐸= −0.2286𝑇4+ 568.58𝑇3− 447262𝑇2 + 4× 107𝑇 + 2 × 1011 

𝐸 = −24493𝑇2 − 6× 107𝑇+ 2× 1011 

Poisson ratio 0.3 

 

𝑣= 3 × 10−16𝑇5 − 1× 10−12𝑇4+ 1 × 10−9𝑇3 − 6× 10−7𝑇2 + 1× 10−4𝑇 + 0.2922 

𝑣= 2 × 10−15𝑇3 − 2× 10−12𝑇2 + 2× 10−9𝑇 + 2 × 10−5 

Thermal 

expansion 

coefficient 

𝛼= 4 × 10−15𝑇3 − 1× 10−11𝑇2 + 1× 10−8𝑇 + 1× 10−5 

𝛼= 5 × 10−20𝑇5 − 2× 10−16𝑇4+ 2 × 10−13𝑇3 − 8× 10−11𝑇2 + 2× 10−8𝑇 + 2 × 10−5 

𝛼= 2 × 10−15𝑇3 − 2× 10−12𝑇2 + 2× 10−9𝑇 + 2 × 10−5 

 

The calculation domain (base metal fingers) was subdivided through the FE mesh shown in 

Fig. 2. The mesh conformed by 21120 elements (Hex20 and Tet15) exhibited the orthogonal 

quality and the skewness displayed in Figs. 2b-c, respectively. 



 

Figure 2. a) FE mesh used by the thermo-mechanical simulation, b) Orthogonal quality 

(average =0.97), c) Skewness (average =0.013). 

Boundary conditions applied to the welding thermal model were the convection (𝑞" = ℎ(𝑇 −𝑇∞)) and radiation (𝑞" = 𝜀𝜎(𝑇4 − 𝑇∞4 )) environmental heat losses. The properties considered 

by the boundary conditions are given in Table 5. Meanwhile, the thermal equilibrium with 

the environment (𝑇 = 𝑇∞) was taken as the initial condition (𝑡 = 0). 

Table 5. Properties considered in the boundary conditions applied to the FE thermal model. 

Parameter Magnitude 

Convection coefficient (W/m2 K) [30] ℎ = −9 × 10−6𝑇2 + 0.392𝑇 + 8.1 

Thermal emissivity (-) 

CS A36 [29] 0.9 

SS 304L [31] 0.2 

Stefan-Boltzmann constant (W/m2 K4) [31] 5.67 × 10−8 

Environment temperature (°C) 25 

 

The estimation of temperature distribution in the weld samples was taken as initial data of 

the mechanical model to calculate the thermal load. The welding mechanical field considered 

the numerical solution of equilibrium (Eq. 4) and total deformation (Eq. 5) equations.  



                                                                𝜎𝑖𝑗 + 𝜌𝑏𝑖 = 0                                                        (4) 

                                                          𝜀𝑡𝑜𝑡𝑎𝑙 = 𝜀𝑇 + 𝜀𝑒 + 𝜀𝑃 + 𝜀𝑐                                                     (5) 

Where 𝜎𝑖𝑗 corresponds to the thermal stresses in the weldment, the body force is the product 𝜌𝑏𝑖. In Eq. 5, the total strain 𝜀𝑡𝑜𝑡𝑎𝑙 is calculated as the sum of strains: i) thermal (𝜀𝑇), ii) 

elastic (𝜀𝑒) and iii) plastic [32].  

The assumptions made were the following: 

1.- The creep strain was not considered due to the higher temperatures (ranging between 700 

°C and1100 °C) only was experienced by the weld sample in a short-period [33]. 

2.- Temperature-dependent mechanical properties such as Young modulus (𝐸), Poisson ratio 

(𝑣) and thermal expansion coefficient (𝛼) were used in the FE mechanical model (Table 4). 

3.- The bilinear hardening model was applied to estimate the welding plastic strain.  

4.- It was considered that base materials follow the Von Misses yield criterion as reported in 

[34-35]. 

The FE mesh shown in Fig. 2a was also used to solve the mechanical field numerically. The 

same FE mesh used in thermal and mechanical models allowed the transfer of the thermal 

model data (temperature distribution) quickly. Boundary conditions were the constraint 

caused by the vise jaws and the compressive force (𝐹) provided by the torque (𝑇 = 𝐹 × 𝐿) 

as indicated in Fig. 1a. The computational model was solved in a workstation with Intel Core 

i7-6500U 3.1 GHz 16GB RAM processor. 

4. Results and discussion 

4.1 Metallographic characterization  

4.1.1 BM 

Figs. 3a-b show the microstructure of CS A36, which is formed by a ferritic matrix (equiaxed 

grains) with pearlite islands. Perlite shows lightly banded regions of different sizes due to the 

hot forming process. A similar microstructure was observed by Khalifeh et al. [8] on the 

St37 steel with a ferritic matrix and pearlite islands. The percentage of pearlitic phase 

measured in CS A36 was 20.7%. 

 



 

Figure 3. Ferritic-pearlitic microstructure of CS A36 (3% Nital etched): a) Frontal section, 

b) Cross section, c) Microstructure of SS 304L (BM). 

The BM microstructure of the SS 304L is shown in Fig. 3c. The presence of -ferrite as bands 

in the rolling direction on the austenitic matrix was observed. (Fig. 3c). The percentage of -

ferrite measured in the SS 304L was 3.2% (BM condition). 

 

4.2 Critical weld regions   

The Schaeffler diagram was used as a reference to predict the phases and possible weld 

defects in weld samples 2, 3 and 4. (Table 2). Fig. 4 shows the compositions of base materials 

(CS A36 and SS 304L) and filler metals (ER70S-6 and EC410NiMo) plotted on the 

Schaeffler diagram (Creq and Nieq) considering the dilution rates. The dilution was calculated 

from Eq. 6. The weld penetration depth achieved in each weld sample was measured through 

LOM (Table 6).  

                                                        %𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 = 𝐵𝐴+𝐵 × 100                                                     (6) 



Where A and B correspond to the cross-section area of the reinforcement and the weld 

penetration depth, respectively [36].   

 

Table 6. Geometric characteristics of weld beads obtained by the GMAW process. 

Weld joint Penetration 

depth (mm) 

Weld bead 

width (mm) 

Reinforcement 

(mm) 

% dilution  

Weld 1 2.09 9.14 2.59 33.80 

Weld 2 2.25 10.5 2.26 44.43 

Weld 3 2.01 8.54 2.57 50.26 

Weld 4 1.64 8.21 2.47 32.09 

 

 

Figure 4. Creq-Nieq and dilution of BM (CS A36 and SS 304L) and filler metals (ER70S-6 

and EC410NiMo) plotted in the Schaeffler diagram (estimations). 

 

As expected, the weld joint of SS 304L with EC410NiMo filler metal (weld 2, Table 2) is in 

a region free of hot cracking (HC line, Fig. 4) due to the formation of -ferrite (approximately 

10%, Fig. 4). However, the average percentage of -ferrite was 22.5%, which was 

experimentally measured. -ferrite breaks the interdendritic movement of the low melting 

point liquid film by retarding the wetting of the grain boundaries and thus the formation of 

hot cracks [4]. Similarly, there were no cracks in the weld joint of CS A36 with filler metal 



ER70S-6 (weld 1). The CS A36 does not exhibit hot cracking susceptibility. Instead, cold 

cracking affects the weldability of CS. Cold cracking susceptibility decreases at low carbon 

equivalent (CE) [37-38]. In this case, the CE of CS A36 was 0.375 and its weldability was 

good. (CE<0.4 [38]). The CE was calculated from the standard formula (Eq. 7) proposed by 

the International Institute of Welding (IIW). Figs. 5a-b show longitudinal section of the 

similar weld joints of CS A36 and SS 304L, respectively. Both welds were free of cracks. 

 

                                 𝐶𝐸 = %𝐶 + %𝑀𝑛6 + (%𝐶𝑟+%𝑉+%𝑀𝑜)5 + (%𝑁𝑖+%𝐶𝑢)15                                        (7) 

 

Conversely, both dissimilar joints exhibited cracks and micro-cracks, as shown in Figs. 5c-

d. In dissimilar welds, four regions corresponding to the FZ and HAZ formed in each BM 

were distinguished (Figs. 5c-d). According to the Schaeffler diagram prediction, the 

dissimilar weld joints were out of the hot cracking region (HC line, Fig. 4). Moreover, the 

FZ of weld 3 (Table 2) was predicted fully martensitic (point B, Fig. 4). In contrast, a dual 

phase transformation (martensite + -ferrite) was estimated in the FZ of weld 4 (point C, Fig. 

4). 

On the other hand, dissimilar welds are within a region cracking susceptible (line AM, Fig. 

4). This cracking susceptibility is due to the formation of the tough and brittle martensitic 

phase during the welding cooling stage. Previously, Ul-Hamid et al. [7] found trans-granular 

cracks in a dissimilar weld joint of CS and SS. The cracks originated at the interface of the 

materials and propagated towards the CS. It is believed that these cracks could have produced 

in the martensitic phase formed in the FZ, which resulted in a high hardness region C-

enriched. 

 

 



 

Figura 5. Critical weld regions (FZ and HAZ) observed in: a) Weld 1, b) Weld 2, c) Weld 3, 

d) Weld 4. 

 

Fig. 6 displays the microstructure observed in welds 1 and 2. In the FZ of weld 1 was 

observed the presence of allotriomorphic ferrite (AF) with adjacent growth of Widmanstatten 

ferrite (WF) (Fig. 6a). The orientation of grains was in the heat source direction. While in 

the HAZ was detected the presence of perlite surrounded by AF and WF, these phases were 

formed at the grain boundary in the coarse (CGRZ) and fine (FGRZ) grain recrystallization 

zones, respectively (Fig. 6b). Meanwhile, the formation of vermicular -ferrite and thick 

lathy ferrite regions on the martensitic matrix were detected in the FZ of weld 2 (Fig. 6c). 

Finally, vermicular -ferrite was observed in the HAZ of weld 2. Note that the austenitic 

grain growth in the HAZ was negligible (Fig. 6d). 



 

Figure 6. Microstructures of the FZ and HAZ observed in a-b) Weld 1, c-d) Weld 2. 

 

Fig. 7a shows the FZ and HAZ of weld 3 (Table 2). The martensitic phase was observed in 

the FZ of the SS 304L side (Fig. 7b), as predicted by the Schaeffler diagram (Fig. 4). The 

block-shape martensite (Fig. 7b) was formed due to the enrichment of Cr and C elements 

and the high welding cooling rate. Traces of vermicular -ferrite were found in the FZ-HAZ 

interface (Fig. 7c). -ferrite is formed at high temperature (> 1150°C) and is mainly retained 

at the grain boundaries [8]. Also, a -ferrite free zone was distinguished in the HAZ (Fig. 

7a). It is important to mention that grain growth was not observed in the HAZ of the 304L 

SS side, which indicates that this region had a negligible extension. 

 



 

Figure 7. a) FZ-HAZ microstructure of weld 3, b) Block-shaped martensite found in the FZ, 

c) -ferrite detected in the HAZ, d) FZ close to the CS A36, e) HAZ of the CS A36 side. 

 

In the FZ of the CS A36 side (weld 3), WF was formed. This phase grew through the 

formation of the AF, as shown in Fig. 7e. In low carbon steels, AF is the primary phase 

formed at austenite grain boundaries during cooling below A3 [39], which was corroborated 

in the FZ of weld 3 (Fig. 7e). WF grew through the AF in the HAZ of the CS A36 due to 

relatively low undercooling. (Fig. 7e). Previously, Jafarzadegan et al. [40] pointed out that 

the WF was not the result of a displacing transformation but is formed by a para-equilibrium 

mechanism, which involves the rapid diffusion of interstitial carbon atoms across the 

boundary movement towards the remaining austenite during the shear transformation [40]. 

The growth of AF and WF promoted the enrichment of the remaining austenite, which led to 

the formation of ferrite and pearlite phases (Fig. 7e) [40].  

 

Fig. 8a shows the EDS line scanning performed between the HAZ and the FZ in weld 3 (SS 

304L side). The Cr diffusion occurs from the SS 304L to the FZ (ER70S-6 filler metal), as 



indicated in Fig. 8b. Figs. 8c-d showed that Ni and C contents remain unchanged, i.e., there 

was no diffusion of these elements. Although C has a higher diffusion coefficient than Cr 

[5], the low C content of both SS 304L and the ER70S-6 filler metal (Table 1) did not 

produce any considerable concentration gradient. The Cr diffusion was facilitated due to the 

high temperature reached by the SS 304L fingers during the welding thermal cycle. 

 

Figure 8. a) EDS analysis performed on the HAZ (SS 304L) and FZ (ER70S-6) in weld 3 to 

quantify the distributions of: b) Cr, c) Ni, d) C. 

 

Also, an EDS line scanning was performed between the HAZ (CS A36 side) and the FZ 

(ER70S-6 filler metal), as shown in Fig. 9a. The Cr diffusion occurs in the FZ of the CS A36 

side (Fig. 9b). The Cr found in the FZ was diffused from the HAZ of the SS 304L side. There 

was no Cr diffusion from the FZ towards CS A36 (Fig. 9b-c) nor C diffusion from the HAZ 

(CS A36 side) to FZ (decarburization). The lower the heat flux in CS A36 fingers, the lower 

the driving force for diffusion between the FZ and the HAZ. 



 

Figure 9. a) EDS analysis performed on the HAZ (CS A36) and FZ (ER70S-6) in weld 3 to 

quantify the distributions of: b) Cr, c) Ni, d) C. 

 

A martensitic matrix was observed in the FZ (SS 304L side, Fig. 10a). Meanwhile, an 

austenitic matrix with negligible grain growth and vermicular -ferrite bands was observed 

in the HAZ of the SS 304L side (Fig. 10b). Fig. 10c shows the polygonal and vermicular -

ferrite found in the FZ of the SS 304L side. The selective etching technique allowed to 

observe -ferrite distribution in the FZ (Fig. 10c). In the HAZ of the CS A36 side, a coarse 

grain recrystallization zone (CGRZ) was observed (Fig. 10d). The presence of AF at the 

grain boundaries, WF growing from the AF and acicular ferrite (AcF) growing within the 

grain were observed in the CGRZ (Fig. 10d). Lathy and skeleton -ferrite were detected in 

the FZ of the CS A36 side (Fig. 10e). These morphologies occurred due to the ferrite remains 

at the subgrain boundaries during the solidification process. Thus, the final weld 

microstructure consists of a mixture of martensite and eutectic ferrite. The eutectic ferrite 

forms via a eutectic reaction at the end of solidification [41]. In Fig. 10f, grain refinement 

was observed in the inter-critical zone (ICZ) as well as the presence of ferrite and pearlite 

phases. The sub-critical zone (SCZ) also showed refined grain zones with dispersed pearlite 

islands on the ferrite matrix (Fig. 10f). 



 

Figure 10. Microstructure of the critical regions of weld 4, SS 304L side: a) FZ-HAZ, b) 

HAZ, c) FZ, and CS A36 side: d) FZ-HAZ, f) FZ. 

 

Figs. 11-12 show EDS line scanning performed on both FZ-HAZ interfaces of weld 4 (Figs. 

10a and 10d). At the FZ boundary (Fig. 11a), a Cr and Ni depleted region of approximately 

30 µm was generated (Figs. 11b-c). Subsequently, the Cr and Ni contents were recovered 

inside the FZ (Figs. 11b-c). There was no Cr and Ni diffusion towards CS A36 (Figs. 11b-



c). However, a short distance of C diffusion was produced from the HAZ (CS A36) towards 

the FZ (EC410NiMo), as indicated in Fig. 11d. 

 

Figure 11. a) EDS analysis performed on the HAZ (CS A36) and FZ (EC410NiMo) in weld 

4 to quantify the distributions of: b) Cr, c) Ni, d) C. 

 

In contrast, an enriched Cr and Ni region was generated between the HAZ of the SS 304L 

side and the FZ (Figs. 12a-c). This region was produced due to the Cr and Ni diffusion from 

the HAZ (304L SS side) towards the FZ. The element diffusion was driven by the heat flux 

between the SS 304L fingers and the weld bead. Note that the low C content remained 

constant in both regions (Fig. 12d). 

 



Figure 12. a) EDS analysis performed on the HAZ (304L SS) and FZ (EC410NiMo) in weld 

4 to quantify the distributions of: b) Cr, c) Ni, d) C. 

 

4.3 FE thermo-mechanical analysis of the weld samples  

The numerical solution of the heat diffusion equation (Eq. 2) allowed to estimate the welding 

thermal cycle. Fig. 13 shows the temperature distribution estimated in different instants for 

the weld samples.  

 

Figure 13. FE estimations of transient temperature distribution for: a) Weld 1, b) Weld 2, c) 

Weld 3, d) Weld 4.  

 

The heat accumulation in the weld metal region and the adjacent zone was higher in welds 2 

and 4, as shown in Figs. 13a and 13d. In weld 4, the higher temperatures (Fig. 13d) promoted 

the element diffusion (Figs. 11d and 12b-c). Also, the lower thermal conductivity of SS 304L 

contributed to the heat accumulation in both FZ and HAZ. The higher thermal conductivity 

of the CS A36 at lower temperatures (Table 4) promoted the heat dissipation from the FZ 

and HAZ towards the BM. This phenomenon occurred in welds 1 and 3 (Figs. 13a-c).  

The heat accumulation was corroborated through the transient peak temperature distribution. 

Figs. 14a-b show the peak temperatures estimated by the FE model in similar welds (welds 



1 and 2). It can be observed that the temperature curve did not exhibit significant variations, 

the typical temperature increment with the heat source travel highlights. However, the peak 

temperature curves for dissimilar welds (welds 3 and 4) presented fluctuations (Figs. 14c-d). 

These fluctuations coincided in both welds with the SS 304L fingers, indicating that the heat 

accumulates in this material during the cooling stage (Figs. 14c-d).   

 

Figure 14. Peak temperatures estimated by the FE numerical model during the welding 

thermal cycle for: a) Weld 1, b) Weld 2, c) Weld 3, d) Weld 4. 

The heat dissipation in the FZ strongly depends on the filler metal thermal conductivity due 

to the shallow penetration depth achieved by the GMAW process (Table 6). Hence, the heat 

accumulation in weld 4 was higher. Besides, the gap between fingers of the weld samples 

was negligible due to the force exerted by the vise; this contributed to increasing the heat 

flow between metals, specifically during the cooling stage (Fig. 13).  

As mentioned before, the FE estimations of the temperature distribution were used as a 

thermal load in the mechanical model to simulate the welding distortion. The comparison 

between the post-welding longitudinal distortion measured experimentally and the FE 

estimations, once the weld samples reached the thermal equilibrium, are shown in Fig. 15. 

 



 

Figure 15. Longitudinal distortion measured experimentally vs. FE thermo-mechanical 

model estimations for: a) Weld 1, b) Weld 2, c) Weld 3, d) Weld 4. 

  

The post-welding longitudinal distortion estimations obtained by means of the FE numerical 

model showed the same behavior as the distortion measured experimentally (Fig. 15). The 

variation between experimental and FE estimations of distortion was higher in welds 2 and 

4 (Figs. 15b and 15d). This variation was associated with the used filler metal (EC410NiMo 

in both welds). The expansion/shrinkage underwent by the filler metal (EC410NiMo) 

changed with the heat dissipation rate, which was affected by the fingers material.  

Figs. 16-17 show the FE estimations of residual stress and longitudinal distortion (y-

deformation) distributions generated by the GMAW process in welds 1 and 2 during the 

thermal cycle. In both welds, the heat source travel through the second finger of the weld 

sample generated a gap between fingers 1 and 3 (Figs. 16b and 17b). This gap was produced 

due to the thermal expansion experienced by the filler metal and BM. When the heat source 

arrived at the intersection between fingers 1 and 2, the peak temperature significantly 

increasing (Figs. 14a-b), which generates a high thermal deformation.  

Once the peak temperature was stabilized (Figs. 14a-b), fingers 1-3 of weld 1 presented a 

convex bending, as displayed in Fig. 16f. Meanwhile, the bending was concave in fingers 4-



6 (Figs. 16g). On the other hand, weld 2 exhibited a concave bending in the whole sample 

(Fig. 17g). The difference in bending between welds 1 and 2 was related to the heat 

dissipation, the mechanical strength and the thermal expansion behavior (BM and filler 

metal).  

  

 

Figure 16. FE estimations of residual stress (a-d) and longitudinal distortion (e-g) during the 

thermal cycle in weld 1. 

 

Figure 17. FE estimations of residual stress (a-d) and longitudinal distortion (e-g) during the 

thermal cycle in weld 2. 

 



The lower temperatures of the thermal cycle estimated in weld 1 (Fig. 13a) are related to the 

higher thermal conductivity. When the heat source travels through a finger, this undergoes 

its maximum thermal expansion exerting a compression force on the adjacent fingers. The 

finger starts to dissipate the heat from the FZ towards the HAZ and BM when the heat source 

moves away. At the same time, the thermal expansion reduces and the mechanical strength 

increases. Thus, the constraint imposed by the vise jaws forced the sample to expand towards 

the opposite side. Similarly, the compression force exerted by the torque (Fig. 1a) also 

restricts the fingers expansion, which gives rise the convex bending (Fig. 16g). 

When the heat source arrives at the last fingers (5-6), the peak temperature and the thermal 

expansion are high (Fig. 14a), but the mechanical strength is low (Table 4). The longitudinal 

displacement of the last fingers (5-6) is restricted by the compression force and the adjacent 

fingers, which have recovered their mechanical strength. Therefore, the last fingers (5-6) 

undergo a concave bending (Fig. 16g), this was corroborated experimentally, as shown in 

Fig. 15a.   

Conversely, the estimated distortion in weld 2 was higher in the intersection between fingers 

4 and 5 (Fig. 17g). In this case, the thermal expansion was high due to the peak temperatures 

(Fig. 14b). The heat dissipation was slow because the SS 304L thermal conductivity 

decreases at lower temperatures (Table 4). Thereby, the fingers 1-4 and 5-6 exerted forces 

in opposite directions generated by the thermal expansion and the jaws constraint. These 

forces produced the convex bending of the weld sample (Fig. 17g). A little gap was produced 

between fingers 5 and 6 in weld 2, as shown in Fig. 17a. This gap coincided with the change 

of the bending curvature (Fig. 17g). 

In both similar welds, residual stresses were higher in the region near the weld bead. Ficquet 

et al. [42] obtained similar results for the residual stress distribution estimated by a FE 

numerical model in a bead on plate weld. They reported that tensile stresses were higher in 

the weld bead. On the contrary, Aloraier et al. [43] informed that high residual stresses were 

measured in the adjacent region to the FZ of a bead on plate weld, but not in the weld bead 

toe. 

The higher tensile residual stresses estimated in the weld bead of welds 1 and 2 (Figs. 16-17) 

were related to the finger distortion. This distortion produces bending due to the fingers only 

were joined in the weld bead region (upper part). Meanwhile, the lower part of the finger 



remains free to bend. Depending on the peak temperature distribution, the bending can be 

concave (Fig. 16g) or convex (Fig. 17g). Thus, the residual stress concentrates in the upper 

part (weld bead).  

Figs. 18-19 show the residual stresses and longitudinal distortion distributions estimated 

during the welding thermal cycle in dissimilar weld joints (welds 3 and 4). In weld 3, residual 

stresses were higher in the weld bead (Figs. 18b-d) like welds 1 and 2. However, residual 

stresses were negligible in weld 4 (Fig. 19b-d) because gaps between fingers produced 

during the thermal cycle (Fig. 19a) contributed to releasing residuals stresses [44].   

 

 

Figure 18. FE estimations of residual stress (a-d) and longitudinal distortion (e-g) during the 

thermal cycle in weld 3. 

 



Figure 19. FE estimations of residual stress (a-d) and longitudinal distortion (e-g) during the 

thermal cycle in weld 4. 

 

Weld 3 had a similar distortion behavior to weld 1 (Figs. 16g and 18g) since the CS was 

predominant (fingers and filler metal). SS 304L fingers (2, 4 and 6) exhibited a higher thermal 

expansion due to the peak temperatures (Fig. 14c). The deformation of SS 304L fingers 

generated gaps in the intersections during the thermal cycle, as indicated in Figs. 18b-d. 

Then, these gaps disappear due to the thermal expansion of SS 304L fingers during the 

cooling stage (Fig. 18a). The thermal expansion brought about the higher residual stresses 

were produced in the last finger of the weld sample (Fig. 18d). 

In weld 4, the position change of SS 304L fingers (positions 1, 3 and 5) and the filler metal 

slightly modified the distortion behavior (Figs. 19e-g). Fingers 1-4 exhibited a convex 

bending, while concave bending occurred in fingers 5 and 6.   

The higher heat accumulation and thermal deformation of SS 304L fingers produced a 

concave bending (Figs. 19b-c). The concave bending generated gaps in all intersections as 

the heat source traveled through the weld sample (Figs. 19b-c). Residual stresses 

accumulated in the last finger due to the higher thermal expansion of both SS 304L fingers 

and the weld bead similar to weld 3 (Fig. 19d). The same deformation behavior was estimated 

in welds 1, 3 and 4 (Figs. 16, 18-19). Weld 4 exhibited higher convex and concave bending 

(Figs. 19e-g).  

The FE estimations of the bending for the weld samples were in good agreement with the 

literature. It is known that bending of the bead on plate welding requires that the inherent 

shrinkage force exceeds the bending force [45]. Also, disturbance is needed [45]. The 

transverse deformation of the weld sample induces the disturbance. Fig. 20 shows the 

estimations of the transverse deformation for all weld samples. 



 

Figure 20. Transverse deformation (x-direction) estimated by the FE thermo-mechanical 

model for: a) Weld 1, b) Weld 2, c) Weld 3, d) Weld 4.  

 

4.4 Cracking analysis of weld samples 

The dissimilar weld between CS and austenitic SS has drawbacks as the martensitic 

transformation of the CS and the hot cracking susceptibility of the SS due to the full austenitic 

(A) solidification mode [2, 46]. In this study, some cracks were produced in weld beads of 

the dissimilar welds (Figs. 5c-d). These cracks were detected in all intersections of both 

dissimilar welds. Table 7 indicates the total cracking length (TCL) and the maximum 

cracking length (MCL) measured in each dissimilar weld.  

 

Table 7. Total and maximum cracking length measured experimentally in welds 3 and 4 by 

means of LOM.  

Weld joint TCL MCL 

CS A36-SS 304L (filler 

metal ER70-S), weld 3 
5713.11 m 4179.38 m 

CS A36-SS 304L (filler 

metal EC400NiMo), weld 4 
604.23 m 604.23 m 

 

According to the two assessment criteria for hot cracking susceptibility [20], cracking was 

more severe in weld 3 (Table 7). Fig. 21 shows some cracks observed in welds 3 and 4 by 

means of LOM and SEM. As can be seen in Figs. 21a-b, the crack with maximum length 



measured in weld 3 arises from the induced-crack (fingers gap), then this crack follows the 

FZ-HAZ boundary in the CS A36 side and propagates towards the FZ. Some micro-cracks 

also were observed in weld 3 (Fig. 22a). Meanwhile, only short-length cracks were found in 

weld 4 (Figs. 21c-d). The induced-crack in weld 4 propagates towards the FZ (Fig. 21d). At 

the same time, more cracks were produced in the FZ, as shown in Figs. 21c-d.  

 

Figure 21. Cracks and micro-cracks found in weld 3 (a-b) and weld 4 (c-d) through LOM 

and SEM. 

In order to determine the causes that produce cracks and micro-cracks in the dissimilar welds, 

it was performed an electron probe micro-analysis (EPMA), which was correlated with the 

FE thermo-mechanical model estimations. Figs. 22-23 show the distribution of chemical 

elements on cracks and micro-cracks with the largest length found in the dissimilar welds. 

Chemical elements such as C, Cr, Al, Si and Mn were mapping in the crack region. As is 

observed in Figs. 22-23, there were no elements segregated in the cracks of both dissimilar 

welds. Figs. 22b-c show punctual concentrations of C and Si in the largest crack found in 

weld 3. Nevertheless, the C and Si concentrations did not form interesting precipitate 

particles such as carbides. Instead, some oxides (Al2O3 and SiO2) were found in the crack 

boundaries of both welds (Figs. 22a-23a), these oxides were associated to the affinity of 

certain chemical elements (Si, Al, Mn) with the oxygen.   



 

Figure 22. a) Elemental mapping of chemical elements performed on cracks and micro-

cracks found in the FZ (weld 3) to detect concentration of: b) C, c) Al, d) Mn, e) Cr, f) Ni. 

 

Figure 23. a) Elemental mapping of chemical elements performed on cracks and micro-

cracks found in the FZ (weld 4) to detect concentration of: b) C, c) Mn, d) Si, e) Cr, f) Ni. 

In weld 3, the FZ did not exhibit the solidification mode A (Fig. 7a). However, the largest 

cracks (Fig. 21a-b) were detected in the brittle martensitic phase formed in the FZ (Figs. 7 

and 21a-b). These cracks were produced in the intersections of the last two fingers, CS A36 

(finger 5) and SS 304L (finger 6). Cracks are produced due to residual stress accumulation 

(Fig. 18d). Also, the untempered martensite brittleness formed in the FZ (Fig. 7b) and the 



change of convex to concave bending estimated by the FE model in the intersection of fingers 

5 and 6 (Fig. 18g) contributed to the crack formation. The concave bending generated a 

tensile stress state on the lower part of the weld sample. Thus, the tensile residuals stresses 

were accumulated on the weld bead root due to the finger gap.  

On the other hand, the filler metal EC410NiMo (weld 4) also produced martensite in the FZ. 

It is known that the martensitic phase promotes the formation of micro-cracks in the FZ of 

martensitic SS [47]. Therefore, cracks found in weld 4 (Figs. 21c-d) are associated with the 

cold crack susceptibility of the martensitic phase [48-49]. Meanwhile, cracks found in the 

finger intersections of weld 4 (induced cracks) were coincident with the gaps produced during 

the welding thermal cycle (Fig. 19a). These cracks were produced during the solidification 

process of the weld metal, i.e., hot cracking. It is worth mention that FE numerical model 

helped to predict the gaps between fingers. Otherwise, these gaps cannot be observed in the 

naked eye (Fig. 19a).   

In both dissimilar welds, the martensitic phase formed in the FZ was cracking-susceptible. 

Cracking was induced mainly by residual stress accumulation and distortion behavior. Hot 

and cold cracks length found near the FZ boundary (weld 4) were shorter than cracks detected 

in weld 3 (Figs. 5c-d, Table 7). Hot cracks were the shortest (Figs. 7d and 21d-e). -ferrite 

found in the FZ boundary (Figs. 10a-b) can help avoid propagating of both cold and induced 

cracks due to its ductility. On the contrary, the full brittle martensitic FZ in weld 3 increased 

hardness and strength. When a crack was produced due to the residual stress accumulation, 

the tough martensitic phase was fractured easily (Figs. 21a-b). Previously, Kose et al. [47] 

informed that a certain percentage of retained -ferrite in the martensitic matrix of the FZ 

promoted the formation and propagation of cold cracks in martensitic SS welds. However, 

this was not the case of the CS-austenitic SS dissimilar welds due to -ferrite formed in the 

weld bead was related to the dilution.  

4.5 Mechanical characterization of welds 

Fig. 24a shows the microhardness profiles measured in similar welds (welds 1 and 2, Table 

2). In weld 1, the average microhardness measured in the HAZ was 154.77 HV. In the FZ 

(weld 1), the average microhardness was 161.33 HV. The microhardness profile of weld 1 



did not exhibit significant changes between the critical regions (BM, HAZ and FZ) since the 

same phases were observed in these regions. 

 

Figure 24. Microhardness profiles measured experimentally for: a) Similar welds (welds 1 

and 2, Table 2), b) Dissimilar welds (welds 3 and 4, Table 2).   

 

In weld 2, the average microhardness measured in the HAZ was 309 HV. In the FZ was 

measured an average microhardness of 353.28HV associated with the combination of 

martensite and ferrite phases. The BM was affected thermally to a lesser extent in both similar 

welds (Figs. 13a-b). The average microhardness was 153 HV for the CS A36 (BM). While 

the average microhardness of the SS 304L (BM) was 211 HV. 

The microhardness profiles of dissimilar welds (welds 3 and 4, Table 2) are shown in Fig. 

24b. In weld 3, the average microhardness of the BM-1 (CS A36) was 179 HV. WF needles 

and perlite increased the average microhardness of the HAZ-1 up to 204 HV (Fig. 19b). 

Meanwhile, the FZ average microhardness was higher (400 HV) due to the martensite formed 

during the welding cooling stage. Previously, the microstructural analysis demonstrated that 

the HAZ of the SS 304L side was negligible. Thereby, the microhardness measured in the 

HAZ-2 and BM-2 (SS 304L) was the same (235 HV), as shown in Fig. 24b.   

On the contrary, the average microhardness of the BM-1 (CS A36) in weld 4 was lower (147 

HV) than in weld 3 due to the higher ferrite concentration. The HAZ-1 exhibited a slight 

increase in microhardness (167HV) compared with the BM-1. This increment of hardness 

was associated with the grain refinement of ferrite and perlite phases (Fig. 7e). The high 



average microhardness (367 HV) measured in the FZ is related to the lathy martensite 

microstructure (Fig. 7b). Again, the HAZ-2 and BM-2 (SS 304L) had quite similar average 

microhardness magnitudes, 222 HV and 218 HV, respectively. 

The microhardness measured in dissimilar welds was in good agreement with the results 

reported in the literature. For instance, Khalifeh et al. [8] and Ma et al. [5] measured the 

higher microhardness in the FZ of dissimilar welds between CS and austenitic SS. Khalifeh 

et al. [8] reported a hardness increment in the HAZ of both materials, this increment was 

higher in the austenitic SS due to the carbide precipitation and recrystallization. Conversely, 

Ma et al. [5] reported a softening in the HAZ associated with the phase change. In dissimilar 

welds 3 and 4, the formation of carbides in the FZ of the SS 304L side was not observed. 

Rather, grain growth was limited by increasing the heat dissipation provided by the CS A36 

adjacent fingers (Figs. 13c-d). On the other hand, the heat accumulation in the FZ-HAZ 

interface estimated by the FE model (Fig. 13d) produced a slight grain growth, higher in the 

HAZ-2 than in the HAZ-1. Grain growth and the ferritic phase decreased by 6% the HAZ-2 

microhardness (weld 4) compared to the HAZ-2 of weld 3 (Fig. 24b).  

It is worth mention that the microhardness increases in the FZ of dissimilar welds due to the 

formed phases. Previously, Torkamany et al. [50] and Tassaloti et al. [2] correlated the %-

dilution with the microhardness measured in the FZ of dissimilar welds between CS and SS 

obtained through the resistance spot welding (RSW) and GMAW processes, respectively. 

Both studies concluded that the formation of a tough phase (martensite) increased the 

microhardness regardless of the %-dilution. Tassaloti et al. [2] pointed out that the 

decarburization and precipitate formation modified the microhardness magnitude in specific 

FZ regions. In this case, the FZ microhardness of weld 4 decreased by 8% compared to the 

FZ of weld 3 (Fig. 24b). This hardness reduction was in agreement with phases found in the 

FZ, martensite in weld 3 (Fig. 7b) and martensite/-ferrite in weld 4 (Fig. 10a). 

 

4.6. Corrosion analysis in dissimilar welds 

4.6.1 H2SO4 medium 

Polarization curves to evaluate dissimilar weld joints corrosion resistance in an H2SO4 0.5M 

solution are shown in Fig. 25a. Electrochemical corrosion parameters are summarized in 

Table 8. The polarization curve of weld 3 shows a lower corrosion current density (Icorr) (7.9 



x10-4 A/cm2) compared to weld 4 but, similar potentials are present in both cases (Table 8). 

The corrosion rate measured for welds 3 and 4 were 9,580 mmpy and 11,549 mmpy, 

respectively. 

Electrochemical impedance curves of dissimilar weld joints are displayed in Fig. 25b. The 

two semicircles at high frequencies and a "pseudo-inductive" loop at low frequencies were 

related to the obtained equivalent circuit. The capacitive loop is related to the charge transfer 

resistance process, while the appearance of the pseudo-inductive loop can be explained by 

the relaxation of adsorption species such as (SO42-)ads and (H+)ads on the surface of the 

electrode. It can also be related to the re-dissolution of the passivated surface [51-52].  

In Fig. 25b, L and RL are the inductance (Henri cm2) and inductive resistance (Ω cm2), 

respectively. The inductance value in weld 3 was 4 Henri cm2, which was higher than the 

weld 4 inductance value (2.5 Henri cm2). These inductance values can be related to the active 

area and the corrosion rate. Higher values of L and RL (Table 9) were obtained with the 

ER70S-6 filler metal as well as a 𝑛-value close to 1. The inductance effect must be considered 

with n-values different from -1 [53]. The presence of the inductive loop can be related to i) 

pitting corrosion linked to the adsorption/desorption of intermediates on the electrode surface 

[54-56] or ii) the accelerated anodic dissolution [57]. The inductive loop could disappear 

when a corrosion protective layer is formed on the surface [58-60]. Larger inductive loops 

indicate more severe pitting corrosion [61].  

 

Figure 25. a) Potentiodynamic curves of dissimilar weld joints obtained in 0.5M H2SO4 

solution, b) Nyquist diagrams of dissimilar welds in H2SO4 media. 

 



Table 8. Electrochemical corrosion parameters obtained for dissimilar weld joints tested in 

0.5M of H2SO4 solution. 

Weld joint Ecorr 

(V) 

Icorr 

(A/cm2) 

ba 

(mV) 

bc 

(mV) 

Vcorr  

(mmpy) 

Weld 3 -0.44 7.9E-4 103.72 184.69 9.58 

Weld 4 -0.432 9.9E-4 106.03 170.05 11.55 

 

Table 9. CEE parameters obtained for dissimilar welds in a 0.5M of H2SO4 solution. 
Weld joint  Rs  

Ωcm2 

CPE 

Fcm-2Sn-1 

n Rp 

Ωcm2 

L 

Henri cm2
 

RL 

Ωcm2 

Weld 3 4.90 1.85e-4 0.93 34.86 4 4.8 

Weld 4 3.54 4.26e-4 0.89 25.97 2.5 1.3 

 

4.6.2 NaCl medium 

Polarization curves to evaluate the corrosion resistance of dissimilar weld joints in a 3.5 wt. 

% NaCl solution and Nyquist diagrams are shown in Fig. 26. Electrochemical corrosion 

parameters are summarized in Table 10. The polarization curve of weld 3 exhibited a 

corrosion current density (1.63 x105 A/cm2) slightly higher than weld 4 (8.16 x10-6 A/cm2). 

The polarization resistance measured in weld 3 was 1 457 Ωcm2 (Table 11), associated with 

a higher corrosion rate (0.190 mmpy). This corrosion rate can be correlated to the two phases 

(ferrite and cementite) detected in the HAZ-1 (Fig. 7e), which formed galvanic cells 

accelerating electrochemical corrosion reactions. In these reactions, the cementite acts as the 

cathode and the ferrite as the anode [62]. In addition, the corrosion rate of CS A36 increases 

with the volume fraction of ferrite [63]. The corrosion rate (0.0952 mmpy) of weld 4 

decreased in the 3.5 wt. % NaCl solution. However, the corrosion resistance in weld 4 was 

higher due to the composition of the base and filler metals (high chromium content). A 

similar result was reported by N. Razak and S. Ng [64] in 1010 steel weld joints. They found 

that corrosion resistance was improved with the 308L filler metal due to its chemical 

composition, preventing intergranular corrosion. 



The circuit modeled in Fig. 26b is known as the Randles circuit. This is the typical electrical 

model used to describe the corrosion phenomenon under corrosion attack by electron charge-

transfer at the interface metal/electrolyte [65]. Also, the Randles circuit is used to simulate 

the uniform corrosion on a homogeneous surface, which has been the most used during 

decades for several studies [65]. The results of fitting the experimental data of impedance 

using the equivalent circuit (Fig. 26b) are given in Table 11. The constant phase element 

(CPE) and n-value allowed to calculate the double layer capacitance (𝐶𝑑𝑙) magnitude through 

Eq. 8. 

                                                          𝐶𝑑𝑙 = 𝑌0(𝜔𝑚𝑎𝑥)𝑛−1                                                     (8) 

where 𝑌0 represents the magnitude of CPE, 𝜔𝑚𝑎𝑥 is the maximum angular frequency and 𝑛 

is a physical parameter that gives the interphase properties of the working electrode. In weld 

3, the 𝐶𝑑𝑙 magnitude was lower (6.29x10-4 Fcm2) than in weld 4 (4.95x10-4 Fcm2). High 𝐶𝑑𝑙 
magnitude indicates a high electrochemically active surface area. Consequently, the material 

has a dynamic behavior and calculated 𝑅𝑝 values are inversely proportional to 𝐶𝑑𝑙 [66].  The 

corrosion rate measured in dissimilar weld joints indicated that weld 4 has higher corrosion 

resistance in a 3.5 wt. % NaCl solution (Table 10). 

Additionally, when n = 0, the equivalent circuit shows characteristics of a pure resistor, and 

when n = 1, the equivalent circuit behaves like a pure capacitor. Dissimilar welds behave as 

capacitors based on the calculated n values, about 0.74 and 0.73 for welds 3 and 4, 

respectively. The ideal capacitor is compensated by the CPE when n values are less than 1. 

This compensation is due to the deviations caused by the steel surface roughness, the porous 

layer formation, or the electrochemical heterogeneity, which can be observed in the proposed 

equivalent circuits [67-68].  



 

Figure 26. a) Potentiodynamic curves of dissimilar weld joints in a 3.5 wt. % NaCl 

solution, b) Nyquist diagrams of dissimilar welds in a 3.5 wt. % NaCl solution. 

 

Table 10. Electrochemical corrosion parameters of dissimilar weld joints evaluated in a 3.5 

wt.% NaCl solution. 

Weld joint Ecorr 

(V) 

Icorr 

(A/cm2) 

ba 

(mV) 

bc 

(mV) 

Vcorr  

(mmpy) 

Weld 3 -1.00 1.63E-5 505.34 119.96 0.190 

Weld 4 -0.937 8.16E-6 266.78 127.13 0.0952 

 

Table 11. CEE parameters obtained for dissimilar weld joints in a 3.5 wt. % NaCl solution. 
Weld joint  Rs  

Ωcm2 

CPE 

Fcm-2Sn-1 

n Rp 

Ωcm2 

Cdl 

Fcm-2 

Weld 3 10.61 4.73e-4 0.74 1457 6.29e-4 

Weld 4 7.98 4.18e-4 0.73 1018.1 4.95e-4 

 

Conclusions  

The herein research work studied the cracking-susceptibility of dissimilar weld joints 

between CS A36 and SS 304L through the finger test. In order to find the cracking causes, 

the metallographic results were correlated with a FE numerical model. Additionally, the 

corrosion susceptibility of dissimilar weld joints was assessed employing electrochemical 

tests. Conclusions drawn were the following: 

1.- Several cracks were found in the dissimilar weld joint with filler metal ER70S-6 (weld 

3). These cracks were induced by the residual stresses and the distortion mode (bending). 



The formation of a unique brittle martensite phase in the FZ contributed to propagating the 

largest cracks. 

2.- The dissimilar weld joint with filler metal EC410NiMo (weld 4) exhibited hot cracking 

caused by the gap between fingers. These gaps were produced during the welding thermal 

cycle. Also, some cold cracks were found in weld 4, which were associated with the 

martensitic phase and the distortion (convex and concave bending). -ferrite formed in the 

FZ due to the dilution helped to inhibit the cold and hot cracks growth.    

 3.- The CS A36 increased the heat dissipation of the SS 304L fingers in dissimilar welds. 

As a result, the HAZ in the SS 304L side was negligible due to the limited grain growth. 

However, the heat accumulation in the FZ (weld 4) produced by the low thermal conductivity 

of the filler metal (EC410NiMo) and the SS 304L fingers generated a slight increase in the 

grain size of the HAZ compared to the HAZ of weld 3. 

4.- The element diffusion (C, Cr and Ni) followed a defined direction, from the base metal 

to the weld metal. Cr and C were the chemical elements diffused in welds 3 and 4. In weld 

3, the Cr diffused to the FZ contributed to forming the brittle martensite phase. 

5.- The Cr diffusion contributed to obtaining a better corrosion resistance of weld 4 in the 

saline medium, avoiding pitting corrosion. The corrosion resistance of weld 3 in the acid 

medium was higher than weld 4 due to the Cr diffusion from the SS 304L (BM) to the FZ. 

Declarations  

Funding  

The authors would like to thank the National Council on Science and Technology (Consejo 

Nacional de Ciencia y Tecnología-México) and the Tecnológico Nacional de 

México/Instituto Tecnológico de Morelia for support during the project. N. Alcantar-

Mondragón and Víctor García´s studies were sponsored by the National Council on Science 

and Technology (Consejo Nacional de Ciencia y Tecnología-México) (N.B. 749874, 628208 

and 2019-000006-01NACV-00236).  

Conflicts of interest 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 



Availability of data and material  

Not applicable 

Code availability 

Not applicable 

Authors' contributions  

Not applicable 

References 

[1] Arivazhagan N, Singh S, Prakash S, Reddy GM (2011) Investigation on AISI 304 

austenitic stainless steel to AISI 4140 low alloy steel dissimilar joints by gas tungsten arc, 

electron beam and friction welding. Mater Design 32(5): 3036-3050. 

https://doi.org/10.1016/j.matdes.2011.01.037 

[2] Tasalloti H, Kah P, Martikainen J (2014) Effects of welding wire and torch weaving on 

GMAW of S355MC and AISI 304L dissimilar welds. Int J Adv Manuf Tech 71(1-4): 197-

205. https://doi.org/10.1007/s00170-013-5484-x 

[3] Lee S H (2019) A hot cracking on dissimilar metal weld between A106Gr. B and A312 

TP316L with buttering ERNiCr-3. Metals, 9(5), 533. https://doi.org/10.3390/met9050533 

[4] Shankar V, Gill TPS, Mannan SL, Sundaresan S (2003) Solidification cracking in 

austenitic stainless steel welds. Sadhana-Acad P Eng S 28(3-4): 359-382. 

https://doi.org/10.1007/BF02706438 

[5] Ma H, Qin G, Geng P, Li F, Fu B, Meng X (2015) Microstructure characterization and 

properties of carbon steel to stainless steel dissimilar metal joint made by friction 

welding. Mater Design 86: 587-597. https://doi.org/10.1016/j.matdes.2015.07.068 

[6] Marashi P, Pouranvari M, Amirabdollahian S, Abedi A, Goodarzi M (2008) 

Microstructure and failure behavior of dissimilar resistance spot welds between low carbon 

https://doi.org/10.1016/j.matdes.2011.01.037
https://doi.org/10.1007/s00170-013-5484-x
https://doi.org/10.3390/met9050533
https://doi.org/10.1007/BF02706438
https://doi.org/10.1016/j.matdes.2015.07.068


galvanized and austenitic stainless steels. Mater Sci Eng A 480: 175–180. 

https://doi.org/10.1016/j.msea.2007.07.007 

[7] Ul-Hamid A, Tawancy HM, Abbas NM (2005) Failure of weld joints between carbon 

steel pipe and 304 stainless steel elbows. Eng Fail Anal 12(2): 181-191. 

https://doi.org/10.1016/j.engfailanal.2004.07.003 

[8] Khalifeh AR, Dehghan A, Hajjari E (2013) Dissimilar joining of AISI 304L/St37 steels 

by TIG welding process. Acta Metall Sin-Engl 26(6): 721-727. 

https://doi.org/10.1007/s40195-013-0194-9 

[9] Abioye TE, Ariwoola OE, Ogedengbe TI, Farayibi PK, Gbadeyan OO (2019) Effects of 

welding speed on the microstructure and corrosion behavior of dissimilar gas metal arc weld 

joints of AISI 304 stainless steel and low carbon steel. Mater Today-Proc 17: 871-877. 

https://doi.org/10.1016/j.matpr.2019.06.383 

[10] Bansod AV, Patil AP (2017) Effect of welding processes on microstructure, mechanical 

properties, and corrosion behavior of low-Nickel austenitic stainless steels. Metallogr. 

Microstruct. Anal. 6(4), 304–314. https://doi.org/10.1007/s13632-017-0368-3 

[11] Lippold JC, Savage WF (1982) Solidification of austenitic stainless steel weldments: 

Part III--the effect of solidification behavior on hot cracking susceptibility. Weld J 61(12): 

388-396.  

[12] Kannengiesser T, Boellinghaus T (2014) Hot cracking tests—an overview of present 

technologies and applications. Weld World 58(3): 397-421. https://doi.org/10.1007/s40194-

014-0126-y 

[13] Houldcroft PT (1955) A simple cracking test for use with argon-arc welding. Br Weld J 

2(10): 471–475. 

[14] Savage WG, Lundin CD (1965) The Varestraint test. Weld J 44(10): 433s–442s. 

[15] Savage WF, Lundin CD (1966) Application of the Varestraint technique to the study of 

weldability. Weld J 45(11): 497–503. 

[16] DIN EN ISO 17641: Destructive tests on welds in metallic materials—hot cracking tests 

for weldments, part 1–3 arc welding processes (2005). 

https://doi.org/10.1016/j.msea.2007.07.007
https://doi.org/10.1016/j.engfailanal.2004.07.003
https://doi.org/10.1007/s40195-013-0194-9
https://doi.org/10.1016/j.matpr.2019.06.383
https://doi.org/10.1007/s40194-014-0126-y
https://doi.org/10.1007/s40194-014-0126-y


[17] McKewon D (1970) Versatile weld metal cracking tests. Met Constr-Brit Weld 

2(8):351–352 

[18] Shankar V, Gill TPS, Mannan SL, Sundaresan S (2000) Criteria for hot cracking 

evaluation in austenitic stainless steel welds using longitudinal varestraint and 

transvarestraint tests. Sci Technol Weld Joi 5(2): 91-97. 

https://doi.org/10.1179/136217100101538074 

[19] Cho DW, Na SJ, Cho MH, Lee JS (2013) A study on V-groove GMAW for various 

welding positions. J Mater Process Tech 213(9): 1640-1652. 

https://doi.org/10.1016/j.jmatprotec.2013.02.015 

[20] Da Silva CLM, Scotti A (2004) Performance assessment of the (Trans) Varestraint tests 

for determining solidification cracking susceptibility when using welding processes with 

filler metal. Meas Sci Technol 15(11): 1-9. doi:10.1088/0957-0233/15/0/000 

[21] ASM Handbook (1993) Welding, brazing and soldering. American Society of Materials, 

USA.  

[22] Stern M, Geary AL (1957) Electrochemical polarization: I. A theoretical analysis of the 

shape of polarization curves. J Electrochem Soc 104:56-63. 

https://doi.org/10.1149/1.2428496 

[23] ASTM G102-89(1999), Standard Practice for Calculation of Corrosion Rates and 

Related Information from Electrochemical Measurements, ASTM International, West 

Conshohocken, PA. DOI: 10.1520/G0102-89R99 

[24] Lindgren LE (2006) Numerical modelling of welding. Comput Method Appl M 195(48-

49): 6710-6736. https://doi.org/10.1016/j.cma.2005.08.018 

[25] Goldak J, Chakravarti A, Bibby M (1984) A new finite element model for welding heat 

sources. Metall Trans B, 15(2): 299-305. https://doi.org/10.1007/BF02667333 

[26] Lee CH, Chang KH (2012) Temperature fields and residual stress distributions in 

dissimilar steel butt welds between carbon and stainless steels. Appl Therm Eng 45: 33-41. 

https://doi.org/10.1016/j.applthermaleng.2012.04.007 

https://doi.org/10.1179/136217100101538074
https://doi.org/10.1016/j.jmatprotec.2013.02.015
https://doi.org/10.1149/1.2428496
https://doi.org/10.1016/j.cma.2005.08.018
https://doi.org/10.1007/BF02667333
https://doi.org/10.1016/j.applthermaleng.2012.04.007


[27] Cho DW, Na SJ, Cho MH, Lee JS (2013) A study on V-groove GMAW for various 

welding positions. J Mater Process Tech 213(9), 1640-1652. 

https://doi.org/10.1016/j.jmatprotec.2013.02.015 

[28] Zhu C, Cheon J, Tang X, Na SJ, Cui H (2018) Molten pool behaviors and their influences 

on welding defects in narrow gap GMAW of 5083 Al-alloy. Int J Heat Mass Tran 126: 1206-

1221. https://doi.org/10.1016/j.ijheatmasstransfer.2018.05.132 

[29] Gery D, Long H, Maropoulos P (2005) Effects of welding speed, energy input and heat 

source distribution on temperature variations in butt joint welding. J Mater Process 

Tech 167(2-3): 393-401. 

https://doi.org/10.1016/j.jmatprotec.2005.06.018 

[30] Attarha MJ, Sattari-Far I (2011) Study on welding temperature distribution in thin 

welded plates through experimental measurements and finite element simulation. J Mater 

Process Tech 211(4): 688-694. https://doi.org/10.1016/j.jmatprotec.2010.12.003 

[31] Hu Y, He X, Yu G, Ge Z, Zheng C, Ning W (2012) Heat and mass transfer in laser 

dissimilar welding of stainless steel and nickel. Appl Surf Sci 258(15): 5914-5922. 

https://doi.org/10.1016/j.apsusc.2012.02.143 

[32] Ueda Y, Murakawa H, Ma N (2012) Welding deformation and residual stress 

prevention. Butterworth-Heineman, USA. 

[33] Liang W, Murakawa H, Deng D (2015) Investigation of welding residual stress 

distribution in a thick-plate joint with an emphasis on the features near weld end-start. Mater 

Design 67:303–312. https://doi.org/10.1016/j.matdes.2014.11.037  

[34] Deng D, Liang W, Murakawa H (2007) Determination of welding deformation in fillet 

welded joint by means of numerical simulation and comparison with experimental 

measurements. J Mater Process Tech 183:219–225. 

https://doi.org/10.1016/j.jmatprotec.2006.10.013 

[35] Akbari Mousavi SAA, Miresmaeili R (2008) Experimental and numerical analyses of 

residual stress distributions in TIG welding process for 304L stainless steel. J Mater Process 

Tech 208:383–394. https://doi.org/10.1016/j.jmatprotec.2008.01.015 

https://doi.org/10.1016/j.jmatprotec.2013.02.015
https://doi.org/10.1016/j.ijheatmasstransfer.2018.05.132
https://doi.org/10.1016/j.jmatprotec.2005.06.018
https://doi.org/10.1016/j.jmatprotec.2010.12.003
https://doi.org/10.1016/j.apsusc.2012.02.143
https://doi.org/10.1016/j.matdes.2014.11.037
https://doi.org/10.1016/j.jmatprotec.2006.10.013
https://doi.org/10.1016/j.jmatprotec.2008.01.015


[36] Lippold JC 2015 Welding metallurgy and weldability. John Wiley & Sons Incorporated, 

New Jersey. 

[37] Hinton RW, Wiswesser RK (2008) Estimating welding preheat requirements for 

unknown grades of carbon and low-alloy steels. Weld journal Hinton, R. W., & Wiswesser, 

R. K. (2008). Estimating welding preheat requirements for unknown grades of carbon and 

low-alloy steels. Weld J 87(11): 273-76.  

[38] Kotecki DJ, Siewert TA (1992) WRC-1992 constitution diagram for stainless steel weld 

metals: a modification of the WRC-1988 diagram. Weld J 71(5): 171-178. 

[39] Hasçalik A, Unal E, Ozdemir N (2006) Fatigue behavior of AISI 304 steel to AISI 4340 

steel welded by friction welding. J Mater Sci 41:3233-3239. https://doi.org/10.1007/s10853-

005-5478-7 

[40] Jafarzadegan M, Feng AH, Abdollah-zadeh A, Saeid T, Shen J, Assadi H (2012) 

Microstructural characterization in dissimilar friction stir welding between 304 stainless steel 

and st37 steel. Mater Charact 74:28-41. https://doi.org/10.1016/J.MATCHAR.2012.09.004 

[41] Wei P, Li H, Liu J, Li S, Zhang Y, Zhu Q, Lei Y (2020) The effect of water environment 

on microstructural characteristics, compositional heterogeneity and microhardness 

distribution of 16Mn/304L dissimilar welded joints. J Manuf Process 56:417-427. 

https://doi.org/10.1016/j.jmapro.2020.05.006 

[42] Ficquet X, Smith DJ, Truman CE, Kingston EJ, Dennis RJ (2009) Measurement and 

prediction of residual stress in a bead-on-plate weld benchmark specimen. Int J Pres Ves 

Pip 86(1): 20-30. https://doi.org/10.1016/j.ijpvp.2008.11.008 

[43] Aloraier AS, Joshi S (2012) Residual stresses in flux cored arc welding process in bead-

on-plate specimens. Mat Sci Eng A 534: 13-21. https://doi.org/10.1016/j.msea.2011.10.107 

[44] Rossini NS, Dassisti M, Benyounis KY, Olabi AG (2012) Methods of measuring 

residual stresses in components. Mater Design, 35: 572-588. 

https://doi.org/10.1016/j.matdes.2011.08.022 

[45] Wang J, Yin X, Murakawa H (2013) Experimental and computational analysis of 

residual buckling distortion of bead-on-plate welded joint. J Mater Process Tech 213(8): 

1447-1458. https://doi.org/10.1016/j.jmatprotec.2013.02.009 

https://doi.org/10.1007/s10853-005-5478-7
https://doi.org/10.1007/s10853-005-5478-7
https://doi.org/10.1016/J.MATCHAR.2012.09.004
https://doi.org/10.1016/j.jmapro.2020.05.006
https://doi.org/10.1016/j.ijpvp.2008.11.008
https://doi.org/10.1016/j.msea.2011.10.107
https://doi.org/10.1016/j.matdes.2011.08.022
https://doi.org/10.1016/j.jmatprotec.2013.02.009


[46] DuPont JN, Kiser SD, Lippold JC (2009) Dissimilar welding. In: Welding Metallurgy 

and Weldability of Nickel-Base Alloys. Wiley, New Jersey. 

[47] Köse C, Kaçar R (2014) The effect of preheat & post weld heat treatment on the laser 

weldability of AISI 420 martensitic stainless steel. Mater Design 64: 221-226. 

https://doi.org/10.1016/j.matdes.2014.07.044 

[48] Kurt B, Orhan N, Somunkıran I, Kaya M (2009) The effect of austenitic interface layer 

on microstructure of AISI 420 martensitic stainless steel joined by keyhole PTA welding 

process. Mater Design 30:661–664. https://doi.org/10.1016/j.matdes.2008.05.027 

[49] Badheka VJ, Agrawal SK, Shroff N (2010) Mode of failure of resistance spot welded 

martenstic stainless steel-part-II. Int J Mech Mater Eng 5(1): 43-52. 

[50] Torkamany MJ, Sabbaghzadeh J, Hamedi MJ (2012) Effect of laser welding mode on 

the microstructure and mechanical performance of dissimilar laser spot welds between low 

carbon and austenitic stainless steels. Mater Design 34: 666-672. 

https://doi.org/10.1016/j.matdes.2011.05.024 

[51] Rabizadeh T and Khameneh-Asl S (2019) Casein as a natural protein to inhibit the 

corrosion of mild steel in HCl solution. J Mol Liq 276:694-704 

https://doi.org/10.1016/j.molliq.2018.11.162 

[52] Ashassi-Sorkhabi H, Asghari E (2008) Effect of hydrodynamic conditions on the 

inhibition performance of L-methionine as a ‘‘green’’ inhibitor, Electrochimica Acta 

54(2):162–167. https://doi.org/10.1016/j.electacta.2008.08.024 

[53] Yeganeh M, Khosravi-Bigdeli I, Eskandari M, Alavi-Zaree SR (2020) Corrosion 

Inhibition of L-Methionine Amino Acid as a Green Corrosion Inhibitor for Stainless Steel in 

the H2SO4 Solution. J Mater Eng Perform 29(6):3983-3994 https://doi.org/10.1007/s11665-

020-04890-y 

[54] Pardo A, Merino MC, Coy AE, Viejo F, Arrabal R, Feliú S (2008) Influence of 

microstructure and composition on the corrosion behaviour of Mg/Al alloys in chloride 

media. Electrochimica Acta 53(27):7890-7902. 

https://doi.org/10.1016/j.electacta.2008.06.001 

https://doi.org/10.1016/j.matdes.2014.07.044
https://doi.org/10.1016/j.matdes.2008.05.027
https://doi.org/10.1016/j.matdes.2011.05.024
https://doi.org/10.1016/j.molliq.2018.11.162
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.electacta.2008.08.024?_sg%5B0%5D=kfJky4TylodD_7zZHKsMV7h9Kp1xvvR4yDkNLqk--ejNKktThFvTVnSZsLUF4RPtBirePfy9lmgYxKf5zUocDXRr4A.XGYVEgqIfRsVx0vmvVtlAZyjCnJ3kYKvErxbcrUT4ylFgOAgjNt6QpfqH7b5FAf2lkfEfRIAXFeAD2tN4iKB2A
https://www.x-mol.com/paperRedirect/1273036743348088832
https://www.x-mol.com/paperRedirect/1273036743348088832
https://doi.org/10.1016/j.electacta.2008.06.001


[55] Brett CMA, Dias L, Trindade B, Fischer R, Mies S (2006) Characterisation by EIS of 

ternary Mg alloys synthesised by mechanical alloying. Electrochimica Acta 51(8-9):1752-

1760. https://doi.org/10.1016/j.electacta.2005.02.124 

[56] Chang JW, Guo XW, Fu PH, Peng LM, Ding WJ (2007) Effect of heat treatment on 

corrosion and electrochemical behaviour of Mg-3Nd-0.2Zn-0.4Zr (wt.%) alloy. Electrochim 

Acta 52(9):3160-3167. https://doi.org/10.1016/j.electacta.2006.09.069  

[57] King AD, Birbilis N, Scully JR (2014) Accurate electrochemical measurement of 

magnesium corrosion rates: A combined impedance, mass-loss and hydrogen collection 

study. Electrochimica Acta 121:394-406. https://doi.org/10.1016/j.electacta.2013.12.124 

[58] Anik M, Celikten G (2007) Analysis of the electrochemical reaction behavior of alloy 

AZ91 by EIS technique in H3PO4/KOH buffered K2SO4 solutions. Corros Sci 49(4):1878-

1894. https://doi.org/10.1016/j.corsci.2006.10.016 

[59] Arrabal R, Pardo A, Merino MC, Mohedano M, Casajús P, Paucar K, Garcés G (2012) 

Effect of Nd on the corrosion behaviour of AM50 and AZ91D magnesium alloys in 3.5 wt. 

% NaCl solution. Corros Sci 55:301-312. http://dx.doi.org/10.1016/j.corsci.2011.10.033 

[60] Baril G, Blanc C, Pébère N (2001) AC impedance spectroscopy in characterizing time-

dependent corrosion of AZ91 and AM50 magnesium alloys-Characterization with respect to 

their microstructures. J Electrochem 148(12): B489-B496. 

https://doi.org/10.1149/1.1415722 

[61] Sun M, Yerokhin A, Bychkova MY, Shtansky DV, Levashov EA, Matthews A (2016) 

Self-healing plasma electrolytic oxidation coatings doped with benzotriazole loaded 

halloysite nanotubes on AM50 magnesium alloy. Corros Sci 11:753-769. 

https://doi.org/10.1016/j.corsci.2016.06.016 

[62] Sami I Al-R, Eman AA, Mahdi MH (2013) The Influence of microstructure on the 

corrosion rate of carbon steels. Eng &Tech Journal 31:1825-1836 

[63] Ramirez-Arteaga A M, Gonzalez-Rodriguez JG, Campillo B, Gaona-Tiburcio C, 

Dominguez-Patiño G, Leduc Lezama L, Chacon-Nava JG, Neri-Flores MA, Martinez-

Villafañe A (2010) An electrochemical study of the corrosion behavior of a dual phase steel 

in 0.5m H2SO4. Int J Electrochem Sci 5:1786-1798. 

https://doi.org/10.1016/j.electacta.2005.02.124
https://www.cheric.org/research/tech/periodicals/doi.php?art_seq=581888
https://doi.org/10.1016/j.electacta.2013.12.124
https://doi.org/10.1016/j.corsci.2006.10.016
http://dx.doi.org/10.1016/j.corsci.2011.10.033
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1149%2F1.1415722?_sg%5B0%5D=XxBzaQb7Y9PJf0yvd5lgZxR7Tc3nePyCdm5914j8drKfZwaAC25yWt6Nawae8p57t7FBmwtCu3FRpT5yMjPEQ3pIQg.EXiiLEmUzmgy36HPkclvDKtSrIjTR8zV34D9LRfJeBHo6WDOo6XAvNBzXvqssps2stV96zOg0ha3Qne2UbGTiA
https://doi.org/10.1016/j.corsci.2016.06.016


[64] Razak NAA, Ng SS (2014) Investigation of effects of MIG welding on corrosion 

behavior of AISI 1010 carbon steel. J Mech Eng Sci 7(1):1168-1178. 

https://doi.org/10.15282/jmes.7.2014.16.0114 

[65] Mansfeld F, Shih h, Greene H, Tsai CH (1993) Analysis of EIS data for common 

corrosion processes. In Electrochemical impedance: analysis and interpretation. 1st ed. 

ASTM publication, USA. 

[66] Bellezze T, Giuliani G, Viceré A, Roventi G (2018) Study of stainless steels corrosion 

in a strong acid mixture. Part 2: anodic selective dissolution, weight loss and electrochemical 

impedance spectroscopy tests. Corros Sci 130:12–21. 

https://doi.org/10.1016/j.corsci.2017.10.010 

[67] Rahal C, Masmoudi M, Abdelhedi R, Sabot R, Jeannin M, Bouaziz M, Refait P (2016) 

Olive leaf extract as natural corrosion inhibitor for pure copper in 0.5 M NaCl solution: A 

study by voltammetry around OCP. J Electroanal Chem 769:53-61. 

https://doi.org/10.1016/j.jelechem.2016.03.010 

[68] Yuan XZR, Song C, Wang H, Zhang, J (2009) Electrochemical Impedance Spectroscopy 

in PEM Fuel Cells: Fundamentals and Applications, Springer-Verlag, London. 

https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.15282%2Fjmes.7.2014.16.0114?_sg%5B0%5D=R_sTdOmXv8GHAJVAofIDOS3Ml9SYaW7Sy8OdFg8X7dwIm1v7ZYY6oPPOBiL57LLUUmkXvB6pmfYWwM88jqxBo3vI2g.uzJz0vCBgBsjwnzmbK5P5Ji73jn50p7jyc--HV_mr1GURcCSl25WgVKPRvDLxZXM2QXlEorwPj-GhWFjNSAQ8g
https://sci-hub.se/10.1016/j.corsci.2017.10.010
https://doi.org/10.1016/j.jelechem.2016.03.010


Figures

Figure 1

a) Experimental set-up of the GMAW process applied to the �nger test specimens, b) Microhardness
measurement performed on weld joints.



Figure 2

a) FE mesh used by the thermo-mechanical simulation, b) Orthogonal quality (average =0.97), c)
Skewness (average =0.013).



Figure 3

Ferritic-pearlitic microstructure of CS A36 (3% Nital etched): a) Frontal section, b) Cross section, c)
Microstructure of SS 304L (BM).



Figure 4

Creq-Nieq and dilution of BM (CS A36 and SS 304L) and �ller metals (ER70S-6 and EC410NiMo) plotted
in the Schae�er diagram (estimations).



Figure 5

Critical weld regions (FZ and HAZ) observed in: a) Weld 1, b) Weld 2, c) Weld 3, d) Weld 4.



Figure 6

Microstructures of the FZ and HAZ observed in a-b) Weld 1, c-d) Weld 2.



Figure 7

a) FZ-HAZ microstructure of weld 3, b) Block-shaped martensite found in the FZ, c) -ferrite detected in
the HAZ, d) FZ close to the CS A36, e) HAZ of the CS A36 side.



Figure 8

a) EDS analysis performed on the HAZ (SS 304L) and FZ (ER70S-6) in weld 3 to quantify the distributions
of: b) Cr, c) Ni, d) C.



Figure 9

a) EDS analysis performed on the HAZ (CS A36) and FZ (ER70S-6) in weld 3 to quantify the distributions
of: b) Cr, c) Ni, d) C.

Figure 10



Microstructure of the critical regions of weld 4, SS 304L side: a) FZ-HAZ, b) HAZ, c) FZ, and CS A36 side:
d) FZ-HAZ, f) FZ.

Figure 11

a) EDS analysis performed on the HAZ (CS A36) and FZ (EC410NiMo) in weld 4 to quantify the
distributions of: b) Cr, c) Ni, d) C.



Figure 12

a) EDS analysis performed on the HAZ (304L SS) and FZ (EC410NiMo) in weld 4 to quantify the
distributions of: b) Cr, c) Ni, d) C.

Figure 13

FE estimations of transient temperature distribution for: a) Weld 1, b) Weld 2, c) Weld 3, d) Weld 4.



Figure 14

Peak temperatures estimated by the FE numerical model during the welding thermal cycle for: a) Weld 1,
b) Weld 2, c) Weld 3, d) Weld 4.



Figure 15

Longitudinal distortion measured experimentally vs. FE thermo-mechanical model estimations for: a)
Weld 1, b) Weld 2, c) Weld 3, d) Weld 4.



Figure 16

FE estimations of residual stress (a-d) and longitudinal distortion (e-g) during the thermal cycle in weld 1.

Figure 17

FE estimations of residual stress (a-d) and longitudinal distortion (e-g) during the thermal cycle in weld 2.

Figure 18

FE estimations of residual stress (a-d) and longitudinal distortion (e-g) during the thermal cycle in weld 3.



Figure 19

FE estimations of residual stress (a-d) and longitudinal distortion (e-g) during the thermal cycle in weld 4.

Figure 20



Transverse deformation (x-direction) estimated by the FE thermo-mechanical model for: a) Weld 1, b)
Weld 2, c) Weld 3, d) Weld 4.

Figure 21

Cracks and micro-cracks found in weld 3 (a-b) and weld 4 (c-d) through LOM and SEM.



Figure 22

a) Elemental mapping of chemical elements performed on cracks and micro-cracks found in the FZ (weld
3) to detect concentration of: b) C, c) Al, d) Mn, e) Cr, f) Ni.

Figure 23

a) Elemental mapping of chemical elements performed on cracks and micro-cracks found in the FZ (weld
4) to detect concentration of: b) C, c) Mn, d) Si, e) Cr, f) Ni.



Figure 24

Microhardness pro�les measured experimentally for: a) Similar welds (welds 1 and 2, Table 2), b)
Dissimilar welds (welds 3 and 4, Table 2).

Figure 25

a) Potentiodynamic curves of dissimilar weld joints obtained in 0.5M H2SO4 solution, b) Nyquist
diagrams of dissimilar welds in H2SO4 media.



Figure 26

a) Potentiodynamic curves of dissimilar weld joints in a 3.5 wt. % NaCl solution, b) Nyquist diagrams of
dissimilar welds in a 3.5 wt. % NaCl solution.


