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ABSTRACT 

 

For better efficiency, manufacturers these days are more interested in using very light weight 

materials that not only reduces the overall weight of the structure but also enables the use of latest 

technology. Due to their immense strength, ease in fabrication, Austenitic Stainless Steel grades 

find their application in wide range of manufacturing industries such as automotive, medical, 

construction, aerospace. Various problems such as burn through, distortions, spatter and other 

defects were reported when thin austenitic stainless sheets were welded using conventional arc 

welding process because of their high heat input. Cold Metal transfer welding is a modern era 

welding technology for joining of thin sheets as optimum penetration at low heat input and spatter 

free weld can be obtained. In this research work SS202 samples of thickness 1.58mm have been 

welded using SS308 filler wire by CMT welding process. Three different levels of Current (80A, 

100A, 120A), Welding speed (3mm/sec, 4mm/sec, 5mm/sec), and Pulse dynamic correction Factor 

(-10, 0, +10) were set as input process parameter. The experiments have been carried out at most 

optimum parametric combination obtained from Taguchi L9 design of experiment array. The 

superiority of weld was estimated in the form of three mechanical properties Yield Strength (YS), 

Ultimate Tensile Strength (UTS), and Percentage Elongation wherein highest value obtained for 

the three were 379 MPa, 871 MPa, and 65.9% respectively. The experimental data obtained have 

been optimized by Taguchi’s S/N ratio larger the better criteria. Further, Ultrasonic Assisted CMT 

Welding have been carried out on same SS202 samples of 1.58mm thickness under same process 

parameter and result have been compared with responses obtained for CMT welded samples 

without Ultrasonic vibrations.  

 

KEYWORDS: CMT, Yield Strength, Ultimate Tensile Strength, Percentage Elongation, Pulse 

dynamic Correction Factor, Taguchi, Ultrasonic Assisted CMT 
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CHAPTER 1 INTRODUCTION  

For better efficiency, manufacturers these days are more interested in using very light weight 

materials that not only reduces the overall weight of the structure but also enables the use of 

latest technology.  

Austenitic stainless sheets of grade 200 series and 300 series are used extensively in 

manufacturing industries because of their excessive value of strength, resistance to 

temperature, ease of fabrication [Baddoo et al. (2008)] HSLA steels find their extensive 

utilization in ship building, and has several other industrial applications because of its 

favorable mechanical properties and excellent weldability [Cao et al. (2011) and Czyryca et 

al. (1990)] Addition of molybdenum and its low carbon content composition makes AISI 

316L most suitable material to be used in manufacturing of furnace parts, exhaust manifold, 

jet engine and heat exchanger as it is having corrosion resistant property [Ghosh et al (2018)]. 

Almost all the austenitic stainless grades are welded by the GMAW process but during the 

welding of austenitic stainless thin sheets by conventional arc welding process high heat input 

causes distortions and burn through. [Reisgen et al (2019)].    

Magnesium alloys are most promising materials of the latest era due to its high strength and 

stiffness. But because of its hexagonal closed packed structure which is having improper slip 

systems at room temperature, manufacturing of complex shapes and parts is very expensive. 

[Coelho et al. (2008)]. To solve the joining problem of magnesium alloys many welding 

process have been used such as gas metal arc welding (GMAW), friction stir welding (FSW), 

electron beam welding (EBW) and others. Among all these welding processes GMAW has 

given very efficient results. [Min et al. (2009)]. There are so many problems that has been 

reported during fusion welding of Mg alloys and Al alloys. Since Magnesium are one of the 

lightest material which are used in automobile and aerospace industries they have potential 

to form hybrid structure with aluminum alloys which can reduce the weight of the overall 

structure. [Zeng et al. (2001)]. Weld bead of magnesium alloy is very likely to have coarse 

grain in addition to this there is high probability of evaporation, oxidation, and hot cracking 

during the welding. Hence, there is immense need to use a welding technology by which a 

stable and controlled heat input can be given. [Feng et al. (2005)] 
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Aluminum provides high resistance to corrosion as well as high strength to weight ratio and 

their addition with steel, is considered as most promising in manufacturing industries. During 

early era, welding of aluminum alloys was very limited as less strength and more heat 

affected zone (HAZ) was obtained using the conventional welding process. Although, 

Tungsten Inert Gas (TIG) and Metal Inert Gas (MIG) welding were invented and most of the 

industries used these processes for welding of aluminum but still low joint efficiency and 

numerous defects in welded joints were reported due to high heat input rate. [Gungor et al 

(2014)] 

As pollution is increasing day by day there is immense need to take measures to reduce 

pollution and save our energy sources. It is highly appreciable if hybrid structure is used 

where steel and aluminum can be joined to make automobile parts lighter. [Cole et al. (1995)] 

Joining of these dissimilar metal by fusion welding has always been an issue because of the 

formation of the intermetallic compounds.  

Traditionally all these materials were welded by using arc welding method like MIG/MAG 

welding, TIG welding. Shielded Metal arc welding (SMAW) provides higher heat input 

which results in the formation of the coarser grains and wider heat affected zone. [Nathan et 

al. (2005)]. Welding of thin sheets of these materials is very difficult at constant high heat 

energy that is given in these conventional process. During the welding process temperature 

variation in the parent metals and the welds shows effect on heat affected zone, dimensional 

accuracy, residual stresses and microstructure characteristics of the weld [KURSUN et al. 

(2008)]. There was immense need to develop the technology which gives optimum heat as 

input for welding of these materials. 

 [Koli et al. (2020)] reported that for same current CMT showed low amount of bead 

penetration when evaluated against MIG Pulse and MIG manual, hence thin sheets can be 

welded by using CMT. [Frostevar et al. (2014)] reported that CMT arc mode showed better 

weld bead stability, less under cut, less heat affected zone and required less power as 

compared to pulsed and standard arc mode. [Stanciu et al. (2017)] reported that by reducing 

wire feed rate reinforcement in CMT welding can be reduced whereas increasing the welding 

speed results in improper penetration. Defect free and porosity less weld overlay of Inconel 
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617M over SS316 sheets can be obtained by Cold Metal Transfer Welding Process. 

[Varghese (2019)].  

An optimum penetration of the weld bead with high dilution and a huge depletion in residual 

stresses value was discovered by [Koli et al. (2020)] using CMT joining technology. CMT 

arc mode was reported to have least welding defects with negligible distortions along with 

best mechanical properties were obtained in comparison to standard and pulsed mode. [Lei 

et al. (2017)]. Less heat affected zone was reported for CMT as compared to MIG and 

GTAW. [Dharmik, et al. (2020)].  The best mechanical properties were obtained using CMT 

arc mode in comparison to standard and pulsed mode. Under the CMT arc mode, welding 

with chill block under the bottom sheet could prevent the downfall of the weld metal and the 

accelerated heat dissipation which results in the negligible heat affected zone. [Lei et al. 

(2017)]. 

 

1.1 COLD METAL TRANSFER WELDING PROCESS 

Cold Metal Transfer Welding is a latest technology which is modification to MIG welding. 

In this superior welding technology, the filler wire is drawn backward and forward which is 

an alternative to continuous wire feed with the aid of a creative wire feed system which is 

coupled with control system [Selvi et al. (2018)].  The detachment of droplet during short-

circuit is assisted by this wire retraction motion hence, the droplet is fetched into the weld 

pool without any help of the electromagnetic force [Schierl et al. (2005)]. Using CMT 

welding process accurate material deposition rates are obtained and current parameters are 

controlled very precisely, this helps in giving low thermal energy which is ample and 

adequate to liquefy both filler wire and base material hence, less distorted spatter free weld 

bead is obtained [Zhang et al. (2012)]. The above quoted advantages of CMT welding 

technology makes it suitable process for joining various similar and dissimilar metal [Chen 

et al. (2017)]. The whole droplet transfer cycle or process is carried out three phases as shown 

in figure 1.1  
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[a] The peak current phase: In the peak current phase high pulse of current is there along 

with constant arc voltage. This high pulse of current ignites the welding arc easily and then 

forms the droplet by heating the wire electrode. 

[b] The background current phase: The background current phase corresponds to lower 

current. Since a little liquid droplet is formed on the wire tip in the peak current phase so in 

order to inhibit the globular transfer the current is dropped very drastically in the background 

phase and the constant low level of current is kept until the short circuiting process happens. 

[c] The short-circuiting phase: In the short-circuiting phase, weld pools contacts with the 

wire, with arc voltage dropping to zero arc is extinguished. The back-drawing force is the 

main factor that urges the droplet to break away from the wire into the weld pool. In this 

phase the liquid fracture and transfer of material into the welding pool finally takes place. 

[Kursun et al. (2008] 

 

 

Figure 1.1: The current and Voltage Waveforms of the CMT process [Selvi et al. (2018)] 
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Figure 1.2:  CMT welding process –  Different phases of wire feed motion [Sravanthi et al. 

(2019)] 

Figure 1.2 represents the how the wire feed motion occurs in different phases in CMT 

welding process. The whole process is explained in the form of figure (a), (b), (c) and (d) as 

discussed below:  

a) The wire feed motion towards the weld pool during arcing period  

b) As the wire is dipped into the molten weld pool, process of short circuiting takes place 

due to which arc is extinguished and the value of welding current comes to lower value.  

c) The moment at which retraction of the wire takes place, the backward or rearward 

movement of wire serves the purpose of detachment of the droplet during the short circuit. 

d) Since the transfer of metal is also assisted by the Surface Tension, this results in 

controlling the value of current to a very low value which results in overall reduction in 

input of heat and hence spatter is reduced. In this the wire is reversed and the process 

starts from the beginning again. In this manner the process is continued again and again. 

[Sravanthi et al. (2019) and [Kursun et al. (2008] 

Current of zero magnitude is there during short circuiting which is 25% of total time during 

CMT welding. This reduces the energy consumption to 30 to 40 percent and hence the cost 

incurred is also reduced. [Kumar et al. (2018)]. The tensile strength obtained by CMT 

welding process was very close to the tensile strength obtained by Friction Stir welding. Also, 

the yield strength obtained by CMT welding process was reported to be higher than obtained 

by any other welding processes such as MIG welding process, Friction Stir Welding process 

that too at very low heat input. CMT welding process required low heat input as compared 

to conventional MIG welding process and almost negligible distortion of the welded plate 
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was obtained. [Gungor et al. (2014)]. CMT welding process reduces the thickness of the 

brittle intermetallic layer which is formed at the interface of aluminum and steel welded joint. 

[Zhang et al. (2008)]. Porosity was drastically reduced in the weld bead of AA2219 

aluminum alloy samples when welded by CMT welding in comparison to conventional 

welding processes. [Cong et al (2016)] 

 

1.2 STAINLESS STEEL 

The main constituent in the stainless steels is iron. The other main element that must be 

present in the material is chromium which should at least 10.5 % than only the given material 

be considered in the stainless steel category. These are the corrosion resistant steels because 

of high chromium content. The rapid oxidation is prevented due to formation of protective 

oxide layer due to reaction of oxygen with chromium and hence corrosion is resisted. The 

other elements such as Nickel, Molybdenum, Carbon, Manganese, Silicon, Sulphur, Carbon, 

Niobium Titanium, Copper and Nitrogen is added in varying quantity to obtain the different 

grades of Stainless steels. [Jurica et al. (2018)].  

Stainless steels find their application in different fields such as automobile industry, 

fabrication of sheet metal, chemical industry, manufacturing of railway coaches Cooking 

utensils, Railway equipments, Motor shafts of boats Petrochemical Industries Power and 

Transportation, Paper and oil industries [Devakumar et al. (2014), Ra Sudhakaran et al 

(2014), Vignesh et al. (2015) and Jurica et al. (2018)].  

1.2.1 TYPES OF STAINLESS STEEL 

Different types of stainless steel as per ASM standard is as follows: 

1) Austenitic Stainless Steel: These cover the major portion of stainless steels in terms of 

different types of alloys and usage. There are further subdivide into two categories: 

a) AISI 300 series: These are mainly iron, chromium, nickel based alloys. Such as SS301, 

SS302, SS304, SS308, SS316. The range of chromium is in between 16% to 26%, for 
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nickel range is in between 10% to 22% and also contains Titanium, Molybdenum, 

Niobium and Nitrogen.  

 

b) AISI 200 series: These are mainly iron, chromium, nickel and manganese based alloy. 

In this molybdenum range is in between (5% to 18%) which replaces the nickel. As 

nitrogen is added in this they show higher yield strength than that of 300 series. 

Austenitic Stainless steel grades possess high ductility, excellent resistance against corrosion 

and other functional characteristics that makes it suitable material for usage in manufacturing 

industries. [Kujanpaa et al. (2014) and Lyon et al. (2015)] In addition to this they show 

excellent toughness and resistance to temperature. [Ishimaru et al. (2014)]. They can be 

made soft easily and are easily deformable, and also they can become also become extremely 

hard by cold working. This means yield strength can vary between 200 MPa to 2000 MPa 

for stainless steel. Even in softer condition Tensile strength of austenitic Stainless steel is 

greater than that of mild steel. In softer condition stainless steels possess exceptional 

ductility and high value of percentage elongation of about 50%. Further the stainless steel 

can undergo the process of cold working and hence, can be used for the manufacturing of 

several goods and products. [Jurica et al. (2018)]. They show excellent weldability and 

formability. These are essentially nonmagnetic. Addition of Sulphur, Phosphorous and 

manganese also improves the weldablity [Reisgen et al. (2019)] 

2. Ferritic Stainless Steels: These contains Iron and chromium as their major composition. 

These are 400 series alloys containing chromium in the range of 11 % to 27% and with an 

addition of small amount of stabilizers such as Aluminum, Niobium, Titanium that stabilizes 

the ferrite. These material do not get hardened. Recent development showed the evolution 

of Super ferritics material having chromium up to 30% with 4% molybdenum and 2% nickel. 

They are resistant to SCC (Stress corrosion cracking). They do not possess good weldability 

and problem of grain growth is there. Because of these problems in welding very thin 

thickness sheets are not used for the construction of large structures. 

3. Martensitic Stainless Steel: These possess many properties and are resistant to creep. The 

chromium content is in the range of 12 % to 15% in addition to this 0.2 to 1% molybdenum 

is also present. The amount of Carbon content is 0.1% to 1% and amount of nickel present 



8 
 

is nil.  Presence of these element makes them ferromagnetic. They show wear resistant 

properties with high resistance to corrosion and excellent toughness. They are used in 

aerospace industries.  

4) Duplex Stainless Steel: The ratio of Ferrite and Austenite is maintained to 50% each so 

that desirable mechanical properties can be achieved. They are having chromium in the range 

of 19% to 32% and molybdenum up to 5 %. Theses possess a larger value of toughness and 

supreme weldability in comparison to ferritic stainless steel [Chan et al. (2014)]. These also 

possess formability and weldability up to a certain extent. 

5) Precipitation hardening stainless steel: They use about 17 % chromium and 4% nickel 

content having comparable strength to austenitic stainless steel and can be hardened to 

further improve the strength. 

 

1.2.2 PROPERTIES OF SS 202 MATERIAL 

Austenitic steel grade such as SS202 which is having high chromium and manganese content 

as shown in Table 1.1 is less expensive material as compared to other grades having 

comparable strength and shows excellent toughness and stability at room temperature. Yield 

Strength of SS202 increases because of addition of manganese [Vignesh et al. (2019)]. 

Higher strength to weight ratio is reported for SS202 amongst other austenitic stainless steel 

grades [Kumar et al. (1996)]. Higher limiting draw ratio is reported for SS202 as compared 

to SS304 austenitic stainless steel grades [Du Toit et al. (2012)]. Table 1.2 shows the 

mechanical properties of SS 202 material.  

Table 1.1. Chemical composition (% wt) of grade 202 stainless steel [Pradhan et al (2019)]  

Fe Cr Mn Ni Si N C P S 

68% 17-19% 7.5-10% 4-6% ≤ 1% ≤ 0.25% ≤0.15% ≤0.060% ≤0.030% 
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Table 1.2.  Mechanical properties of grade 202 stainless steel [Pradhan et al (2019)] 

Properties  Value  

Tensile Strength  515 MPa 

Yield Strength  275 MPa 

Elastic Modulus  207 GPa 

Poisson’s Ratio 0.27 to 0.30 

 

These properties make SS202 suitable material to be used in the following applications: 

[Vignesh et al. (2015) and Ra Sudhakaran et al (2014)]. 

a) Plates or sheets in the manufacturing of cooking utensils,  

b) Motor shafts of boats,  

c) Railway components,  

d) Medical devices,  

e) Restaurant equipment,  

f) Automotive trim,  

g) House sink  

1.3 PROCESS PARAMETERS  

1) Current: Heat input is directly proportion to current value. [Dhobale et al. (2015)]. 

Current value influences the microstructural and mechanical properties and also the depth 

of penetration. Too high or too low current results in inadequate penetration of the weld. 

The value of current should be chosen on the basis of thickness of the base material. Too 

high current can also cause burn through. In this research work current is chosen as the 

independent process parameter and three independent value are set. 

2) Voltage: Arc voltage is also directly proportional to the heat input. [Dhobale et al. 

(2015)]. In this study Current is chosen as independent process parameter and value of 

Voltage is dependent on the current. Changing the current value automatically changes 

the value of voltage. A constant voltage is maintained throughout the process 
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3) Welding speed: Welding speed is inversely proportional to the heat input. [Dhobale et al. 

(2015)] such that increase in welding speed results in low heat input and may result in 

improper penetration on the other too low welding speed can result in the high heat input 

which may cause the burn through. The welding speed is simply the ratio of total distance 

travelled by welding torch over the plate to that of total time taken by the welding torch 

to complete that distance. In this research work welding speed is chosen as the 

independent process parameter and three independent value are set.  

4) Pulse Dynamic Correction factor: This parameter is provided in the CMT welding 

machine to slow down or accelerate the droplet detachment at a constant energy level. 

The pulse dynamic correction factor controls the average current and influences the direct 

current [Rajeev et al. (2019)] For correcting the pulsing energy of a pulsed arc Pulse 

dynamic correction factor can be set at 3 different levels, that are -10, 0, and +10 wherein 

-10 represents that detachment force for the droplet is on lower side, 0 represents that 

there is no increase of decrease in the droplet detachment force and +10 represents that 

force for detaching the droplet is on the higher side. In this research work Pulse dynamic 

correction factor is chosen as the independent process parameter three independent value 

are set. 

5) Gas flow rate: This parameter defines the flow rate of the shielding gas. Gas flow rate 

affects the quality and microstructure of weld bead. Shielding gas shields the molten weld 

pool from harmful atmospheric gases. In this research work a constant value of gas flow 

rate was maintained.  

6) Contact Tip to work distance: The distance between the filler wire tip to the base metal 

is the contact tip to work distance or CTWD. An optimum value of CTWD should be 

maintained. Decrease or increase in the CTWD values directly influence the current 

value. In this research work constant value of CTWD is set for all the experiments. 

7) Wire feed rate: Wire feed rate directly influence the HAZ, weld width heat input and 

thickness of intermetallic layer. [Milani, et al. (2016)]. It is defined as the rate at which 

filler wire is feed towards the weld bead. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 CMT WELDING OF SIMILAR METALS 

2.1.1 CMT WELDING OF STEELS WITH SIMILAR MATERIALS 

[Kadoi et al. (2016)] investigated use of cold metal transfer welding in crack repairing of 

long term used steam turbine cases of Cr-Mo-V cast steels. The experimental result 

concluded that CMT welding using low melting point filler wire BAg-8 is suitable for crack 

repairing of turbine cases. The process is very sustainable as it prevents the formation of the 

hardened phases in heat affected zone and creates a very wide weld bead.  

[Chen et al. (2017)] investigated effect of current waveform on welding of mild steel sample 

using cold metal transfer welding. Q235 mild steel samples of thickness 3 mm was welded 

using ER50-6 filler wire of diameter 1.2mm and pure CO2 of gas flow rate 15 L/min as 

shielding gas. The experimental result reported that at wire feed rate of 5 m/min increasing 

the current from 250A to 320A did not affect the stability of the weld. The average wire feed 

rate, rate of deposition and the size of droplet was increased with increase in the boost current 

although the average wire feed rate was kept as constant. Increasing the boost current also 

increases the weld bead width and the penetration.  

[Bunaziv et al. (2018)] investigated the weld bead properties of high strength low alloy steel 

welded by hybrid laser arc welding in cold metal transfer welding mode by preplacing the 

wire in the weld groove prior to welding. The test result concluded that preplacement of the 

wire in the weld groove significantly improved the stability and homogeneity of the weld. It 

was had shown some disadvantages as well as it is less attractive economically and also 

limited to flat welding only in horizontal direction.  

[Reisgen et al. (2019)] investigated mechanical and microstructure properties of the weld 

bead of austenitic stainless steel AISI 304 samples of thickness 3 mm welded by cold metal 

transfer welding process using ER 308LSi filler wire of diameter 0.8 and 1.2mm. For 

shielding gas mixture of argon and carbon dioxide was used. With Ar as 97.5% and CO2 as 

2.5%. The test result concluded that all the sample undergone ductile fracture. The hardness 
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of the weld bead obtained was in the range of 200-250 HV with base metal having nearly 

same hardness value.  

[Lei et al. (2019)] welded S355J2W+N steel of thickness 6 mm using hybrid laser- cold metal 

transfer welding process and evaluated the behavior of droplet transfer. The filler wire of 

NiCu 1-IG of diameter 1.2 mm was used. The experimental result concluded that most 

influential parameter for the droplet transfer frequency in CMT process is the welding 

current. Because of the thermal effect the droplet size was increased and wire tip melted very 

fast so as to slow down the droplet transfer frequency. In high speed welding condition the 

laser can stabilize the arc and avoid the effect of wire adhesion. Further the experimental 

result concluded that transfer frequency and formation of weld was improved by laser.  

[Yu et al. (2017)] welded zinc coated steel of thickness 2.3mm using 1.2 mm diameter metal 

core welding filler wire. The effect of composition (such as C, Si, Mn) of filler wire on the 

weld porosity formation was evaluated in the experimental part. The experimental results 

concluded that the presence of Si and Mn contents effectively reduce the weld porosity. On 

reducing the Si and Mn contents viscosity of the weld pool also decreased with an increase 

in the emission of zinc vapor which impacted the hardness of the weld. On decreasing the 

Mn content of the filler wire resulted in the decrease in the electrical resistance of the wire. 

The best composition for the metal cored wire was found to be (0.51% Mn content, 0.3 % Si 

content and 0.08% C content) which very effectively reduced the porosity of the weld. The 

wire was classified as ET70T15-M20AZ-G. 

[Alipooramirabad et al. (2017)] investigated the effect of welding process on residual stress 

of the weld bead formed while welding high speed low alloy steel of thickness 20 mm using 

E6010 electrode of diameter 3.2 mm and E8010 electrode of diameter 4mm. The experiments 

were carried out in three modes which are shielded metal arc welding (SMAW), modified 

short arc welding (MSAW) and flux cored arc welding (FCAW). The experimental result 

concluded that in SMAW mode the heat affected zone increased due to which the residual 

stresses were found to be further away from the weld bead. Residual stresses of significant 

level were reported when arc mode was changed to MSAW and FCAW.  
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2.1.2 CMT WELDING OF ALUMINIUM WITH SIMILAR MATERIAL 

Recently, the development of Cold Metal Transfer welding technology is considered as the 

major achievement for welding of aluminum specimen. [Kumar et al. (2016)] investigated 

the weld bead characteristics of AA6061 aluminum alloy welded by Cold Metal Transfer 

Welding process using filler wire of same composition as of base metal which resulted in 

quasi binary weld bead which is less prone to hot cracking, and gives less heat affected zone. 

The microstructure test result also discloses that fine recrystallization was obtained at the 

joints with uniform distribution of grains at the base metal and at the heat affected zone which 

were visible clearly due to difference in their sizes.  

CMT welding of AA6061 aluminum alloy specimen of thickness 2mm at different polarity 

was carried out by [Guojin et al. (2018)] using ER 4043 filler wire of diameter of 1.2 mm. 

The experiments were carried out at 7 mm/sec welding speed and 7 m/min fire feed rate. The 

test result data concluded that micro hardness value that was obtained was in the range 

between 52 to 77 HV which decreases at heat affected zone. The fracture mode of joint was 

ductile fracture and porosities were found to be very less. The fracture was reported to occur 

at the HAZ.  

[Rahul et al. (2018)] investigated the influence of CMT welding process on depth and width 

of penetration of weld bead of AA6061 aluminum alloy sample of thickness 2mm at constant 

gas flow rate of 18 l/min. The test result concluded that initially the welding current increases 

to a value of 50A and as the short circuit occurs the welding current reduces because of 

inability of conventional controller to retain the current. But on the other hand the controller 

that is available with CMT welding machine retains the current at 50 A as it detects the short 

circuit which results in uniform depth of penetration of weld bead.  

[Elrefaey, et al. (2015)] investigated the properties of weld bead of AA7075 aluminum alloy 

which is welded by CMT welding process. The test result data discloses that very low 

porosity, spatter free joints were produced. The joints also reported to have minimum micro 

hardness in weld zone which further decreases in Heat affected zone. The coefficient of 

ultimate tensile strength, yield strength and elongation was found to be 60%, 77% and 69% 

respectively which was better when compared with conventional MIG welding and TIG 
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welding and of comparable magnitude when compared with Laser beam welding and Friction 

stir welding.  

[Dutra et al. (2015)] investigated the effect of Cod Metal Transfer Welding Process on weld 

bead of AA5083-H116 aluminum alloy welded by using Al 5183 and Al 5087 filler wire. 

Better tensile strength was obtained when welded by using Al 5087 filler wire. The micro 

hardness was reported to be similar in both Heat affected zone and welding zone. Also, both 

the wires showed same toughness. Toughness results also indicated good crack resistant 

properties.  

 

2. 2 CMT WELDING OF DISSIMILAR MATERIAL 

2.2.1 CMT WELDING OF STEEL AND ALUMINUM 

Investigation of arc length characteristics and behavior of metal transfer was done by [Zhang 

et al. (2009)] while welding of hot dip galvanized steel samples with pure aluminum 1060 

samples of thickness 0.6 mm and 1 mm respectively. Based on the experimental data it was 

concluded that the transfer of metal using CMT process was found to be very steady. The 

heating behavior of arc is based on the features related to wave control. The lap joint was 

reported to be crack free between dissimilar steel and aluminum samples and the joint 

contains intermetallic layer of FeAl3 and Fe2Al5.  

[Mezrag et al. (2020)] investigated microstructure properties of weld bead formed between 

6061-T4 aluminum alloy and zinc coated DC01 mild carbon steel samples of thickness 1mm 

using ER4043 filler wire of diameter 1.2 mm diameter using cold metal transfer welding 

process. The experimental data reported that because of dissolution of hydrogen in liquid 

aluminum dispersed porosities were reported in upper part of the weld and because of 

vaporization of zinc coating larger porosities were reported in the weld root and size of these 

porosities were reported to increase as the welding power is increased. The failure of lap joint 

formed between the two was reported to get initiated in the weld root symmetrically which 

further propagates along the interface of the weld bead. Further it was reported that shear 

strength of the weld bead reaches to three-fourth base plate of aluminum when the power is 
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low and welding speed is high but to excessive increase in the weld bead result in large 

porosities with reduce the strength.  

[Cao et al. (2014)] investigated weld bead properties of the joints formed between galvanized 

steel Q235 and aluminum alloy AA6061-T6 samples of 1 mm thickness using ER4043 filler 

wire and 100% argon as shielding gas using cold metal transfer process. The investigation 

results disclosed that if fire wire feed rate is controlled than satisfactory results were obtained 

and the most optimized wire feed rate that was reported was in the range of 7.5 m/min to 8 

m/min. 

[Sravanthi et al. (2019)] evaluated the corrosion behavior of weld bead formed between 

aluminum alloy and galvanized mild steel sample welded using cold metal transfer process. 

Lap joints were formed between H32 5052 aluminum alloy and galvanized mild steel of 

thickness 3 mm using Al-Si filler wire at different process parameters. The test result 

concluded that the presence of Al-Fe and Al-Fe-Si phases in the intermetallic layer are the 

main reason for the worsening of corrosion resistance of the weld bead. When these CMT 

welded samples are exposed to nitric acid the IMC layer found was reported to get dissolve 

completely within 24 hours. The weight loss due to corrosion was found to be very less in 

CMT welded samples as compared to GMAW-braze weld.  

[Singh et al. (2020)] evaluated the properties of weld bead formed between AA5052 

aluminum alloy and DP780 steel samples using cold metal transfer welding process. The 

different experiments were conducted while varying the thickness of aluminum samples and 

lap joint was formed between the samples. From the experimental results it was concluded 

that as the thickness of aluminum samples increased the wettability was decreased because 

fluidity of molten filler decreased on the steel surface. This is due to the higher rate of 

dissipation of heat from the molten pool which also reduced capacity of bearing load of the 

lap joints formed. Further it was reported that brittle and hard Al-Fe-Si ternary phases are 

formed at the interface of steel and bead deposit. Thickness of intermetallic layer was 

increased as the heat input was increase.  Increase in wire feed rate increases the wettability 

of the joints. Furthermore, the experimental result showed that increase in wire feed rate 

failure load initially increased, reaches the maximum value and then started to decrease 

despite increase in wettability because the thickness of intermetallic layer also increased.  
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[Cao et al. (2014)] welded AA6061-T6 aluminum alloy with boron steel samples using cold 

metal transfer welding. The aluminum alloy sample of thickness 1 mm and boron steel 

sample of thickness 1.5 mm were taken and welded using Al4043 filler wire of diameter 

1.2mm. The experimental results reported that zinc was evaporated from galvanized boron 

steel and the heat dissipation from the evaporation of zinc reduced the temperature of the 

zinc. Further it was reported that bare boron coated and Al-Si coated boron steel joints with 

aluminum alloy AA6061-T6 sample could not be formed because of the formation of large 

brittle intermetallic layer formation.  

 

2.3 CMT WIRE ARC ADDITIVE MANUFACTURING PROCESS  

Wire arc additive manufacturing is a three dimensional rapid prototyping process based on 

cold metal transfer welding process in which final shape of the component is obtained 

through layer by layer deposition of fused wire.  It is reported that parts manufactured by 

CMT WAAM are of high quality and very much economical.  

[Caballero et al (2019)] investigated the effect of variation of different process parameters 

such as deposition rates and gas flow rate for producing specimens by wire arc additive 

manufacturing process. The specimens were prepared using precipitation hardened stainless 

steel filler wire of diameter 1.2 mm diameter. After the preparation of all the specimen 

different tests were conducted such as tensile test, residual test and Vickers hardness test. In 

addition to these test microstructure images of the samples was also examined using electron 

microscope. It was reported that desired tensile strength can be obtained using the above 

process after the appropriated heat treatment process post deposition. Further the test result 

discloses that the direct ageing resulted in formation of harmful intermetallic phases which 

leads to the embrittlement of the deposit and retained austenite formation is directly 

dependent on the rate of cooling.  

[Dirisu et al. (2019)] investigated fracture toughness of CMT- WAAM deposited steel 

samples. The gas flow rate in the experiment was kept to 15L/min, shielding gas (Ar-80% + 

20% CO2) for 1.2mm diameter ER70S-6 and ER120S-G filler wire and (Ar-2%O2) for same 

diameter ER90S-B3 filler wire was used. S275 JR plate of thickness 15mm was used as the 
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base plate in the experiment. The experimental result concluded that the variation the fracture 

toughness was due variation of softening and hardening which is dependent on the cooling 

rates and variation of peak temperature. The fracture toughness across the direction of deposit 

reported most resistance to the fracture failure because of reduction in grain size. The fracture 

toughness was reported to show least resistance to fracture failure in the welding direction 

because of the increased grain size. The fracture reported was ductile fracture.  

[Ge at al. (2018)] investigated microstructure and mechanical properties of 2Cr13 thin wall 

part deposited by wire arc additive manufacturing using cold metal transfer welding process. 

The sample size obtained was 150 mm ×150 mm ×8 mm. The residual stress in next layer 

can be reduced by preheating the previous layer. The cooling rate first decreased very quickly 

because of direct chilling effect but after that it remained stable from 15-25th layer due to 

similar conditions. The amount of martensite was reported to increase gradually from 5th 

layer to 25th layer which suggest that martensite decomposed into the ferrite because of 

diffusion of carbon with supply of thermal energy. The hardness was reported to be very less 

in the middle and bottom layer which increased quickly in the 20 to 25th layer with decrease 

in ductility. The fracture process changed from ductile in the 1st to 10th layer to in between 

ductile and brittle in 15th to 20th layer and finally to brittle in the topmost layer.  

Table 2.1 and 2.2 discusses the literature survey based on the published work in the field of 

CMT welding of steels with various similar and dissimilar materials based on the different 

process parameter. Table 2.3 specifically shows the published work for welding Austenitic 

stainless steels.  
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2.4 LITERATURE REVIEW BASED ON PROCESS PARAMETER  

 

Table 2.1. Literature Review of Published work on CMT welding of steel with similar Metals  

S. 

No.  

Author 

and 

Year 

Material  

Used 

Filler  

Wire  

Used 

Process 

Parameter 

Results  and  

Conclusion 

1.  Li et al. 

(2014) 

 

Q235 

Mild 

Steel 

Plate 

ER70S-6 

Filler 

wire of 

dimeter 

1.2 mm 

Thickness of 

plates – 10 mm 

Gas flow rate – 

20L/min 

Speed – 1 m/min 

Wire feed rate – 9 

m/min 

The experiments 

were carried out 

in different arc 

mode i.e. CMT, 

Standard and 

Pulsed.  

For CMT arc 

mode 

Current – 198 A 

Voltage – 14.9 V 

For Standard arc 

mode 

Current – 204 A 

(1) The experimental results 

reported that CMT arc mode 

was most stable and resulted in 

least spatter while Standard arc 

mode resulted in highest 

spatter.  

(2) It was further observed that 

CMT mode resulted in 

smallest mean grain size while 

Standard mode was having the 

largest.  

(3) The Ultimate tensile 

strength results showed that 

the strength decreases from 

CMT arc mode to Pulsed arc 

mode and least strength was 

reported in Standard arc mode. 
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Voltage – 22.8 V 

For Pulsed arc 

mode 

Current – 235 A 

Voltage 23.8 V 

2. Frostevar 

et al.  

(2014) 

 

S420 

MCD  

Mild 

Steel 

Plate 

ER70S-6 

Filler 

wire of 

diameter 

1.2 mm 

Thickness of 

plates – 10 mm 

The experiments 

were carried out 

in different arc 

mode i.e. CMT, 

Standard and 

Pulsed.  

Case 1 

Speed – 2m/min 

Wire feed rate – 

4m/min 

For CMT arc 

mode  

Current – 132 A 

Voltage – 13.2 V 

For Pulsed arc 

mode 

Current – 102 A 

Voltage – 29.4 V 

(1) The experimental result 

concluded that CMT arc mode 

is most suitable for thicker 

steel plates.  

(2) CMT arc mode also 

showed better weld bead 

stability, less under cut, less 

heat affected zone and 

required less power as 

compared to pulsed and 

standard arc mode.   

(3) Further the experimental 

data concluded that undercut 

is directly proportional to 

welding speed as welding 

speed was increased undercut 

also increased for wider gap. 

(4) In addition to this as the 

welding speed increases 

irregularities in arc behavior 

was reported which resulted in 

variation of weld bead. 
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For Standard arc 

mode  

Current – 168 A 

Voltage – 19.2 V 

Case 2 

Speed – 5 m/min 

Wire feed rate – 8 

m/min 

For CMT arc 

mode  

Current – 228 A 

Voltage – 16.5 V 

For Pulsed arc 

mode 

Current – 195 A 

Voltage – 25.7 V 

For Standard arc 

mode  

Current – 244 A 

Voltage – 24.8 V 

(5) CMT arc mode showed 

very less sensitivity to speed 

change.  

3. Ahsan et 

al. 

(2016) 

 

Hot 

rolled 

Zinc  

Coated  

ER70S-3  

Solid 

filler 

wire of 

diameter 

Thickness of 

sheets -  2 mm  

  

(1) The experimental results 

reported that minimum heat 

input of 200J/mm is required 

to ensure minimum 
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Steel 1.2mm  

 

Current – 120 A to 

263 A  

Voltage – 12 V to 

20 V 

Speed – 40 

cm/min to 120 

cm/min  

Different sets of 

experiments were 

conducted with 

these parameters 

penetration of the weld for the 

given material. 

(2) At different heat input 

temperature of the weld was 

found to be 1650°C at 

250J/mm, 2100°C at 250-

350J/mm and 2700°C at 350-

550J/mm. 

(3) Further, the experimental 

result showed that at low heat 

input the zinc bubble could not 

grow and rise due to high 

viscosity of weld pool which 

resulted in small sized pores 

which were formed near weld 

root and less porosity was 

reported, On the other hand at 

high heat input high 

temperature of weld pool 

resulted in delayed 

solidification, hence zinc 

bubble could grow and escape 

viscosity of weld pool was 

less. 

4. Stanciu 

et al.  

(2017) 

S235JR 

Low 

Carbon 

Steel 

ER70S-6 

Filler 

wire of 

diameter 

1.2 mm.  

Thickness of sheet 

– 1 mm 

Gas flow rate – 

15L/min 

Current – 85 A 

Voltage – 18.3 V 

(1) The experimental result 

concluded that compared with 

synergic pulse welding better 

results were obtained with 

CMT.  
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3 samples were 

tested with 

conventional 

synergic MAG 

welding and 3 with 

CMT welding at 3 

different speed 

600mm/min, 

800mm/min and 

1000 mm/min 

(2) By reducing wire speed 

reinforcement in CMT welding 

can be reduced.  

(3) Further it was reported that  

increasing the welding speed 

results in improper penetration 

5. Kannan 

et al.  

(2019) 

 

 

AISI  

316L 

Low  

carbon 

austenitic 

stainless 

steel 

ER 308L  

Filler 

wire 

Thickness of 

sheets - 2mm  

Current - 105A  

Voltage - 12.5V  

Speed - 

350mm/min  

Gas flow rate – 

20L/min 

9 samples were 

tested at different 

arc length 

correction factor 

from -20% to 

+20%.  

(1) The effect of single process 

variable that is arc length 

correction was tested on 

mechanical properties of weld 

bead.  

(2) The experimental result 

concluded that as the arc length 

correction increases the top 

reinforcement also increased.  

(3) The tensile strength of weld 

joint increases when arc length 

correction increases from 0% 

to 20% and the best weld bead 

profile was given by 10% arc 

length correction.  

(4) The maximum tensile 

strength, yield strength and 

percentage elongation were 

reported to be 569 MPa, 221 

MPa, and 36.47%. 
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6. Luchten- 

berg, et 

al.  

(2019) 

 

 

S32205  

Duplex  

Stainless  

Steel 

ER2209  

Filler 

wire of 

diameter 

1.2 mm 

  

 

Thickness of 

plates -  12mm  

Current - 215A  

Voltage - 20V  

Different 

experiments were 

conducted by 

varying the 

welding speed as  

15 cm/min, 

23cm/min, 

30 cm/min, 

 

 

(1) Different sets of 

experiment were conducted at 

different heat input which was 

varied by changing the 

welding speed. 

(2) The experimental results 

concluded that the change in 

heat input changes  

ferrite/austenite balance. As 

the energy increases 

intergranular austenite 

formation also increases. But 

the formation of ferrite 

decreases.  

(3) At higher heat input the 

weld overlay showed the less 

resistance to corrosion as 

compared to base steel plate as 

compared than at lower heat 

input.  

(4) Hardness of the weld 

overlay was reported to be 

higher than the rolled S32205 

plate due to the large number 

of austenite/austenite and 

austenite/ferrite interface.  

7 Dharmik, 

et al. 

(2020) 

 

CRNGO 

thin 

electrical 

steel 

sheets 

ERCuSi3, 

ER316L, 

ER70S6, 

Thickness of 

sheets – 0.5 mm 

 

(1). The most significant effect 

was on the properties of the 

weld was shown by MIG 

welding and GTAW.  
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3 filler 

wires 

were 

selected.  

(2) Less heat affected zone was 

reported for CMT as compared 

to MIG and GTAW.  

 

Table 2.2 Literature Review of Published work on CMT welding of steel with dissimilar 

Metal 

S. 

No.  

Author 

and 

Year 

Material  

Used 

Filler  

Wire  

Used 

Process Parameter Results  and  

Conclusion 

1.  Zhang 

et al.  

(2008) 

 

1.Q235 

cold 

rolled 

zinc 

coated 

low 

carbon 

steel.  

2.Wrought 

aluminum  

6061 

AlSi5 

alloy 

filler 

wire of 

diameter 

1.2 mm   

 

Thickness of sheets - 

1mm  

Voltage – 11V to 12V  

Feed rate - 3.7 m/min 

to 3.8m/min   

Speed - 13.9 m/min to 

14m/min  

Gas flow rate – 

15L/min  

(1) The experimental result 

concluded that 

intermetallic layer formed 

between zinc coated steel 

and wrought aluminum are 

mostly in FeAl3 phase.  

(2) CMT welding has 

increased the strength of 

joint with less heat input that 

has also affected the 

thickness of brittle 

intermetallic layer.  

 

2.  Yang et 

al.  

(2013) 

 

1.Zinc 

coated 

low  

Carbon  

Steel   

ER 4043  

Filler 

wire of 

diameter  

 1.2mm 

Thickness of steel 

sheets - 1.2mm  

Thickness of 

aluminum alloy sheet 

– 2mm  

(1) The experimental result 

concluded that Pre-setting 

gap can allow zinc vapor to 

escape and hence stabilize 

the welding process.  
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 2.6061-T6  

Aluminum  

Alloy 

Gas flow rate - 

16L/min  

Speed - 0.5m/min  

Sample were tested at 

different pre-set gap 

of 0mm, 0.1mm, 

0.3mm,  

0.5mm  

Samples were also 

tested at different 

offset distance of 

0mm, 1mm, 2mm. 

 

 (2) Further, in tensile test it 

was reported that weld 

strength was directly 

proportional to preset gap 

and inversely to offset 

distance. 

3. Lin et 

al.  

(2013) 

 

1.Zinc 

coated 

low  

Carbon  

Steel   

2.6061-T6 

Aluminum  

Alloy 

ER 4043  

Filler 

wire 

Thickness of steel 

sheets - 0.7mm and 

1.2 mm  

Thickness of 

Aluminum alloy sheet 

- 2 mm Current - 70A  

Voltage - 11.5V  

Speed – 0.7 m/min 

 2 sets of experiments 

were conducted.  

  

 

(1) Shear strength of joints 

were tested by both 

numerical modelling and  

experimental measures.  

 (2) High strength was 

reported in joint between 

aluminum alloy zinc coated 

steel with thickness 1.2 mm  

(3) Low strength was 

reported in joint between 

aluminum alloy zinc coated 

steel with thickness 0.7 mm.  

(4) Maximum principle 

stress theory and 

deformation energy was 

reported as the failure 
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criteria at interface and 

plastic strain for failure at 

fusion line. 

 

4.  Milani 

et al. 

(2016) 

 

1.Galvani

-zed Steel 

2. 5754 

Aluminum  

Alloy 

AlSi3Mn,  

AlSi5,  

AlSi12       

3 filler 

wire of 

diameter 

1.2mm  

Thickness of 

Galvanized Steel – 

2mm,  

Thickness of 5754 

Aluminum Alloy – 

3mm,  

Wire feed rate – 4.7 

m/min, 5 m/min, and 

5.3 m/min. 

Welding speed – 

10mm/sec 

Gas flow rate – 

17L/min 

Stick out 17mm 

 

(1) Metallurgical properties 

of the welded joints was 

changed due to addition of 

Silicon in filler wire.  

(2) The intermetallic 

thickness of the joints was 

affected by the wire feed 

rate and chemical 

composition of the filler 

wire. 

(3) Best tensile Strength of 

188 N/mm2 was observed for 

AlSi3Mn,  

 

 

5.  Babu et  

al. 

(2019) 

 

1.AISI321  

Austenitic  

Steel 

2.AA2219  

Aluminum  

Alloy 

AA 4047  

Filler 

wire of 

diameter  

1.2mm 

Thickness of both the 

sheets - 3mm  

 Gas flow rate -

15L/min  

Current - 70A  

Speed - 

400mm/min  

(1) The experimental result 

concluded that acceptable 

quality of weld joint was 

produced by friction 

surfacing aluminum alloy 

coating on stainless steel 

before CMT welding.  

(2) Further, the results 

reported that as the alloy 
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Before CMT welding 

stainless steel sheet 

was friction surfaced 

with aluminum alloy 

of different thickness 

ranging from 0.3mm 

to 1.2mm 

coating increases from 0.3 

mm to 1.2 mm intermetallic 

thickness layer was found to 

be decreased from 5 

microns to 0.4 microns 

which helps in reducing the 

problem of liquid wetting of 

aluminum alloy on stainless 

steel.  

(3) Joint produced with 

coating thickness 0.6 mm 

was found to withstand 

greatest tensile shear load 

260 N/m.  

(4) Low strength of the 

joints with thin coating was 

due to the formation of a 

thicker intermetallic layer. 

 

6.  Chen et  

al.  

(2019) 

 

1. Q235   

Low  

Carbon  

Steel  

2. AA5052  

Aluminum 

Alloy 

ER5356  

Al-Mg  

Filler  

Wire 

Thickness of both the 

- sheets 2mm  

Gas flow rate -   

15L/min  

Power – 3Kw 

 Beam offset - 0.2, 

0.4, 0.6, 0.8, 1 mm  

Welding Speed - 

1.5m/min to 4 m/min  

(1) The experimental results 

showed that maximum 

strength that a joint reported 

was   

83.40 MPa. 

(2) The joint was reported 

to fractured in interfacial 

intermetallic layers.  

(3) As wire feed rate 

increased the brittle inter 

metallic layers got thicker 
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 Wire feed rate - 3.1, 

4.1, 5.1 m/min  

Different sets of 

experiments were 

designed using 

Taguchi design 

method.  

 

and hence the tensile 

strength decreased.  

(4) Further, the experimental 

result showed that 

intermetallic layers 

decreased as the welding 

speed and offset increased 

but shape of the weld was 

not reported satisfactory. 

Tensile strength also first 

increased than decreased.  

 

7.  Yang et  

al. 

(2019) 

 

 

1. Q235   

Low  

Carbon  

Steel  

  

2.AA5754 

Aluminum  

alloy 

ER4043  

Filler 

wire of 

diameter 

1.2 mm. 

 

 

Thickness of Low 

carbon steel sheet -

1.2mm.  

Thickness of 

aluminum alloy 

sheet - 1.8 mm.  

Current – 67A to 69 A  

Voltage - 10.9V to 

11.8V 

Speed – 3 mm/sec to 

7 mm/sec  

Wire feed  rate - 

4m/min  

Different sets of 

experiments were 

performed. 

(1) The experimental result 

concluded that at low heat 

input lower than 157J/mm 

only a single phase layer of 

Al7.2Fe1.8Si is formed while 

at high heat input above 

210J/mm FeAlSi3 and  

Al7.2Fe1.8Si both are formed.  

 (2) Further, it was reported 

that at single zone low 

interfacial mismatch is 

obtained and hence high 

strength as compared to 

combination of zone formed 

due to high energy input.  

(3) For having a sound joint 

and good bonding the heat 
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input should be kept low so 

that a thin interface layer of  

Al7.2Fe1.8Si is maintained at 

interface zone 

 

8.  Mou et 

al.  

(2019) 

 

1. SS 304 

2.Titanium 

alloy TC4 

 

ERCuSi-

A 

Filler 

wire  

Thickness of both the 

- sheets 2mm  

Gas flow rate 

25L/min 

Shielding gas – 

Argon (99.9%) 

Welding speed – 

45cm/min 

Wire feed rate – 

3.5m/min to 

5.5m/min 

Welding current – 

60A to 110A 

Welding Voltage 

10.8V to 11.3V 

 

(1). The experimental 

results concluded that joint 

strength of 294 MPa was 

reported to be highest at 5.5 

m/min wire feed rate. 

(2) As the wire feed speed 

increases the thickness of 

Cu/Ti layer and ultimate 

strength also increased. 

(3) When low heat input 

was given wetting 

condition was found to be 

degraded and ultimate 

tensile strength was found 

to be at lower side when 

torch was offset to the TC4 

sample plate side. 

(4) Further, the experimental 

results concluded bonding 

strength between Cu/Ti and 

Cu/Fe interfaces influenced 

the fracture mode. 
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Table 2.3. Literature Review of Published work on welding of Austenitic Stainless Steel by 

Other Processes 

S. 

No.  

Author 

and 

Year 

Material  

Used 

Process Process Parameter Results  and  

Conclusion 

1. Bharwal 

et al. 

(2014) 

SS202 Metal  

Inert Gas  

(MIG) 

Welding 

Thickness of sheets 

6mm.  

Current – 160 A 

Gas flow rate – 

6L/min 

Welding speed – 

2.5mm/sec 

1. Maximum Tensile 

Strength of 610 MPa was 

obtained.  

2. SS 202 can be utilized 

instead of SS 304. 

3. Presence of austenite 

grains in the heat affected 

zone and in the parent metal 

2.  Singh et 

al. (2019) 

1. SS202 

2. SS304 

Metal  

Inert Gas  

(MIG) 

Welding 

Current – 50A, 75A, 

100A, 

Voltage – 15V, 18V, 

20V 

Gas flow rate – 

10L/min, 15L/min, 

20L/min 

1. Based on the Taguchi 

method L9 design matrix 

was made for obtaining 

optimized combination of 

process parameter for 

conducting experiments. 

2. Parametric optimization 

was carried out using 

Taguchi S/N ratio 

optimization.  

3. Larger the better S/N ratio 

was used to obtain the 

optimized process 

parametric combination for 
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obtaining maximum value of 

strength. 

4. Welding Voltage showed 

the most dominating effect 

on tensile strength followed 

by welding current.  

3.  Ghosh et 

al. (2016) 

316L 

Stainless 

steel 

Metal  

Inert Gas  

(MIG) 

Welding 

Thickness of plate – 

3mm 

Current – 100A, 

112A, 124A 

Gas flow rate – 

10L/min, 15L/min, 

20L/min 

Nozzle to tip distance 

– 9mm, 12mm, 

15mm 

1. Grey-based Taguchi 

method using L9 design 

matrix array was used for 

parametric optimization of 

MIG welding that was 

carried out by the 

researcher. 

2. Larger the better S/N ratio 

criteria was used find the 

optimized process parameter 

for obtaining maximum 

value of UTS, YS and 

percentage elongation. 

3. Current was found to be 

most significant process 

parameter affecting the 

value of above three 

properties in comparison to 

other process parameter. 

4.  Gautam 

et al. [20] 

SS202 Gas 

Metal 

Arc 

Welding 

GMAW 

Thickness of plates – 

6mm. 

Welding current – 

120A to 240A 

1. Taguchi’s S/N ratio 

optimization tool was used 

to find the most optimized 

value of process parameter.  
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using 

308L 

filler 

wire 

Welding Speed – 

160mm/min to 180 

mm/min 

Gas flow rate – 

5L/min to 9L/min 

2. Current was the most 

significant factor affecting 

the value of Tensile 

strength. 

3. Superior value of tensile 

strength that was obtained 

was 800 MPa. 

5.  Pradhan 

et al. 

(2019) 

1. SS202 

2. SS304 

Metal  

Inert Gas  

(MIG)  

Welding 

and 

Tungsten  

Inert Gas  

(TIG)  

Welding  

 

Thickness of the 

sheets – 6mm 

1. SS 308 recommend filler 

wire. 

2. Higher grain size was 

reported for TIG in 

comparison to MIG.  

3. Value of process 

parameters plays and 

important role in 

determining the properties. 

 

6. Juang et 

al. (2002) 

SS304 Metal 

Inert Gas 

(MIG) 

Welding 

Thickness of the 

sheets – 1.5mm 

Current – 40A to 55A 

Welding speed – 13.5 

cm/min to 15.0 

cm/min 

Gas flow rate – 

8L/min to 11L/min 

 

 

1. Taguchi S/N ratio for 

optimization of response 

value and ANOVA analysis 

tool was used to determine 

which process parameter 

significantly affect the 

response value. 

2. Front height back height 

of the weld pool was 

analyzed using smaller the 

better S/N ratio tool. 
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7.  Biswas  

et al. 

(2018) 

 

1. SS304 

2. 45C8  

Gas 

Metal 

Arc 

Welding  

Thickness of sheets 

3mm 

Current – 140A to 

160A 

Welding speed – 4-

6mm/sec  

Voltage – 24V to 

26V 

Gas flow rate – 

6L/min to 10L/min 

1. The experimental result 

reported the maximum 

value of Ultimate tensile 

strength, Yield stress and 

that were obtained was 722 

MPa, 640 MPa 

respectively. 

2. For finding optimized 

parameter for obtaining 

maximum value of UTS and 

Yield Stress Taguchi 

Higher the better S/N ratio 

criteria was used. 

 

2.5 CONCLUSION DRAWN FROM LITERATURE REVIEW 

The effect different process parameter such as welding speed, current, voltage, gas flow rate, 

welding voltage, Arc length correction factor, Contact tip to work distance (CTWD) on the 

microstructural and mechanical properties of weld bead while joining different grades of 

steels with similar by Cold Metal Transfer Process as investigated and explained by 

researcher in there published work have been discussed in this research work.  Further 

welding of Austenitic Stainless Steel grades such as SS202, SS304 and SS316 by other arc 

welding process such as MIG welding and TIG welding has also been discussed as reported 

by the researchers in their work. Following conclusion are drawn from the above literature 

survey. 

1. Thickness of the sheets and type of base material determines heat input as given by 

equation 2.1 [Dhobale et al. (2015)] which is dependent on the current, voltage and 

welding speed value. Higher value of current is required for plates of higher thickness. 

However other parameter such as welding speed should also be controlled depending on 

the thickness, too high or too low speed results in inadequate penetration.  
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                                   Heat input (Q) = ƞ
𝑉×𝐼

𝑆
                                                              (2.1) 

       where, ƞ is welding efficiency, V is voltage, I is current and S is welding speed  

2. The heat input affects the microstructure of the weld, as different properties of weld bead 

are influenced such as austenite/ ferrite balance. More over a sufficient amount of heat is 

required for passing the zinc bubble from the weld while welding of zinc of coated steel 

by Cold Metal Transfer Welding process. Further, the grain refinement is also controlled 

by heat input.  

3. The Cold Metal transfer process makes it possible to give controlled value of heat that is 

to be given for the welding of base plate because of swift retraction of filler wire during 

short circuit process. Controlled input of Heat is very crucial parameter for obtaining 

optimum weld bead properties. 

4. CMT arc mode gives best bead stability, spatter free weld and least heat affected zone as 

compared to Pulsed arc mode and Standard arc mode.  

5. The mechanical properties such as Ultimate Tensile Strength, Yield Strength and 

Percentage Elongation are dependent on the process parameter of welding, best results 

are reported for CMT welding of stainless steels as compared to other arc welding 

process.  

6. Choice of filler wire is also important for obtaining better results during CMT welding. 

The filler wire should have compatible chemical and mechanical properties as compared 

to the base material.  

7. Choice of shielding gas is also an important parameter during CMT welding. Shielding 

gas protects the molten weld pool from atmospheric gases. Shielding gas should be 

chosen depending on the base material and adequate amount of gas flow rate should be 

provided. Without shielding gas porosity and other defects were reported. 
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8. For getting optimum parametric combination Taguchi design array is implemented and 

for optimizing the response value Taguchi S/N ratios are used.  

 

2.6 RESEARCH GAP  

Cold Metal Transfer Welding Technology has explored many areas in welding since its 

introduction and redefined the welding industries. Still a lot of work is to be done. Some of 

them are as follows – 

1. There is very less literature available for welding of thin austenitic stainless steels sheets 

of thickness 2mm by CMT welding process. Process parameter are yet to be defined for 

the welding of sheets of such less thickness. 

2. For SS202 material which has tremendous application and desirable properties as 

discussed above in chapter 1, very less literature is available in the domain of welding by 

CMT welding process 

3. Study of influence of Pulse dynamic correction factor on the weld bead properties of 

stainless steel during Cold Metal transfer welding is still a domain touched by few 

researchers. The pulse dynamic correction factor influences the detachment rate of the 

droplet. 

4. Effect of other process parameter on Heat affected zone, grain refinement, mechanical 

properties, microstructural properties of the weld bead during welding of SS202 thin 

sheets by CMT welding are also the topic of interest for the researchers. 

5. CMT welding of SS202 based on three process parameter current, welding speed and 

Pulse dynamic correction factor together, and their effect on Weld bead properties is yet 

to be studied by the researchers.  
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6. Ultrasonic vibration assisted CMT welding of thin sheets SS202 steel based on three 

process parameter current, welding speed, and Pulse dynamic correction factor and their 

effect on weld bead properties is still not explored by the researchers.  
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CHAPTER 3 EXPERIMENTAL PROCEDURE  

3.1 MATERIAL AND METHODS 

Experimental trials were carried out on SS202 plates of dimension 100mm × 60mm × 

1.58mm. The chemical composition (%wt.) of SS202 base plate is displayed in Table 3.1 

below. SS308 electrode wire of 1.2 mm diameter was used as filler wire which is having 

compatible composition and mechanical characteristics as SS202 [Gautam et al. (2018)]. 

The samples were welded by cold metal transfer welding process using TPS 400i CMT 

welding machine (by Fronius) as displayed in Figure 3.1. The samples were cleaned first 

with acetone in order to eliminate the surface films and dirt if any and then, the samples were 

tightly clamped on the welding table using fixtures in order to avoid the bending of the plates 

during the welding. A shielding gas with 98 % argon and 2 % CO2 composition was used for 

conducting the experiment. [Liao M.T. et al. (2008)] reported that shielding gas shelter the 

welded pool from atmospheric gases (e.g. oxygen and nitrogen) which influences the 

microstructure of the stainless steel weldment. Increasing the CO2 percentage in the mixture 

of Argon and CO2 increases the carbon content in weld deposits and also the spatter rates. 

Figure 3.1: Experimental Setup for CMT Welding Process 

  

  

Argon 

Gas 

Cylinde

r  

Torch 

Traveler  CMT Torch  

Fixture 

TPS 400i CMT 

Machine 



38 
 

Table 3.1. Chemical composition (%wt.) of SS 202 base plate material 

Fe  C  Si  Mn  P  S  Cr  Mo  Ni  Co  Cu  

73.9 0.103 0.490 10.5 0.0730 0.0179 12.8 0.303 0.205 0.0279 1.39 

 

3.2  PROCESS PARAMETER 

After in depth analysis of published work as mentioned in chapter 2 three independent 

process parameter Current, Welding Speed and Pulse dynamic correction factor were set for 

first few trail experiment. The weld bead and plates after each trial run was analyzed visually 

to check for the burn through and distortions of the base plates. Finally, three different 

optimized values were obtained for each process parameter. Contact tip to work distance 

(CTWD) and shielding gas flow rate were kept constant at 10mm and 15 L/min for each 

experiment respectively. Using Taguchi’s Design of experiment best optimized parametric 

combination of process parameter using MINITAB 19 Software was found as shown in figure 

3.2. Based on Taguchi’s L9 design of experiment array total nine parametric combinations 

had been designed using three different levels of Pulse dynamic correction factor, current 

and welding speed. Table 3.2 shows the values of three different welding process parameter 

and their levels and Table 3.3 shows the design matrix. In this research the symbol C is used 

for Current, S for welding speed and P for Pulse dynamic factor. Actual value of process 

parameter based on Taguchi’s design of experiment array is displayed in Table 3.4.  

Table 3.2. Value of Process Parameter and their levels based on Taguchi’s design of 

experiment 

Process Parameter Welding Current  Welding Speed  Pulse Dynamic 

Correction factor 

(PDC) 

Unit  Ampere  mm/sec  N/A 

Symbols  C S P 

Level 1 80 3 -10 

Level 2 100 4 0 

Level 3 120 5 +10 
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Table 3.3. Taguchi’s L9 design of experiment matrix 

 

Sample No. 

Welding Process Parameters 

Welding Current 

 (A) 

Welding Speed  

(mm/sec) 

Pulse Dynamic 

Correction Factor 

(PDC) 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

 

Table 3.4 Taguchi’s L9 - Orthogonal Array with actual value of Process Parameters 

Sample No.                                                  Welding Process Parameter  

Welding Current (A)  Welding Speed 

(mm/sec) 

Pulse Dynamic  

Correction factor 

(PDC)  

1 80 3 -10 

2 80 4 0 

3 80 5 +10 

4 100 3 0 

5 100 4 +10 

6 100 5 -10 

7 120 3 +10 

8 120 4 -10 

9 120 5 0 
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Figure 3.2: Taguchi L9 Design of experiment Interface on Minitab 19 Software 

 

After obtaining the optimized process parametric combination as discussed above.  the CMT 

welding on the SS202 sheets was performed. Figure 3.3 to Figure 3.11 displays the CMT 

welded sample based on optimized process parameter individually. Figure 3.12 shows the 

combine image of all the 9 samples welded in this research work. Table 3.5 to 3.13 displays 

the process parameter matrix for individual samples. Voltage is dependent process parameter 

depends on the current value and the value of voltage is obtained from the CMT welding 

machine. Similarly wire feed rate in mm/min is a dependent process parameter and hence, 

the value is obtained from the machine. Arc length correction factor ALC is kept at 0 % for 

all the welded samples.  
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Figure 3.3: Image of CMT welded SS202 Sample 1 of thickness 1.58 mm 

Table 3.5 Process Parameter Matrix for CMT welding of SS202 Sample 1  

Process Parameter Value 

Current (A) 80 A 

Welding Sped (mm/sec) 3 mm/sec 

Pulse Dynamic Correction Factor - 10 

Voltage (V) 10. 3 V 

Wire feed rate  (m/min) 2.4 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm 

 

Weld Bead  

CMT – 1  

80A, 3mm/sec, -10 
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Figure 3.4: Image of CMT welded SS202 Sample 2 of thickness 1.58 mm 

Table 3.6. Process Parameter Matrix for CMT welding of SS202 Sample 2  

Process Parameter Value 

Current (A) 80 A 

Welding Sped (mm/sec) 4 mm/sec 

Pulse Dynamic Correction Factor 0 

Voltage (V) 10.3 V 

Wire feed rate  (m/min) 2.4 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm 

 

Weld Bead  

CMT – 2  

80A, 4mm/sec, 0 
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Figure 3.5:  Image of CMT welded SS202 Sample 3 of thickness 1.58 mm 

Table 3.7 Process Parameter Matrix for CMT welding of SS202 Sample 3 

Process Parameter Value 

Current (A) 80 A 

Welding Sped (mm/sec) 5 mm/sec 

Pulse Dynamic Correction Factor +10 

Voltage (V) 10.3  

Wire feed rate  (m/min) 2.4 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm 

Weld Bead  

CMT – 3 

80A, 5mm/sec, +10 
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Figure 3.6:  Image of CMT welded SS202 Sample 4 of thickness 1.58 mm 

Table 3.8. Process Parameter Matrix for CMT welding of SS202 Sample 4 

Process Parameter Value 

Current (A) 100 A 

Welding Sped (mm/sec) 3 mm/sec 

Pulse Dynamic Correction Factor 0 

Voltage (V) 10.9 V 

Wire feed rate  (m/min) 3.2 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm 

 

Weld Bead  

CMT – 4 

100A, 3mm/sec, 0 
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Figure 3.7: Image of CMT welded SS202 Sample 5 of thickness 1.58 mm 

Table 3.9. Process Parameter Matrix for CMT welding of SS202 Sample 5 

Process Parameter Value 

Current (A) 100 A 

Welding Sped (mm/sec) 4 mm/sec 

Pulse Dynamic Correction Factor +10 

Voltage (V) 10.9 

Wire feed rate  (m/min) 3.2 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm 

 

Weld Bead  

CMT – 5 

100A, 4mm/sec, +10 
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Figure 3.8: Image of CMT welded SS202 Sample 6 of thickness 1.58 mm 

Table 3.10.  Process Parameter Matrix for CMT welding of SS202 Sample 6 

Process Parameter Value 

Current (A) 100 A 

Welding Sped (mm/sec) 5 mm/sec 

Pulse Dynamic Correction Factor -10 

Voltage (V) 10.9 V 

Wire feed rate  (m/min) 3.2 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm 

 

Weld Bead  

CMT – 6 

100A, 5mm/sec, -10 
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Figure 3.9:  Image of CMT welded SS202 Sample 7 of thickness 1.58 mm 

Table 3.11. Process Parameter Matrix for CMT welding of SS202 Sample 7 

Process Parameter Value 

Current (A) 120 A 

Welding Sped (mm/sec) 3 mm/sec 

Pulse Dynamic Correction Factor +10 

Voltage (V) 11.8 V 

Wire feed rate  (m/min) 4.1 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm 

 

Weld Bead  

CMT – 7 

120A, 3mm/sec, +10 
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Figure 3.10 Image of CMT welded SS202 Sample 8 of thickness 1.58 mm 

Table 3.12. Process Parameter Matrix for CMT welding of SS202 Sample 8 

Process Parameter Value 

Current (A) 120 A 

Welding Sped (mm/sec) 4 mm/sec 

Pulse Dynamic Correction Factor -10  

Voltage (V) 11.8 V 

Wire feed rate  (m/min) 4.1 m/min 

Arc length Correction Factor (%) 0 

Contact Tip to work distance (mm) 10 mm 

 

Weld Bead  

CMT – 8 

120A, 4mm/sec, -10 
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Figure 3.11: Image of CMT welded SS202 Sample 9 of thickness 1.58 mm 

Table 3.13 Process Parameter Matrix for CMT welding of SS202 Sample 9 

Process Parameter Value 

Current (A) 120 A 

Welding Sped (mm/sec) 5 mm/sec 

Pulse Dynamic Correction Factor 0 

Voltage (V) 11.8 V 

Wire feed rate  (m/min) 4.1 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm  

 

Weld Bead  

CMT – 9 

120A, 5mm/sec, 0 
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Figure 3.12: Image of all the 9 samples Welded by CMT welding Process 

 

3.3 TENSILE TESTING  

Tensile testing is done to determine the Tensile strength of the welded samples. Further Yield 

strength and Percentage Elongation can also be found. The Yield strength shows the load 

bearing capacity of the specimens before the permanent deformation occurs. Welded samples 

are shown in figure 3.12. From the welded samples optimum size specimens as shown in 

figure 3.13 were cut with specific dimensions using wire cut EDM process with reference to 

ASTM standard. The specimens were cut into 100mm length with the sub size of gauge 

length of 32mm and width 6mm. The Yield Strength (YS), Ultimate Tensile Strength (UTS), 

and Percentage Elongation value of the welded specimens were determined using TINIUS 

OLSEN UTM H50KS of 50 KN shown in figure 3.14 by applying load at fixed extension 

rate of 1 mm/min at room temperature.  

 

 

CMT-1 CMT-3 

 

CMT-5 
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CMT-2 
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CMT-6 

 

CMT-8 

 

CMT-9 
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Figure 3.13: CMT welded specimens test specimens for tensile testing  

 

Figure 3.14: TINIUS OLSEN UTM H50KS of 50 KN for tensile Testing   
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CHAPTER 4 RESULTS AND DISCUSSION 

4.1 TENSILE TESTING RESULTS 

The Yield Strength (YS), Ultimate Tensile Strength (UTS), and Percentage Elongation value 

of the welded specimens were determined as in section 3.3 as discussed above. Table 4.1 

shows the value of three for all the 9 samples at different process parameters. [Gautam et al. 

(2018)] reported maximum tensile strength of 800 MPa for SS202 welded sample using 

GMAW process. In this research work from the experimental result highest tensile strength 

of 871 MPa for sample 8 was obtained at process parameter C3S2P1 (at 120A Current, 4 

mm/sec Welding Speed and -10 Pulse dynamic factor). [Kannan et al. (2019)] reported 

maximum Yield strength of 221 MPa for cold metal transfer welded 2mm thick austenitic 

stainless steel sheets. Maximum Yield Strength and Percentage elongation for MIG welded 

austenitic stainless steel sheets of 3mm as reported by [Ghosh et al. (2016)] were 322.7 MPa, 

and 65.04 % respectively. In this study superior value of yield strength of 379 MPa for the 

sample 2 was recorded at C1S2P2 process parameter (at 80A Current, 4mm/sec Welding 

Speed and 0 Pulse dynamic factor) and maximum percentage elongation of 65.9 % was 

recorded for sample 8 at process parameter C3S2P1 (at 120A Current, 4 mm/sec Welding 

Speed and -10 Pulse dynamic factor). The welding efficiency was found to be more than 

100% as tensile strength of the SS202 parent sample [Keshari et al. (2019) and Pradhan et al. 

(2019)] is low as compared to tensile strength obtained for the welded sample as discussed 

above. The stress-strain curve for the CMT welded samples 1, 2, 4, 6, 7 and 8 together is 

shown in figure 4.1. Figure 4.2 shows stress stain curve for CMT welded samples 1, 2, 4, 6, 

7 and 8 individually. Percentage elongation indicates the tensile ductility of the material 

[Takeda et al. (2017)]. All the welded samples showed more than 50 % percentage elongation 

and maximum a yield strength of 379 MPa. Value of yield strength which is determined at 

0.2% offset or 0.2 percent strain is important in the engineering application where deflection 

is considered. [Faridmehr et al. (2014)]. 
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Table 4.1: Process parameter and Response table for all the 9 samples 

 

 

Figure 4.1: Typical Stress-Strain Curve for Welded Samples.  

Sample No.   Welding Process Parameter Responses 

Current (A)   Speed (mm 

/sec)   

Pulse   

Dynamic  

Correction  

Factor 

(PDC) 

Ultimate   

Tensile   

Strength     

(MPa)   

Yield      

Strength      

(MPa) 

Percentage   

Elongation   

(%) 

1 80 3 -10 807 204 54.4 

2 80 4 0 817 379 58.8 

3 80 5 +10 750 260 52.4 

4 100 3 0 860 365 59.8 

5 100 4 +10 742 279 50.8 

6 100 5 -10 782 198 53.2 

7 120 3 +10 763 217 50.4 

8 120 4 -10 871 209 65.9 

9 120 5 0 807 149 64.4 
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Figure 4.2.  Typical Stress-Strain curve for the welded specimens (Sample 1, Sample 2, 

Sample 4, Sample 6, Sample 7, Sample 8) 
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4.2 OPTIMIZATION OF RESULTS BY TAGUCHI METHOD 

The experimental results were analyzed by Taguchi’s Method using MINITAB 19 software 

as shown in figure 4.3 Signal-to-Noise (S/N) ratio is a numerical measure of performance 

taking both average and inconsistency into account used in the Taguchi method [Ghosh et al. 

(2016)]. There are three typical S/N ratios that are used and evaluation is done based on the 

requirement of the process or product to be optimized. The three different S/N ratio are: 

(a) Smaller –the-better: S/N ratio  =  −10 log10
1

𝑛
∑ 𝑌2𝑛
𝑖=1                                                                                            (1)                            

(b) Nominal-the-best: S/N ratio =  −10 log10(s
2)                                                                                     (2)                

(c) Larger-the-better: S/N ratio  =  −10 log10
1

𝑛
∑

1

𝑌2
𝑛
𝑖=1                                                                                                     (3)          

 where Y = value of responses obtained experimentally for every factor-level combination, n 

is the no. of responses, s is the standard- deviation of n number of observation.  

To get the maximum value of Tensile Stress, Yield Stress and Percentage Elongation Larger-

the-better S/N ratio criteria was used. S/N ratios for ultimate tensile strength using larger the 

better criteria are mentioned in Table 4.2. Figure 4.4 shows that most optimum parametric 

combination for obtaining maximum ultimate tensile strength is C3S1P2 that is level-3 for 

current, level-1 for speed and level-2 for Pulse dynamic correction factor (that is 120A 

current, 3 mm/sec speed and 0 Pulse dynamic correction factor). Table 4.3 displays response 

table for S/N ratios for Maximum Yield Stress using larger the better criteria. Figure 4.5 

shows the most optimum value of respective process parameter for obtaining maximum yield 

stress. Most optimum parametric combination is C2S2P2 that is level-2 for current, level-2 

for speed and level-2 for Pulse dynamic correction factor (that is 100A current, 4 mm/sec 

speed and 0 Pulse dynamic correction factor). Table 4.4 displays response table for S/N ratios 

for Maximum Percentage elongation using larger the better criteria. From Figure 4.6 it can 

be concluded that most optimum process parameter for obtaining maximum value of 

percentage elongation is C3S2P2 that is Level-3 for current, level-2 for welding speed and 

level-2 for Pulse dynamic correction factor (that is 120A current, 4 mm/sec speed and 0 Pulse 

dynamic correction factor). Table 4.5. displays response table for S/N ratio considering 

Maximization of Yield Strength (YS), Ultimate tensile strength (UTS), and Percentage 
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Elongation. Figure 4.7 displays that for obtaining most optimum value of three 

simultaneously for a single sample the most optimized process parameter is C3S2P2 that is 

Level-3 for current, level-2 for welding speed and level-2 for Pulse dynamic correction factor 

(that is 120A current, 4 mm/sec speed and 0 Pulse dynamic correction factor). Current shows 

highest ranking for Yield Stress.  Pulse dynamic correction factor showed highest ranking 

for Ultimate tensile strength and Percentage elongation. As high value of Pulse dynamic 

correction factor results in low value of detachment current and hence low heat input, and 

low value of Pulse dynamic correction factor results in larger detachment current value and 

hence more heat input [Rajeev et al. (2019)]. At 0 Pulse dynamic correction factor most 

significant result were reported as discussed above, which indicates both fast and slow rate 

of droplet detachment at constant energy level affects the weld bead properties.  

 

 

Figure 4.3: Taguchi Higher the better S/N ratio interface in MINITAB 19 software 
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Table 4.2: Response -Table for S/N Ratios for Maximum Ultimate tensile strength (UTS) 

Level Current (A)    Welding Speed  

(mm/sec)    

Pulse Dynamic 

Correction   Factor 

(PDC)      

1 57.96 58.16 58.27 

2 57.99 58.15 58.36 

3 58.20 57.83 57.52 

Delta  0.24 0.33 0.84 

Rank  3 2 1 

 

 

 

Figure 4.4: Mean S/N ratio graph for Ultimate tensile strength (UTS) 
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Table 4.3: Response - Table for S/N Ratios for Maximum Yield Stress (YS) 

Level    Current (A)     Welding Speed           

(mm/sec)   

Pulse Dynamic 

Correction Factor 

(PDC)                 

1 48.69 48.06 46.18 

2 48.70 48.96 48.76 

3 45.53 45.90 47.98 

Delta  3.17 3.06 2.58 

Rank  1 2 3 

 

 

Figure 4.5: Mean S/N ratio graph for Yield Stress (YS) 
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Table 4.4: Response - Table for S/N for Maximum Percentage Elongation 

Level     Current (A)     Welding Speed  

(mm/sec)      

Pulse Dynamic 

Correction Factor 

(PDC)      

1 34.83 34.76 35.20 

2 34.72 35.29 35.70 

3 35.53 35.03 34.18 

Delta  0.81 0.53 1.52 

Rank  2 3 1 

 

 

 

Figure 4.6: Mean S/N ratio graph for Percentage Elongation 
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Table 4.5. Response - Table for S/N Ratios for Maximum Yield strength (MPa), Ultimate 

tensile strength (MPa), Percentage elongation (%) 

Level     Current (A)      Welding Speed  

(mm/sec)    

Pulse Dynamic 

Correction Factor 

(PDC)      

1 39.39 39.30 39.62 

2 39.29 39.83 40.13 

3 39.82 39.37 38.76 

Delta  0.54 0.52 1.37 

Rank  2 3 1 

 

 

Figure 4.7: Mean S/N ratio graph for Yield strength (MPa), Ultimate tensile strength 

(MPa), Percentage elongation (%) 
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CHAPTER 5 ULTRASONIC ASSISTED CMT WELDING 

5.1 INTRODUCTION 

Ultrasound is always regarded as the cleanest and efficient source of energy with many other 

remarkable properties therefore it is immensely used in the field of manufacturing and 

processing. Ultrasonic-assisted arc welding is always the domain the of interest for many 

researchers over the past year. The idea is to influence the motion and solidification of the 

molten pool with the help of Ultrasonic vibration, so that mechanical and microstructural 

properties of the weld pool can be enhanced. [Zhao et al (2020)]  

Ultrasonic assisted Shielded arc metal on SS 304 was studied by [Cui et al. (2007)]. The test 

result reported that the ultrasonic vibration can refine the grains of the work piece. 

Enhancement in joint strength, reduction in brittle intermetallic layer of Fe-Al, and 

refinement in grains was reported by [Dong et al. (2012)] while welding of aluminum alloy 

and steel using Ultrasonic assisted GTAW process. Due to Ultrasonic vibrations change of 

columnar grain to equiaxed grain around the weld pool was observed by [Chen et al. (2016)] 

during GTAW process aided with Ultrasonic vibration. Ultrasonic vibration can enhance the 

penetration of the weld, grain refinement, and improve the Ultimate tensile strength of the 

weld. [Wang et al. (2018)] 

Increase in the mechanical properties was reported when the ultrasonic power increases, up 

to a certain limit, further increase in the ultrasonic power resulted in negative effect on the 

mechanical properties of the weld bead [Xu et al. (2014)] The difference in the mode of 

vibration influence the grain refinement which is mainly due difference in the convection 

which is influence by the vibration. This mainly depends on how the vibrations are applied, 

power of vibration. Clamping the work piece very tightly reduces the effect of vibration. 

[Wang et al. (2018)]. Solidification is affected by the Ultrasonic vibration [Tanghavi et al.  

(2009)].  Mechanical energy produced due to High vibration is converted into heat, hence the 

Ultrasonic vibration can assist in the fusion welding [Kumar et al. (2017)]. Ultrasonic 

Vibration inhibit the development of coarse grains [Fang et al. (2017)] Refinement of grains 

was observed by [Yuan et al. (2016)] with the help of Ultrasonic assisted welding of Mg 

alloys.   
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[Zhao et al. (2020)] examined the outcome of introducing Ultrasonic vibration on the molten 

weld pool while welding of 3mm thick Ti-6Al-4V alloy sheets by CMT plus pulse welding 

using the same material filler wire of diameter 1.2mm. The experimental was carried out at 

5 m/min wire feed rate, 4mm/sec welding speed, at 12mm CTWD, and Argon (99.99 %) as 

the shielding gas. The test result concluded that the ultrasonic vibration when applied on the 

molten weld pool reduces the formation of the columnar grains near the fusion zone and 

increases the formation of more equiaxed grains. The phase was of the weld pool remained 

the same only the grains were refinement was observed along with increase in the tensile 

strength. [Fan et al. (2012)] examined effect of Ultrasonic vibration source assisted GMAW 

process mild steel base plate using ER70S-6 filler wire. The arc length increases with increase 

in the voltage for both GMAW and Ultrasonic assisted GMAW. However, the method of 

introducing the Ultrasonic Vibration to exploit the most under different welding condition is 

still to be determined.  

[Watanabe et al. (2020)] observed that equiaxed grains were obtained by giving ultrasonic 

vibration to the molten weld pool. with the help of Ultrasonic vibration while welding of 

Aluminum alloys high refinement in grains was observed [Atamanenko et al. (2010)].  [Tian 

et al. (2018)] welded AA6061 of 4 mm thickness by Ultrasonic assisted CMT welding 

process using ER 4043 as filler wire of diameter 1.2 mm and 99.9% Argon as shielding gas. 

The vibration frequency given was 3mm and 35micron. The experimental results disclosed 

that penetration and weld reinforcement was increased and density of pores was decreased. 

The refined grain size obtained was in the range of 50nm to 500nm. [Zhao et al. (2020)] 

welded magnesium alloy AZ40 and DP780 galvanized stainless steel using Ultrasonic 

assisted TIG welding and reported an enhancement by 8% in ultimate tensile strength of the 

weld bead.  

However, the method of introducing the Ultrasonic Vibration to exploit the most under 

different welding condition is still to be determined. Very less research is done on Ultrasonic 

Assisted CMT welding process. In this project ultrasonic assisted CMT welding was carried 

out on SS 202 samples of thickness 1.58mm and results were compared with the data 

obtained from normal CMT process. The stress strain graph was plotted for the welded 
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samples obtained by both the process at the same process parameter to compare the exact 

nature of the samples under stress.  

5.2 EXPERIMENTAL PROCEDURE  

5.2.1 MATERIALS AND METHOD 

The ultrasonic assisted CMT was carried out on SS 202 samples of dimensions 100mm × 

60mm × 1.58mm using an Ultrasonic probe of 20 KHz frequency. The experimental set up 

is shown in Figure 5.1. Similar SS 308 filler wire of diameter 1.2mm and shielding gas with 

98 % argon and 2 % CO2 composition was used for conducting the experiment as it was used 

for conducting CMT welding as mentioned above in chapter 3. The contact tip to work 

distance and gas flow rate was kept constant at 10mm and 15 L/min respectively. The 

clamping was done in such a way that the vibration can be felt on the base metal and the 

probe was set up in manner that direct vibration can be applied on the base plate.  

 

Figure 5.1 Experimental Set for Ultrasonic Assisted Cold Metal Transfer Welding 

Ultrasonic Probe 

20 KHz 

Frequency 

Fixture  

Torch 

Traveler  

Base Material  
Clamping  
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5.2.2 PROCESS PARAMETER  

The experiments were carried out 3 different process parameter wherein the 3 different values 

of current were 80A, 100A and 120A, welding speed were 3mm/sec, 4mm/sec and 5mm/sec 

and Pulse dynamic factor were -10, 0, +10. Again Taguchi L9 orthogonal array was used for 

finding the best parametric combination to carry out the welding. The amplitude of vibration 

was kept constant at 99 microns for all the result which was given by Ultrasonic probe. Table 

5.1 shows the value of process parameters for the 4 samples. All the welded samples are 

shown in figure 5.2. The welded samples at different process parameters are individually 

shown in figure 5.3, figure 5.4, figure 5.5, figure 5.6 respectively. Table 5.2, Table 5.3, Table 

5.4 and Table 5.5 shows the process parameter value for the welded samples. The welded 

samples are labelled by UCMT for Ultrasonic assisted CMT of CMT welding with vibrations.  

 

Table 5.1 Process Parameter Matrix for Ultrasonic assisted CMT (UCMT) welding of SS 

202 sample of thickness 1.58 mm 

Sample 

No. 

Current 

(A) 

Welding Speed 

(mm/sec) 

Pulse Dynamic Correction 

Factor 

 

Sample 1 

 

120 A 

 

3 mm/sec 

 

+10 

 

Sample 2 

 

100 A 

 

4 mm/sec 

 

+10 

 

Sample 3 

 

80 A 

 

3 mm/sec  

 

-10 

 

Sample 4 

 

100 A 

 

3 mm/sec  

 

0 
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Figure 5.2: Ultrasonic assisted CMT (UCMT) welded SS 202 Samples of thickness 1.58 

mm at different process parameters 

 

120A, 3mm/sec, +10 

 
100A, 4mm/sec, +10 

 

80A, 3mm/sec, -10 

 
100A, 3mm/sec, 0 
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Figure 5.3: Image of UCMT welded SS 202 of thickness 1.58 mm at Current 120A, 

Welding Speed 3mm/sec, and Pulse dynamic correction Factor +10 

Table 5.2: Process Parameter Matrix for UCMT welded sample 1 

Process Parameter Value 

Current (A) 120 A 

Welding Sped (mm/sec) 3 mm/sec 

Pulse Dynamic Correction Factor +10 

Voltage (V) 11.8 V 

Wire feed rate  (m/min) 4.1 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm 

Amplitude (micron) 99 

UCMT -1  

Welding Direction 

120A, 3mm/sec, +10 
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Figure 5.4: Image of UCMT welded SS 202 of thickness 1.58 mm at Current 100A, 

Welding Speed 4mm/sec, and Pulse dynamic correction Factor +10 

Table 5.3: Process Parameter Matrix for UCMT welded sample 2 

Process Parameter Value 

Current (A) 100 A 

Welding Sped (mm/sec) 4 mm/sec 

Pulse Dynamic Correction Factor +10 

Voltage (V) 10.9 V 

Wire feed rate  (m/min) 3.2 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm 

Amplitude (micron) 99 micron 

UCMT - 2 

Welding Direction 

 

100A, 4mm/sec, +10 
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Figure 5.5: Image of UCMT welded SS 202 of thickness 1.58 mm at Current 80A, Welding 

Speed 3mm/sec, and Pulse dynamic correction Factor -10 

Table 5.4: Process Parameter Matrix for UCMT welded sample 3 

Process Parameter Value 

Current (A) 80 A 

Welding Sped (mm/sec) 3 mm/sec 

Pulse Dynamic Correction Factor -10 

Voltage (V) 10.3 V 

Wire feed rate  (m/min) 2.4 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm 

Amplitude (micron) 99 micron 

 

UCMT -3 

Welding Direction 

80A, 3mm/sec, -10 
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Figure 5.6:  Image of UCMT welded SS 202 of thickness 1.58 mm at Current 100A, 

Welding Speed 3mm/sec, and Pulse dynamic correction Factor 0 

Table 5.5: Process Parameter Matrix for UCMT welded sample 4 

Process Parameter Value 

Current (A) 100 A 

Welding Sped (mm/sec) 3 mm/sec 

Pulse Dynamic Correction Factor 0 

Voltage (V) 10.9 V 

Wire feed rate  (m/min) 3.2 m/min 

Arc length Correction Factor (%) 0 % 

Contact Tip to work distance (mm) 10 mm 

Amplitude (micron) 99 micron 

UCMT - 4 

Welding Direction 

Welding Direction 

100A, 3mm/sec, 0 
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5.3  TENSILE TESTING  

The test specimens were cut from the welded samples as per ASTM E8 standards using wire 

cut EDM process as shown in figure 5.7. The tensile testing was done using TINIUS OLSEN 

UTM H50KS of 50 KN machine. The value of Ultimate tensile strength, Yield strength and 

Percentage elongation was obtained using the testing. Table 5.6 shows the responses obtained 

after Tensile testing.  

 

Figure 5.7: Test specimens for tensile testing taken from UCMT welded samples 

Table 5.6: Process parameter and Response table for Ultrasonic assisted CMT (UCMT) 

welding of SS 202 sample of thickness 1.58 mm 

 

Welding Process Parameter Responses 

Welding 

Current (A) 

Welding 

Speed 

(mm/sec) 

Pulse 

Dynamic 

Correction 

Factor (PDC) 

Ultimate 

Tensile 

Strength 

(MPa) 

Yield 

Strength 

(MPa) 

Percentage 

Elongation 

(%) 

120 A 3 mm/sec +10 768 MPa 340 MPa 52.4 % 

100 A 4 mm/sec +10 618 MPa 352 MPa 38.0 % 

80 A 3 mm/sec -10 737 Mpa 329 MPa 48.4 % 

100 A 3 mm/sec 0 801 Mpa 330 MPa 58.4 % 

80A, 3mm/sec, -10 

100A, 3mm/sec, 0 

 

120A, 3mm/sec, +10 

 
100A, 4mm/sec, +10 
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5.4 RESULTS AND DISCUSSION 

From experimental data as shown is Table 5.6 the highest value of Ultimate Tensile Strength 

of 801 Mpa was obtained for the Ultrasonic assisted CMT welded samples was at 100A 

current, 3mm/sec welding speed and 0 pulse dynamic correction factor. [Watanabe et al.  

(2010)] reported about 30% percentage elongation for GTAW welded steels sheets of 1mm 

thickness with Ultrasonic vibrations. In this research work.  58.4 % of percentage elongation 

was the most superior value out of all the samples which was recorded at 100A current, 

3mm/sec welding speed and 0 pulse dynamic correction factor. For the Yield Strength value 

superior value out of all the samples was obtained at 100A current, 4mm/sec welding speed 

and +10 Pulse dynamic correction factor. The penetration of the weld bead is increased by 

Ultrasonic vibration [Dai et al. (2003)] due to Ultrasonic vibrations effect. Figure 5.8 shows 

comparison of specimen cut from the CMT welded samples and UCMT welded samples for 

the tensile Testing. In this research work also deeper penetration of the weld can be 

visualized. Enhancement of Mechanical properties reported by [Zhao et al. (2020)] using 

Ultrasonic assisted CMT welding. Table 5.7 and Table 5.8 shows comparison of Ultimate 

Tensile Stress and Percentage Elongation Value between CMT welded and corresponding 

UCMT welded samples at same Process Parameter respectively. At current 120A, welding 

speed 3mm/sec and +10 Pulse dynamic correction factor superior value for Ultimate Tensile 

strength and Percentage Elongation that was reported for CMT welded sample was 763 MPa 

and 50.4% respectively.  In comparison to this superior value for these two properties that 

was reported by UCMT welded samples at the same process parameter were 768 Mpa and 

52.5% respectively. For Yield Strength almost all the samples showed higher value for 

UCMT welded samples in comparison to CMT welded samples as shown in Table 5.9. At 

100A current, 4mm/sec welding speed and -10 Pulse dynamic correction factor superior 

value of Yield strength with vibration was 352 MPa and 279 Mpa without vibration. An 

increase of 37.9 % in yield strength was obtained at current 80A, Welding speed 3mm/sec 

and Pulse dynamic factor -10. Comparison of Yield Strength Value between the samples 

welded by CMT with and without vibration is shown in Figure 5.13. Stress strain curve for 

the CMT welded and UCMT welded samples at the same process parameter is shown in 

Figure 5.9, Figure 5.10, Figure 5.11 and Figure 5.12. The yield strength is the properties of 

material which denotes their load bearing capacity without any permanent deformation. Till 
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Yield point material is in their elastic limit and after yield point permanent deformation starts 

and material goes to plastic region. Since CMT welded samples with Ultrasonic vibration is 

showing higher yield point value hence, better load bearing capacity before permanent 

deformation occurs in the material in comparison to CMT welded samples without Ultrasonic 

vibrations. 

 

FIGURE 5.8: Test specimens cut for Tensile Testing from CMT welded (without 

vibrations) Samples and UCMT welded Samples (with vibrations) 

UCMT welded specimens for tensile testing (With vibration) 

CMT welded specimens for tensile testing (Without Vibrations) 

80A, 3mm/sec, -10 

100A, 3mm/sec, 0 

100A, 4mm/sec, +10 

120A, 3mm/sec, +10 

120A, 3mm/sec, +10 

 
100A, 4mm/sec, +10 

 80A, 3mm/sec, -10 

 
100A, 3mm/sec, 0 
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Table 5.7: Comparison of Ultimate Tensile Stress Value between CMT welded and 

corresponding UCMT welded SS 202 Samples at same Process Parameter 

Current (A) Welding Speed 

(mm/sec) 

Pulse Dynamic 

Correction 

Factor 

Ultimate 

Tensile Stress 

(Mpa) 

(CMT) 

 

Ultimate 

Tensile Stress 

(Mpa) 

(UCMT) 

80 A 3 mm/sec -10 807 Mpa 737 Mpa 

100 A 3 mm/sec 0 860 Mpa 801 Mpa 

100 A 4 mm/sec +10 742 Mpa 618 Mpa 

120 A 3 mm/sec +10 763 Mpa 768 Mpa 

 

Table 5.8: Comparison of Percentage Elongation Value between CMT welded and 

corresponding UCMT welded SS 202 Samples at same Process Parameter 

Current (A) Welding Speed 

(mm/sec) 

Pulse Dynamic 

Correction 

Factor 

Percentage 

Elongation 

(%) (CMT) 

 

Percentage 

Elongation (%) 

(UCMT) 

80 A 3 mm/sec -10 54.4 % 48.8% 

100 A 3 mm/sec 0 59.8 % 58.3% 

100 A 4 mm/sec +10 50.8 % 38.1% 

120 A 3 mm/sec +10 50.4 % 52.5% 
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Table 5.9. Comparison of Yield Stress Value between CMT welded and corresponding 

UCMT welded SS 202 Samples at same Process Parameter 

Current (A) Welding Speed 

(mm/sec) 

Pulse Dynamic 

Correction 

Factor 

Yield Stress 

(Mpa) 

(CMT) 

 

Yield 

Stress (Mpa) 

(UCMT) 

80 A 3 mm/sec -10 204 Mpa  329 Mpa 

100 A 3 mm/sec 0 365 Mpa 330 Mpa 

100 A 4 mm/sec +10 279 Mpa  352 Mpa 

120 A 3 mm/sec +10 217 Mpa 340 Mpa  

 

 

 

Figure 5.9: Comparison of Yield Strength Value between CMT welded and UCMT welded 

Specimen 
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Figure 5.10: Stress- Strain curve for CMT welded sample and UCMT welded Sample at 

Current - 120A, Welding Speed – 3mm/sec, Pulse dynamic correction factor - +10 

 

Figure 5.11: Stress- Strain curve for CMT welded Sample and UCMT welded Sample at 

Current -100A, Welding Speed – 4mm/sec, Pulse dynamic correction factor - +10 
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Figure 5.12: Stress- Strain curve for CMT welded sample and UCMT welded Sample at 

Current - 80A, Welding Speed – 3mm/sec, Pulse dynamic correction factor - -10 

 

Figure 5.13: Stress- Strain curve for CMT welded Sample and UCMT welded Sample at 

Current - 100A, Welding Speed – 3mm/sec, Pulse dynamic correction factor – 0 



77 
 

CHAPTER 6 CONCLUSIONS  

In this research work welding of SS202 austenitic stainless steel samples was successfully 

welded by CMT welding with and without Ultrasonic vibrations. The experiments were done 

at optimized process parameters on the basis of Taguchi’s L9 design of array using Minitab 

19 software and the test results were validated and optimized by Taguchi’s S/N ratio higher 

the better criteria. Following conclusions are drawn from the results obtained from this 

research work.  

1) Weld bead of SS202 sheets of thickness 1.58 mm when welded by CMT Welding process 

showed excellent weldability and satisfactory Yield Strength, Ultimate tensile strength, 

and Percentage elongation. 

2) From experimental results maximum values of Yield Strength, Ultimate Tensile Strength, 

and Percentage Elongation obtained were 379 MPa, 871 MPa, and 65.9 % respectively. 

3) From Taguchi S/N ratio larger the better criteria, most optimum combination of process 

parameter for obtaining maximum:  

(a) Ultimate Tensile Strength value is C3S1P2 that is at 120A current, 3 mm/sec welding 

speed and 0 Pulse dynamic correction factor.  

(b) Yield Strength value is C2S2P2 that is at 100A current, 4 mm/sec welding speed and 

0 Pulse dynamic correction factor. 

(c) Percentage Elongation value is C3S2P2 that is at 120A current, 4 mm/sec speed and 

0 Pulse dynamic correction factor. 

4) From Taguchi S/N ratio higher the better criteria, most optimum combination of process 

parameter for obtaining maximum Yield Strength (YS), Ultimate tensile strength (UTS), 

and Percentage Elongation simultaneously for a single sample is C3S2P2 that is at 120A 

current, 4 mm/sec speed and 0 Pulse dynamic correction factor.  

5) At 0 Pulse dynamic correction factor most significant result were reported by Taguchi 

S/N ratio larger the better criteria, as discussed above in conclusion 3 and 4, which 

indicates both fast and slow rate of droplet detachment at constant energy level affects 

the weld bead properties. 

6) Ultrasonic vibration assisted CMT welding process reported improvement in mechanical 

properties especially in Yield strength value. An increase of 37.9 % in Yield Strength 
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value was obtained for the sample welded with Ultrasonic vibration in comparison to 

sample welded without Ultrasonic vibration at the same process parameter.   

7) Better load bearing capacity before plastic deformation was shown by samples welded 

by CMT assisted Ultrasonic vibration in comparison to CMT welded sample without 

ultrasonic vibrations.  
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